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PREFACE 

 

 
 

Park S. Nobel pioneered the coupling of cellular physical chemistry with 
plant physiology, providing a physicochemical interpretation of the laws of 
diffusion to a rapidly expanding field of plant ecophysiology.  For the first 
time, the commonly applied Fick’s and Ohm’s Laws for diffusion were ex-
plained on a thermodynamic basis using a sound analytical approach with 
exceptional clarity.  His classical textbook, Physicochemical and Environ-
mental Plant Physiology (Academic Press/Elsevier) is still unique today in 
providing a comprehensive array of quantitative problems and solutions 
from the molecular to the ecological level.  Accompanying Park’s produc-
tion of such a prestigious and widely-read textbook are an extraordinary 
number of refereed publications and four other books on the physiological 
ecology of desert plants. 

Back in 1973, when one of the editors here was the first ecological type 
to join the Nobel laboratory and the other one was just born, Park was 
awarded a sabbatical leave to the Australian National University (Guggen-
heim Fellowship).  Despite careful planning, his project involving stomatal 
guard cells was recognized, after only the first few weeks in Canberra, as 
impossible to complete in the allotted time period.  With nearly the entire 
sabbatical remaining, Park drew from his engineering physics background 
and, using an available low-speed wind tunnel, developed boundary layer 
equations for bluff objects which are still used today.  This was his inaugu-
ral voyage into the field of environmental biophysics.  After returning to 
UCLA, he made a radical change in his research program and began a re-
markable journey of research in the field of environmental biophysics and 
ecophysiology of desert plants.  In particular, he began to unravel the bio-
physics of plant form and structure that could accomplish the same adapta-
tions as found in biochemistry. 

Coming with only laboratory research experience, Park immersed him-
self in field work, recognizing his need to understand the environment 
from a first-hand perspective.  At the infamous Agave Hill near Palm De-
sert, California, he would lay out his sleeping bag within arms distance of 
his spine-laden research plants and measure photosynthetic gas exchange 
every few minutes throughout the entire night.  He would not hesitate to 
stay up consecutive nights and then drive 3-hrs back to his office to analyze 
data.  We surmised that he must have started writing manuscripts just as 
quickly.  The oldest editor and his wife will always remember an initial visit 
to Park’s home and his detailed description of the mechanics of his solar 
heating system to our children— they were 2 and 3 yrs-old at the time.  
This kind of excitement, enthusiasm, and dedication to research and teach-
ing inspired us to produce this volume.  Yet, at the same time, we will al-



 ix 
ways remember Park’s humor during particularly slow walks to lunch on 
warm summer days in California, as well as his overall penchant for always 
“marching to his own drummer”.  A marvelous overview of Park as a labo-
ratory biophysicist turned field researcher is found in Betsy Gladfelter’s 
Agassiz’s Legacy (Oxford University Press, 2002). 

In honor of Park’s 70th birthday, former graduate students, postdocs, 
and colleagues have contributed a series of papers that, while covering a 
broad spectrum of modern ecophysiology, illustrate some of the broad in-
fluence of Park’s prolific career. 

Chapters 1 through 6 focus on the ecophysiology of succulent CAM 
plants, a favorite topic of Park’s.  In Chapter 1, Ed Bobich and Gretchen 
North present the biomechanical implications of the anatomy and architec-
ture of succulent plants. Many of such plants can be found in deserts and 
Paul Schulte explains in Chapter 2 the processes for water transport for 
these water limited plants. In addition to water limitations such desert 
plants have to deal with extremely high temperature.  The strategies that 
CAM succulents from arid and semi-arid environments utilize to cope with 
high temperatures are discussed by Pippa Drennan in Chapter 3.  In addi-
tion to being prevalent in arid lands, CAM can be found ubiquitously 
among epiphytic plants.  The microenvironments in which these plants can 
be found are discussed by José Luis Andrade, Carlos Cervera, and Eric 
Graham in Chapter 4.  In Chapter 5, Casandra Reyes and Howard Griffiths 
discuss with further detail the strategies for the bromeliads from a tropical 
dry forest.  One of Park’s research foci has been the prickly pear cactus, 
Opuntia ficus-indica, a CAM crop whose cultivation spans more than one 
million hectares distributed in forty countries.  In Chapter 6, Paolo Inglese, 
Giuseppe Barbera, Giovanni Gugliuzza, and Giorgia Liguori, explain the 
ecophysiology of this CAM crop, focusing on economic history and agricul-
tural aspects of fruit production. 

Chapters 7 through 10 deal with the ecophysiology of plants from vari-
ous ecosystems and of different life forms. First, Michelle DaCosta and 
Bingru Huang present in Chapter 7 the adaptations that perennial grasses 
have developed to deal with drought, focusing on the production of turf 
grass.  In Chapter 8, Augusto Franco discusses the various functional strat-
egies that trees from the cerrado employ in that semi-arid Brazilian ecosys-
tem. Also distributed in semi-arid environments are species of trees of the 
genus Prosopis. Peter Felker summarizes his more than two decades of 
work with this genus around the world in Chapter 9, discussing physiologi-
cal adaptations as well as the economic botany for this multi-use tree.  A 
longstanding question in plant ecophysiology— gas exchange by plants 
from high altitudes and under unique biophysical challenges are discussed 
in Chapter 10 by Bill Smith and Dan Johnson. 

The quantitative approach to the study of plant ecophysiology that 
Park developed throughout his career represents a conceptual bridge be-
tween classical ecophysiology and modern ecosystem physiology, which is 
the focus of Chapters 11 through 14.  In Chapter 11, Eric Graham presents a 
critical view of how digital photography can help in answering emerging 
questions in plant science.  Beyond the organismic level, at which interac-
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tions with the physical environment are crucial, during their reproductive 
cycle, plants interact with each other and with other organisms. In Chapter 
12, Erick De la Barrera, Eulogio Pimienta, and Jorge Schondube, highlight 
some aspects of our current understanding of plant reproductive ecophysi-
ology, with special attention to the origin and evolution of nectar, as a driv-
er of plant-animal interactions. In Chapter 13, Enrico Yepez and David 
Williams, discuss gas exchange at the ecosystem level, with particular em-
phasis of the way semi-arid environments manage precipitation pulses. 
Finally, after presenting the various physiological responses of plants to 
elevated CO2, Stan Smith, David Tissue, Travis Huxman, and Michael Loik, 
discuss in Chapter 14 the specific response characteristics of plant func-
tional groups found in the desert. 

We sincerely thank all of the authors and referees who participated in 
the production of this volume, and our attempt to maintain the high quality 
that we grew accustomed to in Park’s lab.  The support of Drs. José Antonio 
Vela, José Luis Palacio, and Ken Oyama, directors of UNAM’s Escuela Per-
manente de Extensión en San Antonio, Centro de Enseñanza para Extran-
jeros, and Centro de Investigaciones en Ecosistemas, as well as Dirección 
General de Asuntos del Personal Académico (PAPIIT IN221407), were 
instrumental for the publication of this festschrift.  During the initial stages 
of this project Dr. Chuck Crumly, a former editor for various versions of 
Park’s textbook at Academic Press (currently at UC Press), provided valu-
able advice and encouragement. Following in Park’s tradition of involving 
students in the editorial process, we would like to thank Alejandra Gon-
zález, Whaleeha Gudiño, Roberto Sáyago, Cynthia Armendáriz, Ana Mo-
reno, Isadora Torres, and, especially, Iván Camargo and Fernando Pineda, 
who participated in a graduate seminar course about plant ecophysiology 
and thoroughly revised each one of the chapters. 

Finally, we want to express emphatically our respect, admiration, and, 
most of all, our ongoing appreciation for our mentor, Distinguished Profes-
sor, Park S. Nobel. 
 
 
 

Erick De la Barrera 

William K. Smith 

November 4, 2008 

 



  

 
 
 
 
 
 
 
 
 
 
 

A SALUTE TO PARK S. NOBEL 
 

Arthur C. Gibson 
 
 

Park S. Nobel fashioned a career at UCLA that few in the sciences could 
ever match.  Surely there must be parallels within and outside biology, but 
it was our good fortune to have witnessed this one up close.  Park set a pace 
of productivity, coupled with the highest quality product, which impressed 
even our most distinguished, senior faculty members, and wowed faculty 
promotion committees so as to place his applications on a plane separate 
from standard submissions.  Here was a role model that was impossible to 
mimic, because he crammed more into a long workday than anyone else—
correspondence, researching and preparing research papers, submitting 
reports and grants, reviewing, editing, teaching preparation and lecturing, 
committee service, and always reserving time for regularly scheduled meet-
ings with his students and postdocs, especially to keep focus on the task 
and scientific data flowing through the pipeline.  The S in his name must 
stand for self-disciplined. 

Clearly his first book, Plant Cell Physiology (Nobel 1970), written 
and published while still an assistant professor, defined the approaches 
that Park would use throughout his career to treat and explain biological 
processes.  I still recall from 1973 in a hallway at the University of Arizona 
when a plant physiologist flashed a copy of that book and heaped praise on 
the author.  Using the techniques of a physicist, Park had chosen the equa-
tions that best explain how the physical world interacts with a cell or with 
tissues, what became known as the physicochemical approach, which 
bridged the gulf between physical chemistry, cell and organelle physiology, 
and biochemistry.  This was at a time when many in plant biology were 
rushing to interpret new observations on ultrastructure of plant cells using 
transmission electron microscopy and while many in the physiologic and 
biochemical communities were focused on metabolic pathways, before the 
meteoric rise of molecular plant biology.  Although the book jacket adver-
tised this book as an introduction for advanced college students, perhaps 
more importantly at that time, it actually became a textbook for the profes-
sors.  Why?  Park Nobel was able to explain, using equations and under-
standable terms, what factors or parameters must be measured to under-
stand structural design and fluxes of liquids and gases, among other things. 
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The expanded version of that textbook, Introduction to Biophysi-

cal Plant Physiology (Nobel 1974), was exactly what was needed as the era 
of gas exchange studies was preparing to explode.  Portable instruments to 
measure photosynthesis and transpiration in the field were becoming 
available.  Park added two chapters.  One addressed the biophysical factors 
affecting leaf physiology; the other was concerned with higher level issues 
of the plant canopy interacting with the environment, delivery of water to 
leaves from soil via roots and xylem, and translocation of sugars from 
leaves to other parts of the plant.  Collectively, on these topics Park would 
spend the bulk of his experimental effort until retirement, leaving behind 
the spinach and peas of the early years when he investigated diffusion 
properties of chloroplasts.  Park has told us that his interests shifted dra-
matically to environmental physiology when, by a quirk of fate in 1973 
while a Guggenheim Fellow in Canberra, Australia, he began studies on 
bluff bodies in a wind tunnel.   

To most of us who followed his contributions closely, Park Nobel 
has been a person with an extremely broad range of interests, covering 
processes from cells to whole plants, from surface to interior, from freezing 
and low temperatures to very high temperatures, from wet times to the 
driest of times, from full sun to darkness, from soil and roots to plant and 
atmosphere, from vegetative to reproductive.  To outsiders, Park may have 
given the impression that he was narrow in scope, because most often he 
used succulent, CAM species of agaves and cacti (pronounced by him kak′-
tee) for addressing these topics.  To his credit, Park single-handedly cre-
ated new model systems in biology, with Opuntia ficus-indica and Agave, 
taking the topic of Crassulacean acid metabolism, one of only three known 
photosynthetic carbon assimilation cycles (C3, C4, and CAM), in its infancy 
to one where one has to think long and hard to find a topic that has not 
already been addressed by Park with his students.  This will be evident 
from other chapters in this festschrift.  Park was way ahead of the curve on 
the study of energy budgets of plants in natural and agricultural situations, 
effects on plant productivity and distribution under global warming, reac-
tions of roots to dry and drying soils, and water relations between vegeta-
tive and reproductive structures, to name a few. 

Having a sharp focus on his favorite experimental species made it 
difficult to divert Park’s attention to other creatures.  I tried a few times.  
Not so distant, Park agreed to coauthor The Cactus Primer (Gibson and 
Nobel 1986), in which we were able to review the known biology, designs, 
ecology, and evolution of that interesting family of dicotyledons, and from 
that also resulted a 26-minute film entitled Adaptations of the American 
Cacti (1987).  I would like to think that writing the popular book aroused 
his enthusiasm to author his own books on agaves and cacti (Nobel 1988, 
1994).  Also during the 1980s, while Park was nurturing his interest in hy-
draulic properties of plants, we combined with students and postdocs to 
investigate how water flows through plants, beginning with ferns and pro-
gressing to seed plants with woody stems and to plants with vessels rather 
than tracheids to determine how well water flow in xylem can be predicted 
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by Hagen-Poiseuille relationships (e.g., Gibson, Calkin, and Nobel 1984, 
Calkin, Gibson, and Nobel 1985, 1986; Schulte, Gibson, and Nobel 1987, 
1989).  This was during a period when plant-water relations began to take 
on new importance in ecology and evolution of structure. 

There are some contributions by Park that may go unnoticed if not 
stated here categorically, and hopefully not incorrectly.  Through his text-
book, his research papers, his co-editing of the Encyclopedia of Plant 
Physiology (Lange et al. 1981), and his reviewing and editing of countless 
journal manuscripts, Park did as much as anyone to standardize metric 
units for expressing fluxes, and much of the credit for the popularization of 
Fick’s laws of diffusion can be traced to Park.  Indeed, it still amazes me 
how beautifully simple these processes are when explained in this manner, 
but I remain frustrated that general biology textbooks still tend to avoid the 
subject for freshman biology.  Park found a simple way to introduce Fick’s 
laws when he taught freshman.   

Teaching was something that Park assumed very seriously, because 
he wanted his presentations to be carefully structured, as a physicist would 
expect.  Once I taught general biology with Park, and he assigned me all of 
the animal stuff (except the physiology, including Fick’s law applications).  
Inside his own sphere of expertise, in physicochemical plant physiology 
and environmental physiology, he taught his book, making it likely the 
most intellectually challenging course in the life sciences at UCLA because 
of the computational component.  The course was not only a powerful ex-
perience for undergraduates but a great testing and proving ground for the 
parade of teaching assistants, his graduate students plus five other excep-
tional ones.  What has to be said is that so many around the world have 
learned the subject also from his textbooks, but without having to suffer the 
low scores on his exams.  So it is that the versions of his textbooks are dog-
eared on our shelves and with notes in the margins, while many of the oth-
ers still crack when we open them.   
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Introduction 
 
For plants, succulence is defined as the presence of thickened tissues in 
plant organs for which the primary function is water-storage and, conse-
quently, drought avoidance (Gibson 1982; Gibson and Nobel 1986; von 
Willert 1992).  Because they store water, organs with succulent tissues tend 
to have large volume to surface area ratios compared with non-succulent 
organs on the same plant (Gibson and Nobel 1986; Rowley 1987).  Such 
increases in volume:surface area result in organs with relatively large 
cross-sectional areas, which leads to greater resistance of bending stresses 
(Niklas 1992).  However, succulent tissue is comprised primarily of thin-
walled parenchyma with highly extensible cell walls that have a low 
modulus of elasticity compared with the cell walls of chlorenchyma and 
those of other tissues, such as sclerenchyma and secondary xylem (Gold-
stein et al. 1991; Niklas and Buchman 1994).  The low modulus of elasticity 
of the cell walls of succulent tissue allows the cells to swell and contract 
with changes in water availability; as succulent plants lose water, the water 
in the succulent tissue is translocated to other tissues that are metabolically 
more active, such as chlorenchyma in stem and leaf succulents (Nobel 
1988; Goldstein et al. 1991).  The implications of such water movement 
have been discussed in terms of ecophysiology more than in terms of bio-
mechanics.  

In addition to being less stiff than other plant tissues, succulent tissues 
are also usually denser due to their relatively high water content (Gibson 
and Nobel 1986).  The water storage organs of woody stem succulents and 
leaf succulents are often 90-95% water (Nobel 1988) compared with 40-
70% for non-succulent wood, and 70-90% for herbaceous leaves (Rowley 
1987).  Succulents can have densities of 800-1,100 kg m–3 (Niklas et al. 
1999), whereas woody stems typically have densities of 350-850 kg m-3 
(Hacke et al. 2001).  The combination of the lower elastic modulus of sup-
porting tissues and the increased weight due to water storage places great 
limitations on the architecture of succulents and significant stresses on 
their tissues, and has probably led to the evolution of the following modifi-
cations in succulent plants: reduced branching, reduced stems or leaves, 
and roots with contractile function (Gibson and Nobel 1986; Rowley 1987; 
Bell 1991).  Anatomical modifications associated with succulence are also 
numerous, including parenchymatization of wood, presence of a thick 
hypodermis, and delayed formation of periderm (Gibson 1982; Gibson and 
Nobel 1986), as well as root modifications described later in this chapter.  

The morphological and anatomical adaptations of the succulent habit 
have been studied extensively over the last 150 years, but the mechanical 
influences behind the evolution of the structural modifications have been 
studied primarily during the last two decades.  The overall goal of this 
chapter is to synthesize the literature on the morphology, anatomy, and 
biomechanics of the shoots and roots of photosynthetic stem succulents, 
pachycauls, and leaf succulents, with a primary focus on North American  
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representatives, in order to explain how the evolution of succulent tissue 
led to further above- and belowground modifications.   

 
Plant architecture and stem morphology 
 
Photosynthetic stem succulents 

 
Succulents with photosynthetic stems form more of a functional group 

than a structural group because, other than the fact that they have func-
tioning stomates and chlorenchyma in their stems, they almost all perform 
Crassulacean acid metabolism (Gibson 1982).  Photosynthetic stem succu-
lents actually include a wide range of growth habits, from geophytes and 
caespitose (cushion) forms to frutescent (shrubby) and arborescent (tree-
like) forms (Fig. 1.1; Gibson and Nobel 1986; Anderson 1998; Anderson 
2001).  Photosynthetic stem succulents are most notably represented by 
the Cactaceae of the Americas and stem succulent Euphorbiaceae of the 
tropics and subtropics in Africa, Madagascar, and the Americas, but are 
also represented by members of the Asclepiadaceae (Anderson 1998), and 
some salt tolerant members of the Chenopodiaceae, a family in which suc-
culence is an adaptation to high soil salt concentrations.   

The basic shoot construction of photosynthetic stem succulents varies 
from long-lived monopodial axes, like the main trunks and branches of 
globose, barrel, and columnar forms to forms with sympodial axes, like 
opuntioid cacti of the Cactaceae, for which each branch is made up of sev-
eral stems.  Both types of stem construction are present in low-growing, 
epiphytic, lianoid, shrubby, and arborescent forms (Fig. 1.1).  Perhaps what 
is so interesting is that large sympodial forms, as for leptocaulous (thin-
stemmed) plants with the same construction, have trunks similar to plants 
with monopodial axes, like Ulmus rubra (Fisher and Stevenson 1981).  
However, most plants with sympodial axes, especially opuntioids like 
prickly pears and chollas, retain the distinction between many of their 
younger stems. The mechanics of the junctions between these stems—
cladodes (flattened in cross section) in prickly pears and joints in chollas 
(approximately circular in cross section)—influences the overall form of 
these plants (Evans et al. 2004a, b; Bobich and Nobel 2001a, b).  The num-
ber of stems or branches of opuntioids is related both to the maximum 
bending stress that causes the failure of the tissue at the junction between 
terminal and subterminal stems and to the rooting of terminal stems after 
detachment (Evans et al. 2004a).  Overall clone size can also be influenced 
by the mechanics of the junctions, with hybrid prickly pears in Southern 
California forming extensive clonal populations, in which one individual 
can cover tens of square meters.  These large clones form either by drop-
ping stems or, more commonly, by having the branches gradually bend 
down and come into contact with the soil as a result of the biomechanics 
and anatomy of their stem junctions (Benson and Walkington 1965; Bobich 
and Nobel 2001a).  Chollas like Cylindropuntia bigelovii and C. fulgida 
also have biomechanically weak stem junctions (Bobich and Nobel 2001b; 
Kahn-Jetter et al. 2001; Bobich 2004), a trait that is related to their repro- 
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Figure  1.1. Growth forms of photosynthetic stem succulents: A) cushion (Eu-
phorbia tubiglans at California State Polytechnic University, Pomona), B) branch-
ing globose (Mammillaria dioica in Palm Desert, California); C) low shrub (Eu-
phorbia horrida at California State Polytechnic University, Pomona); D) expansive 
shrub (Opuntia englemannii near Tucson, Arizona); E) arborescent (Carnegiea 
gigantea near Tucson, Arizona). 
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Figure 1.2. Cereus repandus stems with prominent ribs at California State Poly-
technic University, Pomona. 
 
 



SUCCULENT PLANTS AND CAM PHOTOSYNTHESIS 8 
 

ductive strategy and form.  Both species primarily reproduce by dropping 
their stems as they grow, which is why branches are restricted to the upper 
third of the plant. 

Cacti are constructed of long photosynthetic shoots and inconspicuous 
short shoots.  The long shoot composes the overall structure of the stem, 
and the short shoots are the areoles, which are specialized axillary buds 
that consist of meristematic tissue and the short shoots with leaf spines 
(Gibson and Nobel 1986).  The spines on a cactus are analogous to those on 
other photosynthetic stem succulents, like the stipular spines of euphor-
bias.  In addition to providing protection with leaf spines, long shoot-short 
shoot architecture in cacti also minimizes the carbon allocated to branches.   

Although photosynthetic stem succulents include a diverse array of 
growth habits, they share many of the same morphological characteristics, 
one of which is a general reduction in the production of photosynthetic 
branches compared with other vascular plants (Gibson and Nobel 1986; 
Price and Enquist 2006).  Other than caespitose species, such as cacti in 
Maihuenia, Echinocereus, and Echinopsis and small succulent Euphor-
biaceae (Fig. 1.1A), stem succulents typically display an apical dominance 
that either completely eliminates branching or suppresses branching so 
that branches do not greatly shade apical meristems or other stems (Nobel 
1988).  The height where branching occurs can also be affected by the sur-
rounding vegetation, with taller surrounding vegetation leading to greater 
branching heights (Racine and Downhower 1974; Cody 1984).   

The frequency of branching and the orientation of stems, such as the 
flattened stems of prickly pears, are typically explained in terms of carbon 
uptake and partitioning (Geller and Nobel 1986; Price and Enquist 2006).  
However, branching in stem succulents is also probably influenced by their 
stem biomechanics.  Succulent stems are relatively heavy due to their high 
density and relatively small wood cross-sectional area/stem cross-sectional 
area (Gibson and Nobel 1986).  One way that columnar cacti and large Eu-
phorbiaceae reduce the bending moments due to branching is by orienting 
their branches vertically.  A bending moment is a force that causes any 
structure to bend and its magnitude is calculated as the force × the length 
of the moment arm.  Thus for a stem, the bending moment due to gravity is 
related to the length or vector of the stem perpendicular to vertical times 
the force of the mass of the stem.  Columnar cacti such as Pachycereus 
pringlei and Carnegiea gigantea, as well as Euphorbia ingens appear to 
decrease the bending moments due to branching by minimizing the hori-
zontal length of their branches (Fig. 1.1E). 

Most of the genera of the Cactoideae subfamily of the Cactaceae and 
the succulent Euphorbiaceae and Asclepiadaceae have ribs (Gibson and 
Nobel 1986; Anderson 1998), which allow plants to increase surface area 
for greater light absorption and greater CO2 uptake (Geller and Nobel 
1984).  Ribs also allow the plants to swell and shrink like an accordion de-
pending on the water content of the plant (Nobel 1988) and are an ances-
tral trait for the Cactoideae (Anderson 2001).  In globose and caespitose 
Cactoideae, ribs tend be less pronounced or even flattened, but for large 
columnar species the ribs can be relatively large in cross-section (Fig. 1.2)  
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and are important for support, especially in the younger portions of the 
plant near the apex (Gibson and Nobel 1986; Niklas et al. 1999).  Near the 
apex of Pachycereus pringlei stems, the tissues of the ribs are just as stiff 
as the vascular tissue because the vascular tissues near the apex have a 
small cross-sectional area, especially compared with the ground tissues 
(Niklas et al. 1999).  The ribs of columnar forms may also stiffen stems 
because of their triangular shape in cross-section, which results in a pro-
gressively increasing ratio of collenchyma to parenchyma per cross-
sectional area towards the ridge (periphery). 

For an individual photosynthetic stem succulent, the structural proper-
ties of the overall form can differ with plant age.  Carnegiea gigantea and 
other columnar cacti appear to be overbuilt when young, meaning that 
their stem diameter is more than adequate to support the overall above-
ground structure (Niklas and Buchman 1994; Cornejo and Simpson 1997).  
As the plants age their height becomes greater relative to their diameter, 
which is reflected in greater overall surface area to volume ratios (Cornejo 
and Simpson 1997).  However, as is the case with saguaro, mature plants 
are typically well within the safety factors for their height (Niklas and 
Buchman 1994).  In fact, cacti tend to have greater ratios of trunk diameter 
to stem height than do palms, cycads, and leptocaulous trees (Niklas et al. 
2006). 

 
Pachycauls 

 
Succulent pachycauls, or sarcocaulescents, all possess one basic trait: 

their trunks store large amounts of water and are greatly enlarged com-
pared to the rest of their body (Figs. 1.3 and 1.4).  Unlike photosynthetic 
stem succulents, the primary photosynthetic organs of pachycauls are usu-
ally seasonal leaves (Rowley 1987).  The pachycaul form has arisen numer-
ous times in a variety of tropical and subtropical habitats, including de-
serts, thornscrub, and tropical deciduous forests, all ecosystems with sea-
sonal precipitation (Rowley 1987; Turner et al. 1995).  In addition, pachy-
caulesence has evolved numerous times on islands from a variety of lepto-
caulous forms (Carlquist 1980).  Pachycauls also occur in an incredible 
number of dicotyledon and monocotyledon families, including Apocyna-
ceae, Asteraceae, Campanulaceae, Dracaenaceae, Goodeniaceae, and Ster-
culiaceae (Carlquist 1960; Rowley 1987).  In arid habitats of North Amer-
ica, pachycauls are primarily in the Agavaceae, Anacardiaceae, Burse-
raceae, Fouquieriaceae, and Nolinaceae (Asparagaceae, The Angiosperm 
Phylogeny Group II 2003; Rowley 1987).  

The massive trunks of pachycauls are often upright, especially in the 
Apocynaceae, Didiereaceae, and Fouquieriaceae, which reduces the tensile 
stresses within the trunk (Fig. 1.3).  The stems of pachycauls should be able 
to resist compressive forces better than tensile forces because of the large 
amounts of parenchyma in the tissues (see below; Niklas 1992).  In addi-
tion, a pachycaul trunk has a relatively large second moment of area, which 
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Figure 1.3. Plants displaying the pachycaulous form: A) Brighamia insignis at 
California State Polytechnic University, Pomona, B) Beaucarnea recurvata at Cali-
fornia State Polytechnic University, Pomona, C) Fouquieria columnaris at Rancho 
Santa Ana Botanic Garden, Claremont California; D) Dracaena draco at California 
State Polytechnic University, Pomona. 
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Figure 1.4. Close-up of the swollen trunks of Beaucarnea recurvata at California 
State Polytechnic University, Pomona. 
 
 
 

 
Figure 1.5. Bark of A) Fouquieria columnaris (boojum) at Rancho Santa Ana 
Botanical Garden and B) Pachycormus discolor at Biosphere 2 Center, Oracle, 
Arizona.  Note the leptocaulis lateral branches of F. columnaris and the flaking 
phellem of P. discolor. 
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allows the plant to spread the stresses out over a larger area, reducing the 
stresses experienced in any one region (Niklas 1992). 

Pachycauls also reduce stresses associated with bending due to gravity 
by having fewer branches than leptocaulous species (Rowley 1987).  In 
addition, the branches of pachycauls usually have small diameters com-
pared with their succulent trunks.  For Dendrosycios on the Island of Soco-
tra off the coast of Arabia, the branches are actually decumbent and rela-
tively weak, possibly owing this trait to its proposed derivation from cau-
diciform vines (Olson 2003).  The reduction in branching can once again 
be related to the massiveness of sarcocaulescent stems due to their water 
storage and wood anatomy (see below).  When branching does occur, it 
often occurs after terminal inflorescences; thus, the axillary buds produce 
new stems (Mabberley 1974b).  As the plant grows and produces more 
flowers, branches proliferate; however their branches, especially dendrose-
necios of the Asteraceae and members of the Apocynaceae and Dracaena-
ceae (Fig. 1.3) have progressively smaller and smaller diameters, which 
may limit plant height (Mabberley 1974a, b).   

Reduction in branch size is even more pronounced for the pachycauls 
of North America such as Bursera hindsiana, B. microphylla, Fouquieria 
columnaris (Fig. 1.3C), Jatropha cuneata, and Pachycormus discolor, all 
of which exhibit long shoot-short shoot architecture, which allows trees to 
reduce the amount of carbon allocated to stems versus leaves (Turner et al. 
1995).  Succulent Fouquieriaceae take reduction of stem size further by 
having leptocaulous lateral branches, which bear short shoots with leaves 
(Henrickson 1969a, b).  These branches allow for increased photosynthetic 
area due to their architecture and minimize carbon investment into con-
struction and resistance of bending moments.  

In addition to their interesting architecture, the trunks of pachycauls of 
North America also have interesting bark.  The bark is often flakey, expos-
ing a green photosynthetic stem, which may function in the fixation of re-
spired CO2 within the plant, but does not function in exogenous CO2 uptake 
(Fig. 1.5; Franco-Vizcaíno et al. 1990; Nilsen et al. 1990).  Such a flaky bark 
covering a photosynthetic phelloderm and cortex with thin walls probably 
provides little in terms of support, but allows plants like Fouquieria col-
umnaris and Pachycormus discolor to respond quickly to the infrequent 
rains of Baja California and Sonora, Mexico (Franco-Vizcaíno et al. 1990). 

 
Leaf succulents 

 
Leaf succulents include a wide variety of forms, such as geophytes, 

basal rosettes, arborescent rosettes, prostrate creeping perennials, drought 
deciduous perennials, and annuals (Fig. 1.6).  Just as for the two stem suc-
culent forms discussed here, leaf succulents are primarily tropical to sub-
tropical and are well represented in a number of different families, includ-
ing: Agavaceae, Aizoaceae, Crassulaceae, Portulacaceae, Ruscaceae (in-
cludes Sansevieria; the family is now included in the Asparagaceae; Angio-
sperm  Phylogeny  Group II 2003),  and  Asphodelaceae  (inclues Aloe).  
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Figure 1.6. Growth forms of leaf succulents: A) shrubby (Agave shawii in San 
Diego County, California), B) arborescent (Aloe arborescens at California State 
Polytechnic University Pomona), C) small acaulescent rosette (Dudleya pulveru-
lenta at Rancho Santa Ana Botanic Garden), and D) annual (Mesembryanthemum 
crystallinum in the University of California, San Diego Scripps Coastal Reserve).
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In the arid regions of North America the most prominent leaf succulents 
are in the Agavaceae and, to a lesser extent, the Crassulaceae. 

Much like the lower-growing photosynthetic stem succulents, geo-
phytic and other leaf succulent forms that are short in stature are sup-
ported by their cell turgor pressure, especially those in the Aizoaceae and 
Crassulaceae (Fig. 1.6).  Larger leaf succulents often have a rosette form.  
The rosette form is convergent for many different families growing in a 
variety of harsh ecosystems or microclimates and appears to serve a variety 
of functions, such as funneling rain water to roots (Gentry 1982) and freez-
ing prevention (Beck 1994).  As stated above, rosette leaf succulents can 
vary from acaulescent (basal) to caulescent forms, with some, such as ar-
borescent aloes, having an almost pachycaulous stem (Anderson 1998).  
For acaulescent rosettes and other lower forms, the leaf is the main struc-
tural component; individual leaves can vary in length from a few millime-
ters to well over 2 m (Gentry 1982).  In the larger rosettes, such as those in 
the Agavaceae and Sansevieria, the leaves are usually stiff due to the fact 
that they have a large number of phloem and cortical fibers (Smith and 
Nobel 1986; Koller and Rost 1988).  Some leaves are so long, such as those 
of Agave americana, that the leaves actually bend down from vertical near 
the tip (Gentry 1982), indicating that the leaf decreases in stiffness 
acropetally.   

Branching for leaf succulents is often absent, sparse, or by way of rhi-
zomes.  Perhaps one reason for the minimal branching among leaf succu-
lents is the preponderance of the rosette form; branches would shade a 
considerable amount of the canopy because the leaves are tightly com-
pacted near the apex of the stem.  Species of agaves that do branch within 
their rosette, like Agave shawii (Fig. 1.6), tend to have elongated stems 
compared with other agaves (Gentry 1982; Tony Burgess pers. comm.).  
Another possible reason for the reduced branching in leaf succulents is that 
the stems of many of the plants of the Crassulaceae and Aloe have small 
diameters or are sarcocaulescent and not very stiff. 
 
Anatomical and mechanical properties of shoots 

 
Photosynthetic stem succulents 

 
The gross anatomy of most stem succulents is similar (Mauseth 

2004a).  In general, stem succulents have a single-layer (uniseriate) epi-
dermis (Gibson and Nobel 1986; Mauseth 2004a).  The outer tangential 
and radial walls of epidermal cells can be cutinized but are not lignified or 
suberized, at least before periderm development, which is delayed due to 
the fact that the stem is the main photosynthetic organ (Gibson and Nobel 
1986).   

Most cacti and certain succulent Euphorbiaceae and Asclepiadaceae 
have a multilayered, collenchymatous hypodermis to the inside of the epi-
dermis (Gibson 1982; Mauseth 2004a).  Collenchyma is a very plastic sup-
porting tissue that often provides support in growing tissues due to its abil- 
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ity to deform (Fahn 1990); along with the epidermis it serves an important 
structural role in the support of many succulents (Niklas et al. 1999, 2003).  
In fact, for the cacti Stenocereus gummosus and S. eruca, collenchyma, 
based on its exterior location, offers the greatest resistance to bending 
stresses of any other aboveground tissues (Niklas et al. 2003).  Not only 
can the collenchyma and the epidermis resist bending stresses that occur 
due to applied forces and gravity, they can also resist the internal forces 
exerted by the turgid parenchyma of the plant body (Niklas 1992).  The 
“hoop stress” or reinforcement applied by the epidermis and hypodermis 
actually pushes back on the parenchyma to the stem interior, allowing for 
more rigid, taller structures (Niklas 1992) and helps explain why some 
barrel cacti can reach heights of 2 m without producing a woody skeleton 
(Cornejo and Simpson 1997; Fig. 1.7A).   

Either the cortex or the pith is typically the water storage region in 
photosynthetic stem succulents, with the cortex being the main storage 
region in the subfamily Cactoideae of the cactus family (Gibson and Nobel 
1986); this subfamily includes globose, columnar (Fig. 1.1), and barrel (Fig. 
1.7A), as well as vining and epiphytic forms (Fig. 1.7B). The cortex is also 
the main water-storing region for a few known succulent Euphorbiaceae 
and Asclepiadaceae (Mauseth 2004a). The pith is the main water-storing 
region for the cactus subfamily Opuntioideae and for the majority of succu-
lent Euphorbiaceae and Asclepiadaceae (Gibson and Nobel 1986; Mauseth 
2004a).   

 
 

 
Figure 1.7. A) A 1.9 m tall barrel cactus, Ferocactus wislizeni, near Tucson, Ari-
zona and B) a vining hemiepiphyte, Hylocereus triangularis, in Quintana Roo, 
Mexico. 
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The significance of the location of the water-storing region has to do 
with the distribution of stresses in structures.  For caespitose and globose 
forms, the importance of the location of the water storage tissue is reduced 
because the plants and/or their branches are not long enough to experience 
a significant bending moment for most static and applied forces, like wind.  
However, for barrel and arborescent columnar forms, bending moments 
due to gravity and wind can be significant (see Niklas et al. 1997).  For any 
object, the stress resulting from bending increases from the center, where 
the stresses are minimal, to the outside of the object (Niklas 1992).  Having 
a thick cortex with large intercellular air spaces and easily deformed water-
storage parenchyma can lead to stem deformation, especially if there is 
little vascular tissue.   

For most perennial shrubs and trees wood is the primary support tis-
sue (Fahn 1990).  However, this may not be the case for many photosyn-
thetic stem succulents.  In general the smaller cactus growth forms have a 
reduction in the number of fibers in their wood, with fibers being totally 
replaced by parenchyma or wide-band (vascular) tracheids in many species 
(Gibson 1973, 1977a, 1978); thus, smaller forms are supported primarily by 
the hydrostatic pressure of their chlorenchyma and water-storage paren-
chyma (Gibson and Nobel 1986).  For sprawling forms like Stenocereus 
eruca and certain morphs of S. gummosus, wood provides little support 
because it has a relatively small cross-sectional area and is centrally located 
in the stem, surrounded by a thick cortex (Niklas et al. 2003).  In many 
smaller growth forms and in the junctions of stems for prickly pear cacti 
(platyopuntias), which have flattened stems (cladodes), the wood is poly-
morphic, meaning that wood production within a plant can developmen-
tally change from fiberless woods often with wide-band (vascular) tra-
cheids to wood with fibers (Gibson 1973, 1977b; Mauseth and Plemons 
1995; Bobich and Nobel 2001a, 2002), or in the case of cactus epiphytes, 
change from producing fibrous to more succulent wood (Gibson 1973; Gib-
son and Nobel 1996; Mauseth 1993).  Production of fibers is extremely 
important because they can resist tensile stresses much better than paren-
chyma (Kahn-Jetter et al. 2000, 2001; Evans et al. 2004).  In fact, the 
length and diameter of individual fibers are positively correlated with plant 
height in both platyopuntias (Gibson 1978; Bobich and Nobel 2001a) and 
Cactoideae (Gibson 1973), indicating that larger fibers may provide more 
resistance to bending and gravitational forces in large growth forms.   

Wide-band tracheids are particularly interesting cells because of their 
function and shape and because their presence may be ancestral for cacti 
(Mauseth 2004b).  They are imperforate and have either annular (typically 
in Opuntioideae) or helical secondary wall thickenings (Gibson 1973, 1978; 
Mauseth and Plemons 1995; Bobich and Nobel 2001a, b).  The function of 
wide-band tracheids may be to increase water-storage in cacti while pre-
venting cell collapse when water is lost (Gibson 1973, 1977a, 1978; Mauseth 
1995), but their structure may also be significant for another mechanical 
reason (Bobich and Nobel 2001).  When a stem is subjected to bending 
forces, the middle lamellae may not be able to hold the cells together, re-
sulting in shearing between cells.  Because their secondary thickenings 
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alternate with those of adjacent wide-band tracheids cells, the cells often 
“interlock”, especially in Opuntioideae, thus reducing shear and increasing 
stem stiffness (Bobich and Nobel 2001a).  Because they have helically 
thickened secondary walls in Cactoideae (Gibson 1973; Gibson and Nobel 
1986; Mauseth et al. 1995), wide-band tracheids should also provide for 
stiffer stems than would parenchyma alone. 

In woody plants, branches that are not vertical or that experience un-
even stresses due to gravity or applied forces may produce reaction wood 
(Fisher and Stevenson 1981; Fahn 1990).  In dicotyledons, reaction wood 
can have one to all of the following traits: increased wood deposition on 
upper side of the stem, which experiences tension, compared with the 
lower side, which experiences compression; gelatinous fibers, which have a 
cellulose-rich layer in their secondary cell walls and little lignin and may 
act in reorienting stems toward vertical by contracting; and a greater den-
sity than “normal wood” (Fahn 1990; Fisher and Stevenson, 1981; Fournier 
et al. 1994).   

In cacti, reaction wood occurs within cladode junctions of Opuntia 
(Fig. 1.8; Bobich and Nobel 2001a, 2002) and the joint junctions of one 
species of Cylindropuntia (Bobich and Nobel 2001b).  Cladode junctions 
(the regions between two successive cladodes) can have less than 10% of 
the cross-sectional area of the widest regions of their subtending cladodes 
and are the most flexible regions of a branch (Nobel and Meyer 1991). Ana-
tomically, cladode junctions are comprised of a ring of parenchyma sur-
rounding a central core of phloem, wood, and pith (Fig. 1.8; Bobich and 
Nobel 2001a, 2002). The wood within relatively young cladode junctions of 
large platyopuntias is asymmetrical, with greater wood accumulation on 
the side of the cladode under compression (Fig. 1.8).  This asymmetry may 
be because the wood is comprised primarily of thin walled parenchyma,  

 

 
Figure 1.8. A three-year-old cladode junction of Opuntia ficus-indica stained with 
phloroglucinol to show lignification in wood.  Note the greater accumulation of 
wood on the lower side of the stem and the paucity of lignification in the early-
formed wood.  Stained areas primarily represent the lignified middle lamellae and 
primary walls of libriform fibers; most libriform fibers have a gelatinous layer in 
their secondary wall. 
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which is more effective in resisting compressive than tensile forces (Niklas 
1992; Bobich and Nobel 2002).  In general, fiber production does not begin 
until the cladode junction is supporting a total of three cladodes (the sub-
tending upper cladode plus two more distal cladodes; Bobich and Nobel 
2001a, 2002).  The majority of the fibers are gelatinous, but in contrast to 
most dicotyledons, gelatinous fibers occupy the greatest area in the lateral 
regions of the junction, near the neutral plane of bending in terms of gravi-
tational forces.  It is believed that gelatinous fiber production is a response 
to bending forces caused by wind; thus the gelatinous fibers may prevent 
excessive swaying of the cladode at that stage of branch development (Bo-
bich and Nobel 2002).  Although reaction wood has not been described for 
other stem succulents, it may be present in the branches of large columnar 
forms, like Carnegiea gigantea, as well as in forms with stems that tilt 
towards the equator, like certain species of Copiapoa in South America and 
Ferocactus in North America (Ehleringer et al. 1980). 

The anatomical modifications for stem succulence have a great effect 
on the elastic modulus of the stems (Table 1.1).  The elastic modulus, which 
is most simply defined as the applied stress/the elastic deformation of any 
material regardless of its geometry, for cactus stems and probably for other 
stem  succulents,  can  be one to three orders of magnitude less than that of 
other woody plants, which range from 5,000-15,000 MPa (Table 1.1; Niklas 
1992).  The lower elastic modulus values for cactus stems are because of the 
increased amount of chlorenchyma and water-storage parenchyma in their 
stems compared with non-succulent woody plants.  In general, the elastic 
modulus of cactus stems also appears to be correlated with plant height, as 
are the anatomical features of the wood of Opuntioideae and Cactoideae 
(Gibson 1973, 1978; Table 1.1).  Tall columnar forms (Carnegiea gigantea 
and Pachycereus pringlei) have the highest elastic moduli, followed in 
order by large arborescent and shrubby Opuntia, and sprawling (Stenocer-
eus gummosus) and prostrate forms (S. eruca; Table 1.1).   

Changes in elastic modulus occur along the stem axis for the innermost 
tissues of Pachycereus pringlei stems (Niklas et al. 1999).  In general, the 
elastic modulus of the wood and pith in P. pringlei increases basipetally, as 
would be expected because of the development of secondary xylem and the 
shear mass of a succulent of that size.  However, near the base of the stem 
the elastic modulus of the wood greatly decreases (Niklas et al. 1999).  The 
geometry of the stem makes up for this decrease though, as the cross-
sectional area is much greater near the base of the stem and more than 
compensates for the lower values for the elastic modulus, making this the 
stiffest region of the stem.  Differences in elastic modulus not only exist 
within individual cacti, but also among different morpho- or ecotypes of 
certain species, especially Stenocereus gummosus, which ranges in form 
from sprawling to very large shrubs with stems over 4 m tall (Nobel 1988). 
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Table 1.1. Elastic moduli (E) for aboveground organs of cacti. 
 
Species 
 

 
E (MPa) 

 
Tissue/location 

 
Reference 

 
Carnegiea 
  gigantea 

 
1,600 

 
Stem 

 
Niklas and 
 Buchman (1994) 
 

Opuntia 
  cochenillifera 
 

  682 
 

Cladode junction Bobich and 
 Nobel (2002) 

O. ficus-indica   375 Cladode junction Bobich and 
 Nobel (2002) 
 

O. robusta   179 Cladode junction Bobich and 
 Nobel (2002) 
 

O. undulata 
 

  364 Cladode junction Bobich and 
 Nobel (2002) 
 

Pachycereus 
  pringlei 

1,670a Wood Niklas et al.    
 (2000) 
 

P. pringlei 
 

1,090b Wood Niklas et al.  
 (2000) 
 

Stenocereus  
  eruca 
 

      4c Stem 
 

Niklas et al.  
 (2003) 

S. gummosus      7c Stem 
 

Niklas et al.  
 (2003) 

a Maximal radial value along stem axis. 
b Maximal tangential value along stem axis. 
c Measured in tension. 
 

 
 
 
Pachycauls 

 
Succulent pachycauls have a variety of traits that impact the mechanics 

of their tissues.  In species with photosynthetic tissue in their trunks (Fig. 
1.3), the outer stem tissues are interesting both structurally and physiologi-
cally.  For the succulent Fouquieriaceae, specifically F. fasciculata and F. 
purpusii, the stems retain their epidermis throughout the life of the plant 
and increase in epidermal surface area by anticlinal divisions (Henrickson 
1969c).  The stem of Fouquieria columnaris, or boojum, is covered with a 
thin layer of suberized phellem, which surrounds the cortex (Henrickson 
1969c). 

The cortex of the succulent Fouquieriaceae is very large in cross-
sectional area and performs different functions in relation to position 
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within the stem axis.  The outer cortex is composed of chlorenchyma and 
probably does not afford much support (Henrickson 1969c).  To the inside 
of the chlorenchyma are large groups of thick-walled brachysclereids; the 
groups can be as large as 5 mm in diameter in F. columnaris.  The nests are 
closely packed and essentially form a cylinder within the trunk of F. col-
umnaris, F. fasciculata, and F. purpusii.  Further inside the cortex are 
networks of water-storage parenchyma cells with thin cell walls, which, 
much like the photosynthetic cells, probably do not provide much support, 
and a network of starch-storing parenchyma (Henrickson 1969c).  Because 
of their location and their assumed structural properties, the groups of 
brachysclereids stiffen the stems of pachycauls in the Fouquieriaceae and 
probably keep the stems from collapsing on a regular basis, which they can 
do during extended drought (Henrickson 1972).  In F. fasciculata and F. 
purpusii, a continuous ring of primary phloem fibers occurs just to the 
inside of the cortex and may significantly aid in resisting bending moments 
even though the fibers are more centrally located within the stem than are 
the brachysclereids.  

As stated previously, the trunks of Pachycormus discolor and Bursera 
both have a flaky periderm that peels off in large sheets (Fig. 1.5; Gibson 
1981; Nilsen et al. 1990).  The periderm of P. discolor has several layers of 
phellem, and copious amounts of photosynthetic phelloderm.  The amount 
of parenchyma in the phelloderm, the large amount of secondary phloem, 
which contains numerous large parenchyma cells, and a thick cortex indi-
cate that the bark of P. discolor is a major water storage organ and provides 
support via turgor (Gibson 1981).  The outer tissues of Dendrosycios soco-
trana also have abundant parenchyma, specifically in the phelloderm and 
cortex (Olson 2003); the cortex in older regions of the trunk actually ap-
pears to be a result of secondary growth. 

The anatomy of the wood of North American pachycauls is diverse in 
terms of water storage and mechanics.  In mature trunks of F. fasciculata 
and F. purpusii, the wood contains a large amount of water storage paren-
chyma due to either cambial or intrusive growth and cell divisions by cells 
lower in the trunk (Henrickson 1969b; Carlquist 2001).  The axial regions 
of the wood have concentric bands of primarily lignified tissue that alter-
nate with concentric bands of unlignified parenchyma; the lignified bands 
appear to stiffen the parenchymatous bands (Henrickson 1969b).  In addi-
tion, the rays become very wide with age, increasing the water-storage ca-
pacity of the plant substantially.  The axial regions of the wood also have 
parenchyma within the lignified regions (Carlquist 2001).   

Another feature of succulent Fouquieria wood is the presence of ge-
latinous fibers throughout much of the trunk; gelatinous fibers are con-
spicuously absent from the lateral branches of F. columnaris (Carlquist 
2001).  The presence of gelatinous fibers indicates that the wood in the 
trunks of all three succulent species and in some smaller branches of F. 
fasciculata and F. purpusii is reaction wood.  In the case of the succulent  
Fouquieriaceae the fibers may be a response to gravitational stresses re-
sulting from the high density of the tissue.  However, the gelatinous fibers 
may function in stiffening the main trunks, which can reach 16 m in height,  
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by contracting longitudinally and compressing the various tissues of the 
trunk.   

One of the most extreme cases of wood succulence among pachycauls 
is that of Pachycormus discolor.  The wood of P. discolor is diffuse porous 
with wide-diameter vessels and wide, short libriform fibers that lack lignin 
in their cell wall (Gibson 1981).  Parenchyma is located in multiseriate rays, 
but is scanty and paratracheal in axial regions and also unlignified.  In fact, 
only the vessels are lignified in the wood, meaning that the stem is sup-
ported almost exclusively by turgor pressure (Gibson 1981).   

Many pachycauls develop trunks with large cross-sectional areas with-
out developing typical secondary tissues. Dendrosycios socotrana has 
anomalous secondary growth, in which individual plates of xylem form 
from discontinuous cambia and are often associated with small regions of 
interxylary phloem (Olson 2003).  Axially, the plates of xylem bifurcate and 
reconnect and are separated by extremely wide rays.  Parenchyma also 
alternates with concentric bands of rays and xylem plates as conjunctive 
tissue, further increasing the water and starch storage of the trunk (Olson 
2003).  Furthermore, the water-storage parenchyma cells have undulating 
tangential walls, indicating that they may function in water-storage and 
shearing prevention in the same manner as the wide-band tracheids of 
cacti with annularly or helically thickened secondary walls (Mauseth 1995a; 
Bobich and Nobel 2001a). 

Monocotyledonous pachycauls have an understandably different tissue 
organization from that of  the dicotyledonous pachycauls. Like most mono-
cots, the primary body of Beaucarnea recurvata (Figs. 1.3 and 1.4) consists 
of numerous vascular bundles in a matrix of ground tissue (Stevenson 
1980).  The primary body of B. recurvata, like that of several other arbor-
escent monocots of the Asparagaceae and Xanthorrhoeaceae, is produced 
not only by the apical meristem, but also by a primary thickening meristem 
(Stevenson 1980); both of these meristems appear to be continuous in the 
primary body of this species.  A secondary thickening meristem develops 
within the outer cortex of the stem and produces conjunctive tissue (paren-
chyma), which is eventually permeated by amphivasal vascular (specifi-
cally, desmogen) strands, centripetally (Fisher 1975; Stevenson 1980).  
Very early in development, phellogen develops to the outside of the secon-
dary thickening meristem and produces phellem.  The conjunctive tissue in 
B. recurvata and other similar forms, like Yucca elephantipes, is generally 
unlignified except when adjacent to the secondary vascular bundles (Fisher 
1975). Thus, much of the strength of the stems of monocotyledonous 
pachycauls is probably due to hydrostatic pressure, although the phellem 
and vascular bundles probably do significantly stiffen the conjunctive and 
primary ground tissues. 

An interesting aspect of the secondary tissues of monocotyledonous 
pachycauls is that they display eccentric growth with respect to gravity 
(Fisher 1975).  Both B. recurvata and Y. elephantipes accumulate more  
secondary tissue on the lower side of horizontal stems; the accumulation 
on the lower side can be over 12 times greater than that on the upper side 
(Fisher 1975).  The parenchyma cells and the vascular bundles are also 
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larger in the lower than in the upper sides of stems.  The greater growth on 
the lower side of the stem appears to be similar to the responses of prickly 
pear junctions that have greater wood accumulation on the lower sides of 
the stems and the majority of the cells are parenchyma, which are best at 
resisting compressive forces. 

 
Leaf succulents 
 

The leaves of many leaf succulents are essentially large hydrostats be-
cause they lack fibers (Niklas 1992; Gibson 1996).  The epidermis and cuti-
cle, like the epidermis and hypodermis of cactus stems, provide a hoop 
stress for a succulent leaf (Niklas 1992) and allow the leaf to have a consid-
erable mass.  The most common plants native to arid lands in North Amer-
ica that have leaves that act as hydrostats are in the Crassulaceae.  In gen-
eral, leaves within this family are relatively flexible (Gibson 1996).  The 
basic structure of a Crassulaceaen leaf is very simple, with a uniseriate, less 
commonly two-layered, thin-walled epidermis (Fig. 1.9A).  Except for vas-
cular bundles, which are located near the middle of the leaf and have few 
lignified cells, the majority of the leaf cross-section is composed of large, 
thin-walled storage parenchyma cells that are usually circular in cross-
section (Fig. 1.9A).  The location of the vascular bundles in the center of the 
leaves, surrounded by relatively soft tissue, leads to leaves that are “soft.” 

Hydrostatic leaves of other leaf succulents have more reinforcement.  
Unlike typical Crassulaceae, the outer and sometimes inner periclinal walls 
of the epidermis of African Aloe leaves are thickened (Fig. 1.9B; Gibson 
1996).  Also, Aloe leaves have a definitive palisade mesophyll with long 
slender cells and most of the cells appear to be smaller in cross-sectional 
area than those of Crassulaceae; smaller cells tend to provide more support 
because they have more cell wall material per area than do larger cells 
(Niklas 1988).   

Aizoaceae of Africa also stiffen their epidermis, with most xeriphytic 
species having thick outer periclinal walls and a thick cuticle (Gibson 
1996).  One subfamily of the Aizoaceae, the Rushioideae, also has wide-
band tracheids in the xylem of secondary and tertiary leaf veins; the leaf 
midrib lacks these cells (Landrum 2001).  The presence of wide-band tra-
cheids, which are the majority of the cells in secondary and tertiary veins, 
allows the leaf to maintain its structure during drought, which is important 
because the leaves of this subfamily are usually the main aboveground 
structures (Landrum 2001).   

Other leaf succulents have leaves that are not hydrostats; the most rec-
ognized plants with these leaves in North America are the agaves (Fig. 1.6; 
Gibson 1996).  Agave leaves tend to have very thick cuticles (usually over 
20 μm thick) and epidermal cells with a great deal of secondary thickening 
in their outer periclinal cells walls and, less often, on their anticlinal and 
inner periclinal walls (Fig. 1.9C; Gibson 1996).  Although they have pali-
sade parenchyma, which may provide more stiffness than isodiametric 
parenchyma, it is the vascular bundles that provide much of the support.  
For Agave deserti the number of vascular bundles increases linearly with 
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leaf surface area (Smith and Nobel 1986).  The vascular bundles do not 
appear to branch within the leaf and are relatively evenly distributed 
throughout the storage parenchyma of a leaf; there are never more than 8 
storage parenchyma cells separating the bundles in A. deserti (Smith and 
Nobel 1986).  The palisade mesophyll completely lacks vascular bundles.  
The bundles themselves are relatively simple, with a few to several tra-
cheids in the xylem and numerous phloem fibers capping the bundle.  It is 
the fibers that are commercially important and their presence allows agave 
leaves to become several times thicker than those of other leaf succulents.    

Another group of plants that have reinforced succulent leaves are those 
in the genus Sansevieria, which are native to tropical and subtropical Af-
rica and Madagascar.  Sansevieria leaves are similar to those of Agave in 
that they have a uniseriate epidermis and contain numerous vascular bun-
dles throughout their water storage parenchyma (Koller and Rost 1988).  
The vascular bundles can be quite large, especially in the more xeromor-
phic leaves, and typically have lignified phloem cap fibers (Koller and Rost 
1988).  In addition to the vascular bundles, support is also provided 
throughout the entire leaf by fiber bundles (Koller and Rost 1988).  The 
location of the fiber bundles appears to greatly stiffen the outer tissues of 
the leaf and minimizes bending.  Resistance to collapse appears to be fur-
ther provided by the presence of bands of thickened cell wall on specialized 
dead water storage cells to the inside of the chlorenchyma in many San-
sevieria species (Koller and Rost 1988).   

 
 

 
 
 

 
 
Figure 1.9. Cross sections of leaves of A) Dudleya virens, B) Aloe arborescens, 
and C) Agave shawii, stained with toluidine blue O.  Note the thickening of the 
outer periclinal walls of the epidermis and the thickened cuticles for both Aloe 
arborescens and Agave shawii. 
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Wind 
 
Wind is known to have a great effect on plant morphology, resulting in 

shrubby to prostrate growth habits of plants that are often trees and flag 
trees, which orient their stems’ growth downwind to minimize the amount 
of force experienced.  Because of their mass, relatively low stem elastic 
moduli, shallow rooting depth, and the fact that they act as bluff bodies 
because they can change characteristics of airflow (Nobel 2005), succu-
lents, especially those with taller growth habits, should be greatly affected 
by wind in terms of morphology.  On the island of Piedra in the Laguna Ojo 
de Liebre (Eye of the Jackrabbit Lagoon) of the Vizcaíno region of Baja 
California Sur, wind, which averages 1.8 m s–1, has apparently resulted in 
all of the Ferocactus fordii on the island to be tilted or prostrate, with their 
apices oriented to the southeast; the prevailing winds come from the 
northwest (Ortega-Rubio et al. 1995).  Perhaps the most striking effect of 
wind on the morphology of a succulent is that on the pachycaul Pachycor-
mus discolor (Turner et al. 1995; Peinado et al. 2005; Arizona-Sonora De-
sert Museum web site, http://www.desertmuseum.org/programs/succule 
nts_Pacdis.html).  On more protected sites inland, P. discolor can reach 
heights of 8 m, but on Punta Eugenia on the Vizcaíno Peninsula, P. discolor 
is completely prostrate and is shrubby in other locations in the region, 
where the wind is constant throughout the year.   

As discussed previously, ribs may act in reinforcing large photosyn-
thetic stem succulents in addition to increasing the photosynthetic area of 
the plant.  There is also evidence that ribs, along with spines, decrease wind 
effects experienced by cacti (Talley et al. 2001; Talley and Mungal 2002).  
The Reynolds number (Re; defined as the magnitude of the fluid velocity 
times the characteristic dimension of an object divided by the kinematic 
velocity of the fluid) that the saguaro Carnegiea gigantea experiences in 
the field may be as high as 106, which corresponds to wind speeds over 30 
m s-1 (Talley et al. 2001; Talley and Mungal 2002).  For the range of Re a C. 
gigantea may experience, cylinders with ribs and rough surfaces simulat-
ing spines have a lower coefficient of drag and experience lower fluctuating 
side forces compared to smooth cylinders, which means that ribs and 
spines actually decrease the wind forces experienced by photosynthetic 
stem succulents.  Furthermore, the hemispherical apex of a succulent like 
C. gigantea also appears to decrease the coefficient of drag (Talley et al. 
2001; Talley and Mungal 2002).  Arborescent stem succulents, like C. gi-
gantea, can be uprooted during high winds because of their shallow root 
systems and their behavior as bluff bodies (Pierson and Turner 1998); 
however, it appears that arborescent stem succulents would be far more 
susceptible to uprooting if they lacked ribs. 
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Roots of desert succulents 
 

Because of the importance of the hydrostatic skeleton in supporting 
the shoots of desert succulents, the primary biomechanical contribution of 
their roots may be to supply shoots with water nearly as soon as it becomes 
available. This ability has been documented extensively for agaves and cacti 
(Kausch 1965; Nobel, 1988; Dubrovsky et al. 1998) and is associated with 
architectural, anatomical, and physiological features that characterize the 
root systems of many desert succulents. In warm deserts, the combination 
of infrequent and limited rainfall, high temperatures, and poorly developed 
rocky soils often underlain by a layer of hardpan has selected for plants 
with comparatively shallow root systems (with the exception of phreato-
phytes; Canadell et al. 1996; Schenk and Jackson 2002). Succulents in the 
Agavaceae and the Cactaceae, two families widely represented in North 
American deserts, tend to have roots restricted to the top 0.5 m of soil, with 
most roots growing within 0.2 m of the soil surface (Nobel 2002). Such 
shallow roots may be well positioned to take advantage of limited rainfall, 
but they would seem less well suited to provide anchorage, particularly for 
massive succulent shoots. Constrained by their shallow distribution, the 
roots of desert succulents have evolved a number of features that can im-
prove plant establishment, stability, and endurance in arid soils. 

 
Root system architecture 

 
One apparent adaptation exhibited by a number of arborescent and co-

lumnar cacti, such as saguaro (Carnegiea gigantea; Table 1.2) is a dimor-
phic root system, consisting primarily of shallow, far-reaching lateral roots 
branching from a much deeper taproot. A plant anchored by a taproot sys-
tem is less likely to become uprooted than one with a system of lateral roots 
only (or a “plate-type system;” Stokes 2002). Thus, it is not surprising that 
the tallest cacti (Table 1.2) have relatively deep taproots. The root system of 
Pachycereus pringlei has been described as having a combination plate, 
tap, and fibrous root system; yet even with a taproot, older plants of this 
species are more susceptible than younger ones to uprooting due to a dis-
proportionate increase in stem height with age relative to depth of the tap-
root (“bayonet root;” Niklas et al. 2002). At an unspecified site in the Sono-
ran Desert, one observer noted that half of the saguaros appeared to have 
been blown over in one direction (Benson 1982). Although not nearly as 
tall as saguaro, two heavy-stemmed barrel cacti, Ferocactus cylindraceus 
and F. wislizenii, are perhaps even more prone to uprooting by wind or 
other forces due to their lack of deep taproots (Cannon 1911; Barbour 
1973). Medium-height, branching cylindropuntias, such as Cylindropuntia 
arbuscula, do tend to have taproots (Table 1.2), as does the unrelated oco-
tillo (Fouquieria splendens), but the relatively small diameters and shallow 
depths of their taproots correspond to the modest succulence of their 
shoots. 
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Table 1.2. Average shoot height and maximum root depth and root length 
recorded in the field. 
 
Family 
     Species 

Shoot 
height (m) 

Root 
depth 
(max; m) 

Root 
length 
(max; m) 

References 

Agavaceae     
  Agave deserti 

0.3-0.5a 0.3 - 
Rundel and  
 Nobel, 1991 

  Dasylirion 
    texanum  1.0 0.4 2.2 

Cannon, 1911 

  Hesperoyucca 
    whipplei 0.6 0.6 4.0 

Hellmers et al.,  
 1955 

  Yucca elata 0.6 0.7 0.7 Sisson, 1983 
  Y. schidigera 1-5 0.5 - Cody, 1986 
     
Cactaceae     
  Carnegiea 
    gigantea 

12 0.8 9.7 

Cannon, 1911; 
Turner et al.,  
 1995 

  Cereus 
    horrispinus 6.5 0.5 - 

Lüttge et al.,  
 1989 

  Cylindropuntia 
    arbuscula 0.6-1.2 0.1 3.0 

Cannon, 1911 

  C. fulgida 
1.0-3.5 0.4 3.0 

Cannon, 1911; 
Preston, 1900 

  C. imbricata 3.5 0.7 4.6 Dittmer, 1959 
  C. leptocaulis 0.5-0.7 0.2 2.8 Cannon, 1911 
  C. versicolor 3.5 0.7 4.6 Dittmer, 1959 
  Ferocactus 
    cylindraceus 1-3 0.3 - 

Rundel and  
 Nobel, 1991 

  F. wislizeni 0.4 0.3 2.4 Cannon, 1911 
  Pachycereus 
    pringlei 

15-20 1.2 3.9-5.2 

Turner et al.,  
 1995; Niklas et  
 al., 2002 

     
Fouquieriaceae     
  Fouquieria 
    splendens 2-10 0.4 >2.0 

Cannon, 1911 

a All heights given as ranges are from Hickman (1993). Otherwise, individual 
heights are from references in table. 
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An architectural feature common to nearly all desert succulents is the 

wide-ranging lateral extent of their roots. Specifically, in a global survey of 
root system characteristics, succulents had the largest root lateral spread: 
root depth ratio of all plant functional groups (Schenk and Jackson 2002). 
Although not strictly succulent nor a true desert species, chaparral yucca 
(Hesperoyucca whipplei) had the second largest root spread:shoot spread 
ratio (4.4) of 18 chaparral species examined (Hellmers et al. 1955). A 
widely spreading root system has a double payoff for arid-land plants: it 
maximizes the radius and thereby the mass and stability of the root-soil 
“plate,” and it maximizes root surface area in the soil horizon that is most 
likely to be wetted by rainfall. In addition, the warmer temperatures near 
the surface of the soil are conducive to root growth for several desert succu-
lents, at least in late winter and early spring when warm (but not exces-
sively high) temperatures and soil moisture availability are likely to coin-
cide (Cannon 1916; Drennan and Nobel 1996). The prevalence of rocks on 
and near the surface of desert soils not only helps prevent local soil tem-
peratures from becoming too high for root growth but also prolongs the 
availability of soil water (Nobel et al. 1992). In addition, roots that grow 
through rock crevices and under and between rocks are likely to be better 
anchored than roots in rock-free soil. 

Several cacti exhibit determinate root growth, a developmental feature 
with architectural consequences that can improve both water uptake and 
plant anchorage in desert soils. The primary roots of several cacti in the 
genera Ferocactus, Pachycereus, and Stenocereus cease to elongate due to 
exhaustion of the root apical meristem within a few days of root initiation 
(Dubrovsky and North 2002), resulting in a more rapid proliferation of 
lateral roots than occurs for roots that continue to elongate. Accelerated 
initiation of lateral roots occurs in root systems of epiphytic cacti (North 
and Nobel 1994; Dubrovsky and North 2002) and in roots of Ferocactus 
cylindraceus and Opuntia ficus-indica in response to rewetting after 
drought (North et al. 1993; Dubrovsky et al. 1998). In addition to increas-
ing root surface area for water and nutrient absorption, the rapid produc-
tion of lateral roots can help provide anchorage, particularly for epiphytic 
cacti such as Epiphyllum phyllanthus and Rhipsalis baccifera that become 
established on bare tree branches (Andrade and Nobel 1997). 

 
Root anatomy 

 
At first glance, roots of desert succulents appear to lack the distinctive 

anatomical specializations seen in shoots. In an otherwise painstaking in-
vestigation of the anatomy of ocotillo, Flora Murray Scott dismissed the 
roots in a few sentences, stating, “The structure of the root is in no way 
unusual” (Scott 1932). The roots of ocotillo and other succulent species, 
however, have a number of anatomical features related to the biomechani-
cal demands of anchoring succulent shoots. The anatomical properties 
involved in resisting uprooting are most often associated with secondary 
xylem, or wood, in eudicots such as ocotillo and cacti. Though lacking 
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wood, the roots of monocots such as agaves and yuccas also show anatomi-
cal modifications that help maintain or improve plant position in the soil. 

One of the most basic root modifications to improve shoot anchorage is 
an increase in girth, because roots with larger diameters are less likely to 
deform or break (the stiffness of a beam with a circular outline, such as a 
taproot, is related to the radius to the fourth power; Stokes 2002). More-
over, the large volume of soil pressing on the surface of a large taproot 
helps prevent it from pivoting or becoming dislodged (Niklas 1992). In a 
survey of enlarged roots of cacti (Stone-Palmquist and Mauseth 2002) and 
an investigation of the biomechanics of the branching columnar cactus 
Pachycereus pringlei (Niklas et al. 2002), the increased girth of the taproot 
is  shown to be due to an increased volume fraction of wood, and not, as for 
shoots, to increases in water-storing parenchyma in ground tissues or a 
primary cortex. Thus, most cactus taproots cannot properly be called suc-
culent, although water-storing roots of smaller globe-or disc-shaped cacti 
can perform the traditional role of succulence in supplying water to main-
tain shoot function. The wood of cactus roots, like most wood, is composed 
of axial tissues, which are longitudinally oriented vessels, tracheids and 
fibers, and ray tissues, which are radially oriented files of cells that are 
usually parenchymatous and associated with storage (Fig. 1.10A). For tap-
roots of Pachycereus pringlei, resistance to breakage increases with the 
increasing volume fraction of axial tissue, and a corresponding reduction in 
ray tissue or secondary cortex (Niklas et al. 2002). Roots highly modified 
for storage of water and starch would thus not be well suited as taproots for 
columnar or arborescent cacti, which require strong anchoring roots. 

As stated earlier, the succulent stems of Fouquieriaceae have gelati-
nous fibers throughout their wood (Carlquist 2001). The root wood also 
has gelatinous fibers (Fig. 1.10B), with some species having only gelatinous 
fibers in their taproots (Carlquist 2001).  The presence of gelatinous fibers 
in aerial roots of leptocaulous trees (Ficus benjamina; Zimmermann et al. 
1968) suggests that fibers may help the far-reaching lateral roots function 
as guy ropes to keep the short taproot and root crown of succulent Fou-
quieriaceae from being pulled out of the soil by the movement of their large 
stems.  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.10. A) Cross-section of a root of Opuntia basilaris, stained with toluidine 
blue O, with parenchymatous rays indicated, and B) cross-section of root of Fou-
quieria splendens, stained with toluidine blue O, with gelatinous fibers (gf) indi-
cated. 
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Figure 1.11. A) Cross-section of a root of Cylindropuntia acanthocarpa, stained 
with toluidine blue O, with mucilage cell (m), xylem (x), and parenchyma (par) 
indicated, and B) cross-section of root of Agave deserti, stained with phlorogluci-
nol-HCl, with arrows indicating lignified cells outside endodermis and inside exo-
dermis. 
 

 
 
Although lignin does help to stabilize the water content of cell walls 

(Niklas 1992), an important consideration for plants in arid soils, cactus 
roots may tolerate unlignified cells in their wood due to two other anatomi-
cal features. One is the early and extensive development of a suberized, 
lignified periderm that can help retard the loss of water from roots to a 
drier soil (Dubrovsky and North 2002). The second is mucilage-containing 
cells or ducts, which are produced in the secondary tissues of the roots of 
many cacti, including Opuntia ficus-indica, Cylindropuntia acanthocarpa 
(Fig. 1.11A), the tropical epiphytes Epiphyllum phyllanthus and Rhipsalis 
baccifera (North and Nobel 1992, 1994), and the geophytic Ariocarpus 
fissuratus (Anderson 2001). In roots as in shoots, mucilage can act as a 
capacitor and help moderate changes in the water potential of surrounding 
tissues (Nobel et al. 1992). 

As monocots, leaf succulents in the Agavaceae generally lack secondary 
tissues in their roots, although several species produce rhizomes and stems 
with some secondary thickening. No agaves and few yuccas attain shoot 
heights comparable to those of saguaro and other columnar cacti, with the 
exception of Joshua tree (Yucca brevifolia) and a few closely related spe-
cies. Reliable information on the rooting depth of Joshua tree is not avail-
able, despite some references to its relatively deep roots or taproot (Cody 
1986). While not nearly as massive as the bayonet root of Pachycereus 
pringlei, the proximal region of main roots of three to four-year old plants 
of Y. baccata and Y. schidigera can exceed 5 cm in diameter. Such roots 
have been described as succulent, as have the roots of many cactus species 
(Stone-Palmquist and Mauseth 2002). However, in only one species of 
agave and yucca examined, Y. rostrata, does water content approach that 
of succulent shoots (88%, as compared to 90-95% for shoots; Nobel 1988). 
A substantial proportion of the mass and volume of mature roots of agaves 
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and yuccas is represented by sclerenchyma. As roots of these species age, 
cells in the mid-cortex die and collapse while cortical cells adjacent to the 
exodermis and the endodermis become lignified and suberized (Fig. 1.11B), 
processes that are accelerated in drying soil (North and Nobel 1991). The 
resulting core-and-rind structure is mechanically stronger than roots lack-
ing sclerenchyma (Niklas 1992), but the primary benefit to the plant may 
be to increase root resistance to compression and collapse and thereby help 
maintain root-soil contact. 

 
Contractile roots 

 
Rimbach (1922) described the roots of Agave americana as being capable 
of contraction (longitudinal shortening), and most agaves and yuccas ex-
amined to date show varying degrees of contractile function (G. North, 
unpublished observations). Morphological evidence of contraction is trans-
verse wrinkling of the outermost tissues (Fig. 1.12A); anatomical evidence 
is the compression of vascular tissues and the radial rather than axial elon-
gation of inner cortical cells, which leads to longitudinal shortening (Fig. 
1.12B; Pütz 2002). For most of these species, the contractile region is the 
proximal 10-15 cm of adventitious roots, the oldest root region that origi-
nates from the stem just below the root-shoot junction. The roots of Joshua 
tree are exceptional in that they are contractile for most of their length, at 
least in the case of young plants. Contractile roots have been said to occur 
in cacti, and longitudinal sections through wrinkled taproots of the small 
geophytic cacti Ariocarpus fissuratus  and Leuchtenbergia principis show 
compression of the vascular tissues (G. North, unpublished observations). 
When the roots contract, shoots are pulled further down in the soil because 
the distal root regions are firmly anchored. For example, seedlings of 
Agave mckelveyana moved 4-5 cm down further into the soil over a three-
month period (G. North, unpublished observations). Contractile roots have 
been studied most intensively for bulbous plants and geophytes such as 
gladiolus and hyacinth (Cyr et al. 1988), in which root contraction pulls the 
shoot apical meristem well below the soil surface where it is protected from 
unfavorable temperatures, dry conditions, and perhaps herbivory. 

  

 
 
Figure 1.12. A) Basal region of contracted roots of Yucca schidigera, showing 
transverse wrinkling, and B) cross-section of root of Agave deserti, stained with 
toluidine blue O, showing radially elongated inner cortical cells (c) in the basal 
contractile region. 
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For agaves and yuccas, contractile roots could confer several benefits. 

From a biomechanical perspective, root contraction would help provide 
anchorage, particularly for seedlings in sandy soils subject to disturbance 
by wind and flash floods. Contractile roots help restore the position of par-
tially dislodged or excavated shoots of A. deserti (G. North, unpublished 
observations), a service that could be particularly useful for plants such as 
A. deserti, Hesperoyucca whipplei, and Nolina parryi that grow on rocky 
slopes. For Joshua tree, contractile roots pull seedlings well below the soil 
surface; for older plants with tall stems, contraction along nearly the entire 
length of lateral roots could improve their function as guy ropes. A final 
biomechanical consequence is that the proximal root region becomes ra-
dially enlarged before it contracts, which may help establish or re-establish 
root-soil contact. Other developmental and anatomical features associated 
with root contraction, such as delayed senescence of cortical cells, contin-
ued aquaporin activity in the proximal root region, and reduced suberiza-
tion of the endodermis, are associated with unusually high rates of hydrau-
lic conductance for proximal roots of A. deserti (North et al. 2004) and a 
few species of yucca. Thus, contractile roots provide not only additional 
anchorage for desert succulents but also play an important role in the rapid 
uptake of ephemeral soil water. 

 
Conclusions and future research 

 
The evolution of succulence has led to numerous morphological and 

anatomical adaptations, many of which have been outlined here, including 
enlarged organs, reduced branching, long-shoot short-shoot architecture, 
parenchymatization of primary and secondary tissues, reaction wood, epi-
dermal modifications, shallow root systems, and contractile roots.  Need-
less to say, succulents have received a great deal of attention in terms of 
their structure.  However, other than a few studies (e.g., Fisher 1975), ex-
periments testing hypotheses concerned with the mechanics associated 
with the anatomical and structural adaptations of succulents, except for 
cacti, are lacking.  Future studies of interest could examine the function of 
the secondary thickenings in the walls of wide-band tracheids and the 
thickened walls of water-storage parenchyma of the various succulents 
covered here.  Questions pertaining to these cells are: Do wide-band tra-
cheids and reinforced water-storage parenchyma really function in provid-
ing stiffness to dehydrating tissues? And, do wide-band tracheids and rein-
forced water-storage parenchyma have similar mechanical properties?  
Also, the reasons for the existence of reaction wood in succulent dicots and 
asymmetrical growth in pachycaulis monocots need to be better explained.  
Finally, research into whether and how contractile regions are maintained 
throughout the life of roots of large pachycauls and leaf succulents, let 
alone small species of cacti and mesembryanthemums, is certainly neces-
sary.  Clearly, the possibilities for further research in the structure and 
mechanics of succulent plants are numerous and the increased availability 
of plants through commercial means should aid in furthering the research 
in this field in the future. 
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Introduction 
 
As transpiring land plants, desert succulents depend on the process of wa-
ter transport for acquiring and distributing water within the various organs 
and tissues of the plant. Although not reaching the heights of tall trees with 
subsequent problems associated with transport path length, succulent spe-
cies often occur in arid environments and must survive extended periods of 
drought with extremely high evaporative demand and very low soil water 
potentials. Their photosynthetic tissues are not particularly desiccation 
tolerant and do not survive drought by the tolerance mechanisms occurring 
in many desert shrubs1, such as Larrea tridentata (creosote bush) common 
to the Mojave Desert of the southwestern United States (Smith et al. 1997).  
As we will see, succulent plants depend on a number of anatomical struc-
tures, morphological characteristics and physiological processes such as 
large volumes of tissues specialized for water storage and it is these charac-
teristics that allow them to survive extended drought by maintaining rela-
tively high tissue water potentials. 

A number of recent reviews present general aspects of plant water 
transport—the basis for the cohesion-tension theory as concerned with 
transport mechanisms and driving forces for flow (Sperry et al. 2002, 
2003), the concepts of cavitation and embolism of conduits in the xylem 
(Davis et al. 1999; Tyree et al. 1999), and the evolution of transport struc-
tures (Sperry 2003).  Therefore except for a brief review in this chapter, I 
will focus on aspects of these processes with special relevance for desert 
succulent plant species.  It should be recognized, of course, that the evolu-
tion of cacti would have depended on many other physiological characteris-
tics in addition to water storage such as mechanical support (Cornejo and 
Simpson 1997).  Mechanical needs would vary tremendously between 
shorter barrel cacti (like Ferocactus spp.) and columnar cacti like the sa-
guaro (Carnegiea gigantea) of the Sonoran desert, but will not be consid-
ered in this review (see Molina-Freaner et al. 1998 and Niklas et al. 2000). 
 
Basic principles 
 
The cohesion-tension theory 
 

The cohesion-tension theory states that water transport from roots to 
shoots of terrestrial plants occurs because of tensions generated in the 
transpiration stream as a result of water loss from evaporative surfaces 
such as leaves (for a thorough review, see Steudle 2001).  This tension 
places the liquid water in a metastable state in that should a gas bubble 
develop or be drawn into a tracheid or vessel from an adjacent cell, the 
bubble can expand and block that conduit as an embolism.  Despite con- 

                                                 
1 Given their relatively high tissue osmotic potentials (low solute concentrations), 
succulent desert species were not considered as true xerophytes by Walter and 
Stadelmann (1974) in the sense of having tissues that tolerate low water potential. 
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siderable recent debate over the cohesion-tension theory (Tyree 1997), 
most plant physiologists appear to support the theory although research is 
still needed regarding a number of mechanistic aspects such as conduit 
refilling. 

Water flowing through specialized conduits in the xylem of plants en-
counters resistance because of shear forces generated where the water is in 
contact with cell walls and various other structures such as pit canals and 
pit membranes. Far from being fixed resistances, the network of resis-
tances in the xylem has a highly dynamic nature because of (1) cavitation 
and subsequent embolism of conduits, (2) refilling of embolized conduits, 
and (3) variation in properties of individual cell structures due to changes 
in the ionic composition of the xylem sap (Zwieniecki et al. 2001; Holbrook 
et al. 2002). 

Water transport in the plant also encounters resistance in flow through 
living cells of roots, leaves, and water storage tissues.  Dominating this 
pathway are the cell’s plasma membrane and tonoplast, structures where 
aquaporins may play an important role and may also confer a variable na-
ture to this resistance (Steudle 2001).  In roots, the development of an en-
dodermis during root maturation has important consequences for nutrient 
uptake as well as radial flow resistance by blocking the apoplast pathway 
and forcing flow through living cell membranes (Steudle 2001). 

Water storage in living cells of root, stem, or leaf organs is also an im-
portant characteristic of the transport pathway, particularly for succulent 
plant species.  The term capacitance is often applied to this property by 
analogy with charge storage in electrical circuits.  Although perhaps less 
significant for small plants, stored water may contribute up to 25% of daily 
transpiration for large trees (Phillips et al. 2003).  For succulent desert 
plants, over half of the water transpired during the period of stomatal 
opening at night may be contributed by water from storage, this storage 
being recharged when the stomata are closed during the day (Schulte and 
Nobel 1989).  Stored water can therefore act as a buffer against daily water 
potential changes.  But as will be seen later, water storage can also provide 
an important source capable of maintaining turgor in photosynthetic leaf 
or stem tissues during long-term drought for succulent plants in arid envi-
ronments. 
 
Cavitation and embolism 
 

According to the cohesion-tension theory, water in many places within 
the plant exists in a metastable state.  Once a water column under tension 
breaks due to the formation of an air bubble or the entry of air from an air-
filled space outside of the cell or in an adjacent cell, that water column can 
no longer transmit the tension required to transport water in the xylem.  
Thus a cavitation, or bubble forming event, may immediately lead to an 
embolism, or blockage of a vessel.  Importantly, tremendous variation ex-
ists between plant species, plant organ (root, stem, leaf), along with xylem 
conduit size and structure with respect to the likelihood of embolism at a 
given water potential, and these issues have been thoroughly reviewed  
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elsewhere (see Sperry et al. 2003).  One important factor, conduit diame-
ter, shows an interesting relationship with the vulnerability of that conduit 
to cavitation.  For cavitation induced by tension in the xylem, within a spe-
cies and organ of that plant, wider conduits cavitate first with increasing 
tension but the relationship does not appear to be true across plant species, 
where the nature of the pit membrane pores may be more important than 
conduit size (Hacke and Sperry 2001).  On the other hand, conduit diame-
ter does appear to be significant in general for freezing-induced embolism 
(Pitterman and Sperry 2003). 

Mechanisms responsible for cavitation have been described as either 
homogeneous nucleation, where a gas bubble forms spontaneously within 
the liquid water under tension in the xylem tracheids or vessels, or hetero-
geneous nucleation, where an air bubble is drawn in from an adjacent cell 
(also called air-seeding).  The occurrence of embolism resulting from freez-
ing appears to depend on the volume (and hence diameter) of the conduits, 
and therefore narrower tracheids or vessels may be less vulnerable to em-
bolism due to freezing.  Recently, it has been suggested that although these 
diameter relationships are valid within a species, tracheids are not inher-
ently less susceptible to freezing-induced embolism than vessels (Pitter-
man and Sperry 2003). 

A less well understood process concerns the refilling of embolized xy-
lem conduits.  Historically, it was believed that embolized conduits could 
only be refilled through the generation of positive pressures in the xylem, 
such as through root pressure (active uptake of solutes that can generate a 
positive pressure through osmosis).  More recently, mechanisms for the 
collapse of air bubbles while small tensions still exist have been discussed.  
However, it is evident experimentally that the recovery of hydraulic con-
ductance appears to occur while substantial tensions exist in the xylem, 
and so further efforts are underway to consider refilling mechanisms.  
There is evidence that the positive pressures of living parenchyma cells 
adjacent to cavitated tracheids might play a role in the refilling process (see 
Holbrook et al. 2002 for further discussion).  Finally, one might suggest 
that a current appreciation of the dynamic nature of the cavitation-refilling 
process is a positive legacy of the debate over the validity of the cohesion-
tension theory, inspired in part by the arguments of Martin Canny and 
others in the literature (Canny 1995, 2001; Comstock 1999; Stiller and 
Sperry 1999). 
 
Water relations and transport in succulents 
 

The Crassulacean acid metabolism (CAM) pathway, with its pattern of 
stomatal activity allowing for reduced water loss for a given CO2 uptake, 
and the presence of succulent tissues acting as a storage or buffer for water 
are perhaps the most obvious characteristics of succulent species enabling 
their survival in arid environments (Kluge and Ting 1978; von Willert et al. 
1992).  As will be seen later, these same characteristics are also important 
among many epiphytic species which can experience episodic drought. 
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In considering the various anatomical and physiological features of 

succulent plants that enable them to survive drought, we typically do not 
think of succulents as desiccation tolerant species having tissues that toler-
ate low water potential or water content.  Tissue water potentials generally 
do not reach low values common to desert shrubs like Larrea tridentata of 
–6 to –8 MPa (Smith et al. 1997).  Correspondingly, the osmotic potentials 
of cells in succulent tissues are typically expected to be relatively high and 
this is the case for many species.  However, as noted by von Willert et al. 
(1992), some succulent species reach –3 to –5.5 MPa water potentials after 
long drought. Exceptions in the family Mesembryanthemaceae also de-
scribed by von Willert et al. (1992) can have tissue osmotic potentials as 
low as –6.5 MPa during drought.  Nonetheless, most of the characteristics 
of succulent plants that enable them to survive drought are involved with 
acquiring and maintaining large quantities of stored water and reducing 
the loss of that water to the atmosphere during extended drought.  One of 
the amazing abilities of succulent species is their ability to maintain high 
water potentials after months of drought; for example a CAM epiphyte 
Tillandsia utriculata whose water potential only decreased from about 
–0.75 to –1.25 MPa after two months of drought (Stiles and Martin 1996).  
As a necessary consequence of large amounts of stored water and high tis-
sue water potentials, together with the low water potentials found in dry 
soil, these plants must also prevent the loss of that stored tissue water back 
into the soil. 
 
Anatomical and morphological adaptations to drought 
 

A number of the adaptations of desert succulent plants to periodic 
drought involve anatomical or morphological characteristics, the most 
obvious perhaps being the presence of large volumes of water storage tis-
sues in roots, stems or leaves (see also Chapter 1 for a review of anatomy).  
Water storage tissues associated with succulence in leaves of monocots like 
Agave deserti are typically located internal to photosynthetic tissues (Fig. 
2.1) or in the pith of stems for some cacti (Barcikowski and Nobel 1984).  
Important characteristics of these cells aside from their volume include 
having a low modulus of elasticity, a mechanical property of the cell wall 
which determines how changes in cell volume correspond to a given change 
in cell water potential (Nobel 1983).  Thus for a tissue capable of providing 
large quantities of water with only a small change in water potential, cells 
must have highly elastic walls (low elastic modulus, expressed as dP/dV 
times cell volume, where P and V are pressure and volume, respectively).  
One measurement of this property gave a value of 3.3 MPa for succulent 
tissues (Stiles and Martin 1996).  This value for the elastic modulus is at the 
low end or lower (more elastic) than values commonly found among vari-
ous woody plants (3-12 MPa, Borghetti et al. 2004; 3-13 MPa, Sack et al. 
2003; 8-21 MPa, Burghardt and Riederer 2003; 8-24 MPa, Tognetti et al. 
2002).  On the other hand, Youngman and Heckathorn (1992) have meas-
ured much higher values with the succulent Suaeda cal- 
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Figure 2.1. Ferocactus acanthodes from the Mojave Desert in Nevada. The plant 
on the left was about 1.3 m tall and 0.45 m in diameter. A cross-section through one 
rib (right) shows the thin chlorenchyma outer tissue layer (scale bar has 1 mm sub-
divisions). The remainder of the stem interior to the chlorenchyma is made up of 
primarily water storage and vascular tissues. 
 
 
ceoliformis (8-19 MPa), but this plant is a halophyte and as noted later 
also has much lower osmotic potentials than most succulent plants.  The 
elasticity of plant cells may vary seasonally or with drought (see above pa-
pers) but, in general, this parameter has not been characterized well among 
succulent plant species. 

Succulent stems having large quantities of elastic cells whose volume 
can change considerably (high capacitance) will necessarily undergo a large 
change in diameter with seasonal changes in water content.  Nevertheless, 
a physical disruption of the epidermis does not necessarily follow from 
geometrical considerations alone, assuming all the cells lose water volume 
equally. As discussed elsewhere, however, succulent organs tend to lose 
water preferentially from the inner tissues and less so from the outermost, 
photosynthetic tissues. Therefore, large changes in diameter that are pri-
marily due to changes in the water volume of inner cells will lead to ten-
sions or compressions of the outer portions of the stem.  The succulent 
stems of species in genera such as Ferocactus and Carnegiea are not 
smoothly circular in cross-section, but convoluted with a pattern of ribs.  It 
was suggested quite early (Spaulding 1905), that such stems can accom-
plish these volume changes without physical disruption because the ribbing 
allows the stem to increase in volume without a proportional increase in 
surface area.  The ribbing habit of course also increases the surface area of 
a stem for a given volume in comparison with a smooth stem of equal vol-
ume.  As noted above, the presence of the ribs would allow changes in total  
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stem volume without requiring shrinkage or expansion of the outermost 
cells.  Mauseth (2000) analyzed the tradeoffs between enhanced shrinkage 
ability and increased surface area for hypothetical stems with various 
numbers of ribs. The analysis suggested that different scenarios of num-
bers of ribs and the height of ribs could be important for succulent species 
exposed to various habitats. A dry environment with small amounts of rain 
throughout the year (hence relatively modest changes in stem volume) 
might have stems with shallow ribs as opposed to a dry environment with 
highly variable rainfall and concomitant large changes in stem volume, 
where stems might have a greater number of deeper ribs.   

Aside from water storage, succulent species may also have adaptations 
to xeric environments involving the anatomical characteristics of xylem 
conduits.  Nonperforate conducting cells (tracheids) in the xylem of many 
succulent species have secondary annular or helical thickenings that pro-
ject markedly into the tracheid lumen.  These cells have been referred to as 
vascular tracheids by some authors (Gibson 1973, 1977; Bobich and Nobel 
2001) and wide-band tracheids by others (Mauseth et al. 1995; Mauseth 
and Stone-Palmquist 2001; Landrum 2002).  Such cells are suggested to 
allow water diffusion readily in axial as well as lateral directions and also 
allow the expansion and contraction that occurs in succulent tissues with-
out disrupting the conducting xylem (Gibson 1996).  The annular to helical 
thickenings do not resist dimensional changes in the axial direction, and 
this cell type appears to be common in root or shoot organs that show dra-
matic contraction with dehydration, particularly when rigid fibers are lack-
ing (Mauseth and Stone-Palmquist 2001).  These authors found that the 
occurrence of wide-band tracheids in shoots or roots was related to the size 
and shape of cacti.  Succulent species with tall stems where support would 
be important had fibrous wood, whereas shorter or globose succulents 
often had prominent wide-band tracheids because these organs would be 
more dependent on turgor for support.  Wide-band tracheids also occur in 
many leaf-succulent genera of the Aizoaceae family (commonly called ice 
plants), being especially dominant in the secondary or higher order veins of 
leaves (Landrum 2001, 2002).  Although the functioning of these cells for 
water transport has not yet been studied, perhaps there is an important 
interaction in succulent tissues for resistance to collapse of the xylem con-
duits and yet flexibility in the face of tissue dimensional changes due to loss 
or gain of stored water. 
 
Water channels and membrane permeability 
 

An important discovery for our understanding of water flow through 
living cells was the presence of aquaporins or specialized water channels in 
plant membranes.  The general structure, function, and important roles of 
aquaporins in plants have been reviewed (Tyerman et al. 1999).  Among 
succulent species, Martre et al. (2001) suggest that for Opuntia acantho-
carpa, aquaporin activity (changes in opening of channels) accounts for 
roughly half of the changes in root hydraulic conductance during drought 
and rewetting of the soil for distal regions of the root.  As noted later, such  
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changes in aquaporin activity may be similarly important for roots of 
Agave deserti during drought (North and Nobel 2000). 

Concerns have been raised over the use of mercury compounds in stud-
ies of aquaporins because these compounds may have other toxic effects on 
plant cells (Barrowclough et al. 2000).  In many experiments, the applica-
tion of HgCl2 and measurement of hydraulic conductivity is often followed 
by an application of 2-mercaptoethanol to reverse the inhibitory effects of 
the former compound on aquaporins.  Mercury containing compounds like 
HgCl2 appear to interact with sulphydryl groups in the aquaporin protein, 
while 2-mercaptoethanol acts as a scavenging agent because of its own 
sulphydryl (Tyerman et al. 1999).  Much further work will be necessary 
before the role of aquaporins in succulent plant species can be understood.  
For example, it is noted (Steudle 1994; Steudle and Peterson 1998) that 
water flow through living tissues is a combination of flow through the 
apoplast outside of the plasma membrane and also one or more cell-to-cell 
pathways involving flow across membranes and through the cytoplasm.  
Thus the potential response of conductivity to changes in aquaporins will 
depend on the degree to which flow is dependent upon the pathways which 
include the crossing of a membrane.  Further, it is likely that water can also 
cross membranes independent of aquaporins (through other channels or 
directly through the lipid bilayer). 
 
Root system isolation and regrowth 
 

There are at least two situations in which root hydraulic conductivity 
may be important for desert succulents: conductivity as a limitation to 
water uptake ability when the soil is wet and conductivity changes during 
the onset of drought that may serve to limit the loss of water from root 
systems to the drying soil.  It became apparent from earlier studies of ex-
tended drought for Agave deserti (Schulte and Nobel 1989) that modifica-
tions to the hydraulic pathway between the root and soil must occur to 
prevent water loss from the succulent stem and leaves back into the soil 
through the roots.  At the time, it was not clear what mechanisms might 
exist to prevent this occurrence, but subsequent work has suggested a 
number of possibilities.  A series of modifications to roots and to the con-
tact between roots and the soil are very important for isolating succulent 
plants from the drying soil as drought progresses.  These modifications 
include embolism of root xylem conduits, the formation of air spaces 
within the root cortex, increased suberization of cortical cells, and the for-
mation of air gaps between the root and soil (North and Nobel 1991, 1992, 
1997, 2000).  See Chapter 1 in the present text for a detailed discussion of 
root systems. 

Studies of the hydraulic conductivity of xylem in roots and leaves of the 
succulent monocots Agave deserti and A. tequilana demonstrate that these 
species have a relatively vulnerable xylem with respect to cavitation, corre-
sponding to their desiccation intolerant or avoiding habit (Linton and No-
bel 2001).  In that study, leaves had higher axial conductivity than roots 
when the soil was wet, but after extended drought, conductivity was lower  
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in roots than leaves, leading to the further suggestion that such conductiv-
ity changes due to embolism were an important component to isolating the 
succulent plant tissues from water loss to the dry soil.  Roots in particular 
may be highly vulnerable to cavitation in the xylem and loss of conducting 
ability.   
 
Water storage – capacitance and cell elasticity 
 

It has long been recognized that succulence plays an important role in 
the water relations of many arid environment plants by providing a water 
source during periods when water is not available from the soil.  Water 
storage in the pith and cortex of large columnar cacti like Carnegiea gigan-
tea and Ferocactus acanthodes allows these plants to survive extended 
drought leading to loss of over 80% of their total stem water (Barcikowski 
and Nobel 1984).  Similarly, a study of the leaf succulent monocot Agave 
deserti, showed that stored water allowed this plant to maintain turgor in 
the chlorencyma after 8 months of drought leading to the loss of about half 
of the total leaf water (Schulte and Nobel 1989).  Over a daily basis, stored 
water in succulent organs can act as a buffer for leaves as shown in a study 
of water loss by transpiration and water uptake by roots of Agave deserti, 
where loss occurred primarily at night but uptake was nearly constant over 
the day (Graham and Nobel 1999). Thus although stomata are closed dur-
ing the day, water uptake from the soil may continue because of the re-
charge of storage tissues, which may have provided approximately 40% of 
the daily water loss.  In a comparison of epiphytic cacti and ferns in a tropi-
cal forest, Andrade and Nobel (1997) found that a relatively high water 
storage capacitance among the epiphytic cacti accounted for their greater 
occurrence at the driest sites that were studied. The epiphytic cacti were 
able to continue photosynthetic activity longer into drought periods as a 
result of their stored water and CAM-mediated nighttime stomatal opening 
cycle.  Thus the presence of water storage tissue is an important adaptation 
in a variety of environments. 

Water transport between storage and photosynthetic tissues and the 
forces driving such redistribution are important components in the ability 
of succulence to support plant survival during extended drought.  Early 
work with cacti suggested that the nonphotosynthetic water storage tissues 
located in the pith or inner cortex regions interior to the chlorenchyma 
would preferentially lose water to the chlorenchyma during drought such 
that more water was lost from storage tissues than from the outer photo-
synthetic tissue (Barcikowski and Nobel 1984).  In their studies of Carne-
giea gigantea, Ferocactus acanthodes, and Opuntia basilaris, it was found 
that 80, 82, and 65 percent, respectively, of water loss during desiccation 
came from water storage tissues.  It was also suggested that solute loss in 
pith storage tissues and a lower osmotic potential (greater solute concen-
tration) in the chlorenchyma were important components in this process.  
Nerd and Nobel (1991) also indicate an important role for osmotic potential 
changes in the storage tissues allowing for water flow into photosynthetic 
tissues.  Although the osmotic potential in storage tissues decreased, pre- 
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dictions based on the van’t Hoff relation suggest that a 3-fold greater de-
crease than observed should have occurred because of water content 
changes alone, thus suggesting that solute quantities (moles per cell) de-
creased, perhaps partly due to the polymerization of sugars into starch or 
mucilage polysaccharides.  Mucilages in extracellular (apoplast) regions of 
succulent tissues also act in water storage, perhaps accounting for nearly 
one-third of the water in storage tissues of Opuntia ficus-indica cladodes 
(Goldstein et al. 1991). 

In several succulents of the Cactacaea, Mauseth (1995) has observed 
that during drought, outer photosynthetic portions of the stem cortex re-
tain turgor as well as the innermost portions of the cortex, but a middle 
region loses turgor, suggesting the presence of highly elastic cell walls that 
allow them to collapse as water is released from this water-storage tissue.  
Succulents of Peperomia carnevalii lost more water during drought from 
hydrenchyma (water storage tissue) than from chlorenchyma, perhaps due 
the presence of an osmotic gradient between these tissues (Herrera et al. 
2000).  Although leaf thickness declined by 35%, these changes were fully 
due to hydrenchyma water loss and the chlorenchyma tissue thickness 
remained constant.  For Peperomia magnoliaefolia, drought leading to the 
loss of 50% of the leaf water produced relative water content decreases in 
the hydrenchyma of 75-85%, but only 15-25% for chlorenchyma.  A study of 
a CAM epiphyte also indicated that water is lost preferentially from the 
hydrenchyma in support of chlorenchyma tissue (Nowak and Martin 1997) 

Another process important in the role of stored water during drought 
involves the transport of water between different organs within the plant.  
In studies of Senecio medley-woodii during a two month drought, Donatz 
and Eller (1993) observed a gradual dehydration of leaves progressing from 
the oldest leaves to younger leaves; the older leaves were eventually shed 
while the young leaves were able to maintain or even increase transpira-
tion.  After 10 days of drought, water was no longer acquired from the soil 
and the younger leaves were maintaining transpiration with water translo-
cated from the older leaves.  As discussed earlier for water translocation 
between storage and photosynthetic tissues within the same organ, it has 
been suggested that such translocation between leaves is also dependent on 
an osmotic gradient between these leaves along a shoot.  In a study of two 
succulent species from South Africa, Tuffers et al. (1995) also considered 
the possibility of water transport from old to young leaves during drought.  
For both species during drought, the older leaves are progressively shed.  
The experimental removal of older leaves as the drought progressed caused 
a reduction in physiological activity (including photosystem activity) of 
young leaves for Prenia sladeniana but not for Delosperma tradescan-
tioides, suggesting for the former species that water flow from old to young 
leaves is an important component in drought avoidance.  Peperomia colu-
mella is a succulent species with shoots having numerous succulent leaves 
composed of water-storing window tissue (a transparent tissue extending 
from the epidermis down into the leaf) which allows light penetration to 
the interior photosynthetic tissue. Christensen-Dean and Moore (1993) 
have shown that the relative volumes of these two tissues varies from  
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young to old leaves along a shoot, with old leaves having a greater propor-
tion of window tissue.  During drought, the window tissues of older leaves 
decrease in volume while increasing in volume in young leaves, suggesting 
that water is translocated from the older to younger leaves.  On the other 
hand, Rabas and Martin (2003) suggest that water does not flow from old 
to young leaves during drought for the three succulent species, Carpobro-
tus edulis, Kalanchoe tubiflora, and Sedum spectabile.  Photosynthesis and 
leaf water contents were measured with and without removal of older 
leaves.  Photosynthesis of young leaves was not enhanced by the presence 
of old leaves.  Also, the removal of older leaves during drought lead to ei-
ther no change or actually an enhancement of water status of the young 
leaves, suggesting that the older leaves may not have been water suppliers 
but water competitors. 
 
Tissue osmotic potential 
 
Osmotic adjustment, or an active increase in solute concentration, is often 
described as an important plant response to drought and a number of stud-
ies indicate that this occurs in succulent species as well.  Osmotic potentials 
for several succulent species are shown in Table 2.1 for wet and drought 
conditions.  Solutes are typically more concentrated in the photosynthetic 
tissues as compared to water storage tissues and osmotic potential usually, 
though not always, appears to decline with drought.  The two species in the 
genus Suaeda are succulent halophytes and the low osmotic potentials are 
undoubtedly related to the high salinity habitat.  In studies of Suaeda fruti-
cosa, a leaf succulent halophyte in Pakistan, Gulzar and Khan (1998) found 
significant changes in tissue osmotic potential over the course of the day, 
but it is not clear if the measured changes were due to changes in tissue 
water content (as opposed to an active increase or decrease in solutes). 

For the all-cell succulent2 Aptenia cordifolia, Herppich and Peckmann 
(1997) noted that although leaf water potential declined with drought, leaf 
turgor was maintained constant because of active osmotic adjustment.  
Total solutes (expressed as molar quantity per unit leaf area) increased by 
50%, which combined with a reduction in tissue water during drought de-
creased osmotic potential by 100%. Approximately half of the observed 
solute accumulation was due to citrate, which nearly doubled in concentra-
tion. 

Model simulations of water flow through Ferocactus acanthodes 
(Schulte et al. 1989) have suggested that the 24-hour osmotic potential 
changes associated with the CAM cycle are of sufficient magnitude to drive 
a back and forth flow of water between storage and photosynthetic tissues.  
Therefore the osmotic potential cycle may be important for the internal 
redistribution of water within succulents, although this flow result was not 

                                                 
2 a species where succulence and water storage is derived from all parenchyma 
cells, thus lacking clearly separable storage and photosynthetic tissues (see von 
Willert et al. 1992). 
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Table 2.1.  Osmotic potential (MPa) of the cell sap for tissues of various succu-
lent species.  For species with definable water storage and photosynthetic tissues, 
data are shown separately for the storage and chlorenchyma.  The terms wet and 
dry refer to well-watered and drought conditions, except in the case of Suaeda 
fruticosa, where they refer to coastal and inland sites. 
Species Storage  Chlorenchyma  Whole leaf 
 wet dry  wet dry  wet dry 
Agave 
 desertia 

–0.95 –0.86  –1.02 
–1.33 

–1.52 
–1.52 

   

Ferocactus 
 acanthodesb 

–0.48   –0.6j 
–1.0k 

    

Opuntia 
 ficus-indicac 

–0.53 –0.68  –0.65 –0.75    

O. ficus-indicad –0.50 –0.75  –0.65 –0.75    
Peperomia 
 carnevallie 

–0.57 –0.72  –1.22 –0.76    

Aptenia 
 cordifoliaf 

      –0.80 –1.40 

Tillandsia 
 ionatag 

      –0.46 –0.74 

Suaeda 
 fruticosah 

      –3.3 
–5.2 

–4.4l 
–6.1m 

S. calceoliformisi       –1.9 –2.2 
a – Smith et al. 1987;  b – Schulte et al. 1989;  c – Goldstein et al. 1991;  d – Nerd 
and Nobel 1991;  e – Herrera et al. 2000; f – Herppich and Peckmann 1997;  
g – Nowak and Martin 1997; h – Gulzar and Khan 1998; i – Youngmann and 
Heckathorn 1992; j – beginning of the night; k – end of the night; l – early morn-
ing; m – noon. 

 
 
 
confirmed with measurements on actual plants.  Such osmotically-driven 
acquisition of water from storage tissues is also important for maintaining 
turgor in Peperomia magnoliaefolia (Schmidt and Kaiser 1987) and Pep-
eromia carnevalii (Herrera et al. 2000). 
 
 
Cavitation and embolism 
 

Studies considering embolism and cavitation vulnerability among suc-
culent plants are not particularly numerous. Linton and Nobel (1999) 
found that root xylem was highly vulnerable to cavitation, with the more 
mesic Opuntia ficus-indica more vulnerable than Agave deserti and sug-
gested that this vulnerability may be important to reduce water loss from 
roots during drought.  For roots, embolism of xylem conduits would help to 
hydraulically isolate the highly succulent aboveground stem from the dry 
soil.  Succulents typically maintain high water potential and must therefore 
isolate from the soil and hence the xylem vulnerability may be important.  
Refilling after drought would also be important for establishing xylem con- 
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nections for newly produced roots.  Drought tolerant desert shrubs like 
Larrea tridentata maintain contact with soil water and can continue water 
uptake despite water potentials of –10 MPa and have a correspondingly 
invulnerable xylem (Pockman and Sperry 2000).  Cavitation vulnerability 
and the effects of cavitation on xylem hydraulic conductance were consid-
ered for two species of Agave by Linton and Nobel (2001).  After 100 days 
of drought, leaf water potentials of Agave deserti and Agave tequilana 
reached –2.0 and –3.4 MPa respectively.  Predictions of the effect of these 
water potentials on hydraulic conductance suggested that conductance 
would decline by 41 and 80% for Agave deserti and Agave tequilana, re-
spectively.  The species difference in these reductions did not reflect differ-
ences in the vulnerability of the xylem, but differences in the water poten-
tials reached by the two species after drought.  For these two Agave spe-
cies, the leaf water potentials leading to 50% loss of hydraulic conductivity 
were between –2.0 and –2.5 MPa (Linton and Nobel 2001).  Therefore 
succulent plants are relatively vulnerable to cavitation in comparison with 
many upland (non-riparian) desert shrubs, but of course typically do not 
reach the low tissue water potentials found in the non-succulent species 
(Pockman and Sperry 2000; Linton and Nobel 2001). 

 
Conclusions and future work 
 

Succulent plants combine a number of fascinating characteristics that 
contribute to their survival in deserts and other environments (such as the 
epiphytic habit) where they may be subject to drought.  The ability to store 
water and retranslocate water between tissues or even between organs 
allows photosynthetic and presumably meristematic tissue to retain turgor 
for periods of sometimes many months when the air and soil are extremely 
dry.  Retranslocation between tissues appears to be driven by changes in 
tissue osmotic potentials.  Were the active decrease in solutes in water 
storage cells and increase in photosynthetic cells not to occur, the large 
decrease in water content of storage cells would passively concentrate sol-
utes, ultimately opposing the driving force for flow into photosynthetic 
tissues.  In addition to gradual solute changes with drought, it appears that 
the osmotic potential changes occurring at night in the photosynthetic tis-
sues of CAM succulents are important for establishing the driving forces for 
water retranslocation, perhaps even during the course of a single day. 

A number of important physiological processes as discussed in this re-
view involve structural features of cells.  Water storage tissues are com-
posed of large volume cells with highly elastic walls – a combination that 
allows them to supply water while minimizing the change in cell water po-
tential.  For some succulent species, many of the water conducting cells in 
the xylem are imperforate vascular tracheids with banded thickenings 
around their walls that may provide strength to resist cell collapse while 
readily allowing exchange of water with surrounding cells.  It would be 
useful to have further work assessing the elastic modulus of cells in succu-
lent tissues as compared to photosynthetic tissues and how this parameter  
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changes with cell turgor and over the course of a drought.  In addition, 
further study is merited on the role of vascular tracheids with banded 
thickenings, both their occurrence as well as the mechanisms by which they 
may affect water transport. 

While the study of aquaporins has been expanding among plant physi-
ologists, there is relatively less work considering succulent species. Given 
the critical role of water storage and redistribution, it would be interesting 
and important to know if aquaporins play a role in regulating flow between 
storage and photosynthetic tissues in aboveground stems and leaves. In 
addition to the control of water redistribution by conductance changes, the 
driving forces for flow appear to be controlled by changes in tissue osmotic 
potential. The physiological mechanisms underlying the control of such 
processes at the cellular and molecular level are also important for future 
study. Although we have long known that water storage tissues enhance 
survival for succulent plants, it is not just the presence of stored water that 
is important, but how it is used – how and where it is retranslocated within 
the plant during drought. 

 
Literature cited 
 
Andrade JL and Nobel PS. 1997. Microhabitats and water relations of epiphytic 

cacti and ferns in a lowland neotropical forest.  Biotropica 29: 261-270. 
Barcikowski W and Nobel PS. 1984. Water relations of cacti during desiccation.  

Botanical Gazette 145: 110-115. 
Barrowclough DE, Peterson CA, and Steudle E. 2000. Radial hydraulic conductivity 

along developing onion roots.  Journal of Experimental Botany 51: 547-557. 
Bobich EG and Nobel PS. 2001. Biomechanics and anatomy of cladode junctions for 

two Opuntia (Cactaceae) species and their hybrid.  American Journal of Bot-
any 88: 391-400. 

Borghetti M, Magnani F, Fabrizio A, and Saracino A. 2004. Facing drought in a 
Mediterranean post-fire community: tissue water relations in species with dif-
ferent life traits.  Acta Oecologica 25: 67-72. 

Burghardt M and Riederer M. 2003. Ecophysiological relevance of cuticular tran-
spiration of deciduous and evergreen plants in relation to stomatal closure and 
leaf water potential.  Journal of Experimental Botany 54: 1941-1949. 

Canny MJ. 1995. A new theory for the ascent of sap. Cohesion supported by tissue 
pressure.  American Journal of Botany 75: 343-357. 

Canny MJ. 2001.  Contributions to the debate on water transport. American Jour-
nal of Botany 88: 43-46. 

Christensen-Dean GA and Moore R. 1993. Development of chlorenchyma and win-
dow tissue in leaves of Peperomia columella.  Annals of Botany 71: 141-146. 

Comstock JP. 1999.  Why Canny’s theory doesn’t hold water.  American Journal of 
Botany 86: 1077-1081. 

Cornejo DO and Simpson BB. 1997. Analysis of form and function in North Ameri-
can columnar cacti (tribe Pachycereeae). American Journal of Botany 84: 
1482-1501. 

Davis SD, Sperry JS, and Hacke UG. 1999. The relationship between xylem conduit 
diameter and cavitation caused by freezing.  American Journal of Botany 86: 
1367-1372. 

 



WATER TRANSPORT PROCESSES 53 
 
Donatz M and Eller BM. 1993. Plant water status and water translocation in the 

drought deciduous CAM-succulent Senecio medley-woodii.  Journal of Plant 
Physiology 141: 750-756. 

Gibson AC. 1973. Comparative anatomy of secondary xylem in Cactoideae (Cacta-
ceae).  Biotropica 5: 29-65. 

Gibson AC. 1977. Wood anatomy of opuntias with cylindrical to globular stems.  
Botanical Gazette 138: 334-351. 

Gibson AC. 1996. Structure-Function Relations of Warm Desert Plants.  Springer-
Verlag, Berlin, New York. 

Goldstein G, Andrade JL, and Nobel PS. 1991. Differences in water relations pa-
rameters for the chlorenchyma and the parenchyma of Opuntia ficus-indica 
under wet versus dry conditions.  Australian Journal of Plant Physiology 18: 
95-107. 

Graham EA and Nobel PS. 1999. Root water uptake, leaf water storage and gas 
exchange of a desert succulent: implications for root system redundancy.  An-
nals of Botany 84: 213-223. 

Gulzar S and Khan MA. 1998. Diurnal water relations of inland and coastal halo-
phytic populations from Pakistan. Journal of Arid Environments 40: 295-305. 

Hacke U and Sperry JS. 2001. Functional and ecological xylem anatomy.  Perspec-
tives in Plant Ecology, Evolution, and Systematics 4: 97-115. 

Herppich WB and Peckmann K. 1997. Responses of gas exchange, photosynthesis, 
nocturnal acid accumulation and water relations of Aptenia cordifolia to short-
term drought and rewatering.  Journal of Plant Physiology 150: 467-474. 

Herrera A, Fernández MD, and Taisma MA. 2000. Effects of drought on CAM and 
water relations in plants of Peperomia carnevalii.  Annals of Botany 86: 511-
517. 

Holbrook NM, Zwieniecki MA, and Melcher PJ. 2002. The dynamics of “dead 
wood”: maintenance of water transport through plants stems.  Integrative and 
Comparative Biology 42: 492-496. 

Kluge M and Ting IP. 1978. Crassulacean acid metabolism.  Analysis of an ecologi-
cal adaptation.  Springer-Verlag, Berlin, New York. 

Landrum JV. 2001. Wide-band tracheids in leaves of genera in Aizoaceae: the sys-
tematic occurrence of a novel cell type and its implications for the monophyly 
of the subfamily Ruschioideae.  Plant Systematics and Evolution 227: 49-61. 

Landrum JV. 2002. Four succulent families and 40 million years of evolution and 
adaptation to xeric environments: What can stem and leaf anatomical charac-
ters tell us about their phylogeny?  Taxon 51: 463-473. 

Linton MJ and Nobel PS. 1999. Loss of water transport capacity due to xylem cavi-
tation in roots of two CAM succulents.  American Journal of Botany 86: 1538-
1543. 

Linton MJ and Nobel PS. 2001. Hydraulic conductivity, xylem cavitation, and water 
potential for succulent leaves of Agave deserti and Agave tequilana.  Interna-
tional Journal of Plant Sciences 162: 747-754. 

Martre P, North GB, and Nobel PS. 2001. Hydraulic conductance and mercury-
sensitive water transport for roots of Opuntia acanthocarpa in relation to soil 
drying and rewetting.  Plant Physiology 126: 352-362. 

Mauseth JD. 1995. Collapsible water-storage cells in cacti. Bulletin of the Torrey 
Botanical Club 122: 145-151. 

Mauseth JD. 2000. Theoretical aspects of surface-to-volume ratios and water-
storage capacities of succulent shoots.  American Journal of Botany 87: 1107-
1115. 

 
 



SUCCULENT PLANTS AND CAM PHOTOSYNTHESIS 54 
 

Mauseth JD and Stone-Palmquist ME. 2001. Root wood differs strongly from shoot 
wood within individual plants of many Cactaceae.  International Journal of 
Plant Sciences 162: 767-776. 

Mauseth JD, Uozumi Y, Plemons BJ, and Landrum JV. 1995.  Structural and sys-
tematic study of an unusual tracheid type in cacti.  Journal of Plant Research 
108: 517-526. 

Molina-Freaner F, Tinoco-Ojanguren C, and Niklas KJ. 1998.  Stem biomechanics 
of three columnar cacti from the Sonoran Desert.  American Journal of Botany 
85: 1082-1090. 

Nerd A and Nobel PS. 1991. Effects of drought on water relations and nonstructural 
carbohydrates in cladodes of Opuntia ficus-indica. Physiologia plantarum 81: 
495-500. 

Niklas KJ, Molina-Freaner F, Tinoco-Ojanguren C, and Paolillo DJ. 2000.  Wood 
biomechanics and anatomy of Pachycereus pringlei. American Journal of Bot-
any 87: 469-481. 

Nobel PS. 1983. Biophysical Plant Physiology and Ecology. WH Freeman, San 
Francisco. 

North GB and Nobel PS. 1991. Changes in hydraulic conductivity and anatomy 
caused by drying and rewetting roots of Agave deserti (Agavaceae).  American 
Journal of Botany 78: 906-915. 

North GB and Nobel PS. 1992. Drought-induced changes in hydraulic conductivity 
and structure in roots of Ferocactus acanthodes and Opuntia ficus-indica.  
New Phytologist 120: 9-19. 

North GB and Nobel PS. 1997. Root-soil contact for the desert succulent Agave 
deserti in wet and drying soil.  New Phytologist 135: 21-29. 

North GB and Nobel PS. 2000. Heterogeneity in water availability alters cellular 
development and hydraulic conductivity along roots of a desert succulent.  An-
nals of Botany 85: 247-255. 

Nowak EJ and Martin CE. 1997. Physiological and anatomical responses to water 
deficit in the CAM epiphyte Tillandsia ionantha (Bromeliaceae).  International 
Journal of Plant Sciences 158: 818-826. 

Phillips NG, Ryan MG, Bond BJ, McDowell NG, Hinckley TM, and Čermák J.  
2003.  Reliance on stored water increases with tree size in three species in the 
Pacific Northwest.  Tree Physiology 23: 237-245. 

Pittermann J and Sperry JS. 2003. Tracheid diameter is the key trait determining 
the extent of freezing-induced embolism in conifers. Tree Physiology 23: 907-
914. 

Pockman WT and Sperry JS. 2000.  Vulnerability to xylem cavitation and the dis-
tribution of Sonoran Desert vegetation.  American Journal of Botany 87: 
1287-1299. 

Rabas AR and Martin CE. 2003. Movement of water from old to young leaves in 
three species of succulents.  Annals of Botany 92: 529-536. 

Sack L, Cowan PD, Jaikumar N, and Holbrook NM. 2003.  The ‘hydrology’ of 
leaves: co-ordination of structure and function in temperate woody species.  
Plant, Cell and Environment 26: 1343-1356. 

Schmidt JE and Kaiser WM. 1987. Response of the succulent leaves of Peperomia 
magnoliaefolia to dehydration.  Plant Physiology 83: 190-194. 

Schulte PJ and Nobel PS. 1989.  Responses of a CAM plant to drought and rainfall: 
Capacitance and osmotic pressure influences on water movement.  Journal of 
Experimental Botany 40: 61-70. 

Schulte PJ, Smith JAC, and Nobel PS. 1989.  Water storage and osmotic pressure 
influences on the water relations of a dicotyledonous desert succulent.  Plant, 
Cell and Environment 12: 831-842. 



WATER TRANSPORT PROCESSES 55 
 
Smith SD, Monson RK, and Anderson JE. 1997. Physiological Ecology of North 

American Desert Plants. Springer-Verlag, Berlin, New York. 
Smith JAC, Schulte PJ, and Nobel PS. 1987.  Water flow and water storage in Agave 

deserti: osmotic implications of crassulacean acid metabolism.  Plant, Cell and 
Environment 10: 639-648. 

Spaulding ES. 1905.  Mechanical adjustment of the sahuaro (Cereus giganteus) to 
varying quantities of stored water. Bulletin of the Torrey Botanical Club 32: 
57-68. 

Sperry JS. 2003. Evolution of water transport and xylem structure. International 
Journal of Plant Science 164: s115-s127. 

Sperry JS, Stiller V, and Hacke UG. 2003. Xylem hydraulics and the soil-plant-
atmosphere continuum: opportunities and unresolved issues. Agronomy 
Journal 95: 1362-1370. 

Sperry JS, Hacke UG, Oren R, and Comstock JP. 2002. Water deficits and hydraulic 
limits to leaf water supply. Plant, Cell and Environment 25: 251-263. 

Steudle E. 1994. Water transport across roots.  Plant and Soil 167: 79-90. 
Steudle E. 2001. The cohesion-tension mechanism and the acquisition of water by 

plant roots.  Annual Review of Plant Physiology and Plant Molecular Biology 
52: 847-875.  

Steudle E and Peterson CA. 1998. How does water get through roots?  Journal of 
Experimental Botany 49: 775-788. 

Stiller V and Sperry JS. 1999. Canny’s compensating pressure theory fails a test.  
American Journal of Botany 86: 1082-1086. 

Stiles KC and Martin CE. 1996. Effects of drought stress on CO2 exchange and water 
relations in the CAM epiphyte Tillandsia utriculata (Bromeliaceae).  Journal 
of Plant Physiology 149: 721-728. 

Tognetti R, Raschi A, and Jones MB. 2002. Seasonal changes in tissue elasticity and 
water transport efficiency in three co-occurring Mediterranean shrubs under 
natural long-term CO2 enrichment. Functional Plant Biology 29: 1097-1106. 

Tüffers AV, Martin CE, and Vonwillert DJ. 1995. Possible water movement from 
older to younger leaves and photosynthesis during drought stress in two succu-
lent species from South Africa, Delosperma tradescantoides Bgr. and Prenia-
sladeniana L. Bol. (Mesembryanthemaceae). Journal of Plant Physiology 146: 
177-182. 

Tyerman SD, Bohnert HJ, Maurel C, Steudle E, and Smith JAC. 1999. Plant aq-
uaporins: their molecular biology, biophysics and significance for plant water 
relations.  Journal of Experimental Botany 50S: 1055-1071. 

Tyree MT. 1997. The cohesion-tension theory of sap ascent: current controversies.  
Journal of Experimental Botany 48: 1753-1765. 

Tyree MT, Salleo S, Nardini A, Lo Gullo MA, and Mosca R. 1999. Refilling of em-
bolized vessels in young stems of laurel.  Do we need a new paradigm?  Plant 
Physiology 120: 11-21. 

Walter H and Stadelmann E. 1974. A new approach to the water relations of desert 
plants.  In: Brown R (ed.) Desert Biology vol. II. Academic Press, New York. 
Pp. 213-310. 

von Willert DJ, Eller BM, Werger MJA, Brinckmann E, and Ihlenfeldt H-D. 1992. 
Life Strategies of Succulents in Deserts: with Special Reference to the Namib 
desert.  Cambridge University Press, Cambridge. 

Youngman AL and Heckathorn SA. 1992.  Effect of salinity on water relations of two 
growth forms of Suaeda calceoliformis.  Functional Ecology 6: 686-692. 

Zwieniecki MA, Melcher PJ, and Holbrook NM. 2001. Hydrogel control of xylem 
hydraulic resistance in plants.  Science 291: 1059-1062. 



 



Perspectives in Biophysical Plant Ecophysiology: A Tribute to Park S. Nobel, pp. 57–94 
Edited by: E. De la Barrera and W.K. Smith  
© 2009 by The Author 
Book Compilation © 2009 Universidad Nacional Autónoma de México 

 
 
 
 
 

Chapter 3 
 

TEMPERATURE INFLUENCES ON PLANT 
SPECIES OF ARID AND SEMI-ARID 

REGIONS WITH EMPHASIS ON CAM 
SUCCULENTS 

 
Philippa M. Drennan 

 
Introduction 

Crassulacean acid metabolism 

Functional morphology 

Succulence and cell water content 

Growth forms 

Volume and surface area to volume ratios 

Spines, trichomes, and surface micromorphology 

Shape and orientation 

Position in the environment 

Temperature tolerances 

 Temperature tolerances and acclimation 

 Seed germination, nurse plants,  

   and vegetative reproduction 

Temperature influences on distribution 

Geographic distribution 

Local scale distribution 

ALTITUDE 

ASPECT AND SLOPE 

ROCKY SUBSTRATES 

Global climate change 

Conclusions and future prospects 



SUCCULENT PLANTS AND CAM PHOTOSYNTHESIS 58 

 
Introduction 
 
Temperature exerts an important, often limiting influence on plants. Al-
though deserts are defined climatically by low rainfall and vegetationally by 
a discontinuous cover of usually xerophytic species, high soil and atmos-
pheric temperatures that increase evaporative demand from both abiotic 
and biotic components of the system exacerbate the effects of low rainfall.  
While stomatal closure may reduce water loss it also decreases the poten-
tial for evaporative cooling of plants. Desert species at higher altitudes and 
latitudes may also be subjected to limiting low temperatures.  Furthermore, 
the open vegetation and low relative humidity of the desert environment 
allow intense heating during the day and rapid re-radiation of heat at night 
resulting in large diurnal fluctuations in temperature. Thus spatial and 
temporal heterogeneity in the temperature of the environment is common 
for deserts. The effects of temperature may be especially pronounced for 
succulent plant species, a strategy selected to survive periods of water 
stress, but which runs into problems with low amounts of transpiration. 
Reduced transpiration is especially pronounced for those succulents that 
have the Crassulacean acid metabolism (CAM) pathway of photosynthesis. 
Daytime stomatal closure decreases water loss from the plant, but poten-
tially allows high temperatures to develop during the day in organs of large 
volume, despite the low rates of temperature increase associated with suc-
culence (Ansari and Loomis 1959).   In this chapter the influence of tem-
perature on the survival and distribution of  especially Crassulacean acid 
metabolism succulents in arid and semi arid areas will be considered, par-
ticularly for those of  American deserts for which most information is avail-
able (e.g., Nobel 1988). 

 
Crassulacean acid metabolism 

 
All three photosynthetic pathways, C3, C4, and CAM, are represented in 

the species of arid communities. For CAM species, as for C4 species, the 
enzyme catalyzing CO2 fixation is phosphoenol pyruvate carboxylase (PEP-
case). The malate formed at night by the PEPcase-catalyzed reaction is 
stored in the vacuoles of the mesophyll tissue until daytime when it is de-
carboxylated and assimilated into carbohydrates by 1,5-ribulose bisphos-
phate/oxygenase (Rubisco) of the C3 photosynthetic carbon reduction cy-
cle. In concentrating CO2 in the vicinity of Rubisco, the oxygenase activity 
of Rubisco is suppressed along with the consequent photorespiration, a 
process that generally increases with increasing temperature.  Thus CAM 
species and C4 species typically have higher optimum temperatures for 
photosynthetic carbon reduction than C3 species. For CAM species, day-
time stomatal closure decouples the atmospheric CO2 concentration from 
the internal CO2 concentration which increases as the malate is decarboxy-
lated. This leads to a water use efficiency (WUE) for CAM species in arid 
areas that is three- to five-fold higher than for C3 and C4 species (Nobel 
2005) as the saturation water vapor content of air increases almost expo- 
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nentially with temperature and the nighttime temperature at the water 
evaporation sites may average 10-12 °C lower.  

For CAM species in arid and semi-arid areas, the nocturnal CO2 uptake 
is optimized by low night temperatures that favor stabilization of the active 
form of PEPcase and carboxylation, while higher temperatures favor de-
carboxylation (Lüttge 2004). Extrapolation of temperature optima from in 
vitro studies of PEPcase and Rubisco does not identify CO2 uptake and 
growth optima (Israel and Nobel 1995), but gas exchange studies show that 
most agaves and cacti have nighttime optima between 12 °C and 20 °C 
(Nobel 1988). Increasing nighttime temperatures results in decreased 
stomatal conductance (as measured by water vapor conductance; Nobel 
1988). This is consistent with CAM as a water-conserving strategy, but 
significantly decreases CO2 uptake at higher temperatures, e.g., maximum 
rates of nocturnal CO2 uptake for Hylocereus undatus at day/night tem-
peratures of 40/30 °C are 10 % of those at 30/20 °C after 10 weeks and 
eliminated by 30 weeks (Nobel and De la Barrera 2002). Nocturnal tem-
peratures much below 5 °C reduce the metabolic activity that is required 
for both carboxylation and compartmentation of the malate (Lüttge 2004). 
Thus nighttime temperatures below approximately 10 °C do not result in 
greater CO2 uptake, although stomatal/water vapor conductance is high 
(Nobel 1988). Nonetheless, some species that are native to cold environ-
ments, take up CO2 and accumulate malate at night at environmental and 
tissue temperatures below freezing, e.g., the high-elevation cactus Tephro-
cactus floccosus (Keeley and Keeley 1989) and the platyopuntia Opuntia 
humifusa (Nobel and Loik 1990) although the amounts are less than at 
higher temperatures. Optimal temperatures for nocturnal CO2 uptake ac-
climate to shifts in the nighttime temperatures, e.g., the cactus Coryphan-
tha vivipara, which is distributed from northern Mexico to southern Can-
ada, shows an increase of 8 °C in optimal nighttime temperature for CO2 

uptake concomitant with a temperature shift of 20 °C (Nobel 1988).  Day-
time temperatures are less critical for CO2 uptake (Nobel 1988); the opti-
mum temperature for the light reactions is possibly in the range 40-45 ºC 
(Gerwick et al. 1978). For those organs dependent on carbon allocation 
from photosynthesis, optimal temperatures for growth are higher than 
those for nocturnal CO2 uptake and closer to the daytime temperatures in 
the environment, e.g., root growth rates for Agave deserti and Opuntia 
ficus-indica are maximal at 30 °C and 27-30 °C, respectively (Drennan and 
Nobel 1996, 1998). 

Crassulacean acid metabolism plants show plasticity and variation in 
response to both environmental and developmental factors (Lüttge 2004). 
Obligate CAM plants fix CO2 exclusively at night, e.g., Opuntia ficus-indica 
(Nobel 1988) or  extending into early morning and also in the late after-
noon, when uptake of atmospheric CO2 involves binding with Rubisco e.g., 
Agave deserti, (Nobel 1988).  Day/night temperature differences entrain 
the periodicity of the CAM phases in individual species and may synchro-
nize them at the level of the community (Rascher et al. 2006). Additionally, 
facultative CAM plants can switch between C3 photosynthesis and CAM.  
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This is commonly induced by drought (Sayed 2001; Lüttge 2004), but 
in the C3/CAM intermediate Clusia minor, a shift to CAM is enhanced by 
increased day/night temperature differences, not absolute temperatures 
(Haag-Kerwer et al. 1992). For the obligate CAM succulent Plectranthus 
marrubioides, eliminating day/night temperature differences results in 
CAM-cycling (Herppich et al. 1998) a weak CAM in which nocturnal respi-
ratory CO2 is refixed and subsequently decarboxylated during the day when 
stomata are open and most CO2 uptake is occurring.  Low temperatures 
induce a switch from CAM to C3 photosynthesis for Kalanchoë daigremon-
tiana (Lüttge 2004). CAM idling, the strongest form of CAM in which sto-
mata are permanently closed and CAM recycles respiratory CO2 (Lüttge 
2004) is usually induced by drought. Thus while temperature modifies 
CAM, water and WUE are important considerations, especially in arid and 
semi-arid environments.  
 
Functional morphology 
 
Succulence and cell water content 

 
As both succulence and CAM evolved in response to water stress, water 

storage may be optimized over the carbon gain and the energy balance of 
the plant in an evolutionary context (Von Willert et al. 1992). Transpiration 
rates of C3, C3-succulent, and CAM-succulent species measured under field 
conditions in arid parts of southern Africa (Von Willert et al. 1992) give a 
ratio of 10.9:3.3:1.   The transpiration of 1 mmole m–2 s–1 results in an en-
ergy dissipation of approximately 45 W m–2 at an air temperature of 25 °C 
(Nobel 2005).  Thus, transpirational cooling may dissipate some of the net 
radiation balance in C3 species but contributes much less to the thermal 
balance of C3-succulents and CAM-succulents. The lack of transpiration 
may increase stem temperature by 4 °C in cacti (Lewis and Nobel 1977). 
Succulents are sensitive to freezing low temperatures as their large cell size 
and high water content (90-94%; Nobel 2005) increase the potential for 
intracellular freezing and cell rupture. 
 
Growth forms 

 
Both succulence and CAM are associated with diverse growth forms 

which can be broadly divided into stem versus leaf-succulents (Lüttge 
2004).  Additionally there are a wide range of architectures and morpholo-
gies, even within some more commonly recognized growth form categories. 
Stem succulents, e.g., most Cactaceae, are leafless and range in size from 
the large columnar cacti, e.g., Carnegiea gigantea, through shorter barrel 
cacti, e.g., Ferocactus acanthodes, to small globose and dwarf cacti, e.g., 
Coryphantha vivipara.  The degree of branching varies, some have single 
(e.g., Cephalocereus columna-trajani) or multiple unbranched stems (e.g., 
Lophocereus schottii), while others may have branching to various degrees 
from a main trunk, e.g., Carnegiea gigantea.  The opuntiod cacti have 
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jointed cylindrical (e.g., Opuntia acanthocarpa) or flattened stems (clad-
odes; Opuntia ficus-indica). Rosette succulents have short stems and a 
helical phyllotaxy of leaf like tubercles in the Cactaceae (e.g., Ariocarpus 
retusus) or more commonly leaves, e.g., agaves, yuccas, and some of the 
Crassulaceae, e.g., Dudleya saxosa.  Other Crassulaceae, e.g., Crassula 
argenta, and most of the Aizoaceae are leaf succulents which differ consid-
erably in both height and the size and shape of their leaves. Larger species 
are shrub like, e.g., Ruschia spp., while dwarf leaf-succulents, e.g., Lithops, 
may consist of a single pair of succulent leaves on a very short stem, thus 
approximating in size and shape a dwarf stem-succulent.  For all growth 
forms, the height above the ground, organ size, shape, orientation, epider-
mal coverings, and position in the environment are important for thermal 
relations.  Few succulents are annual and deciduousness of the photosyn-
thetic organs is not typically associated with most succulent growth forms 
which depend on the water stored in the succulent organs to overcome 
long-term drought. Those succulents that are deciduous are primarily cau-
diciforms that store water in enlarged, woody, non-photosynthetic tissues 
and often have well-defined phenologies, e.g., Pachypodium namaquanum 
of the Succulent Karoo which grows and flowers during the winter months 
(Rundel et al. 1995). The ability of some succulents to shed plant parts that 
are damaged may enable the plant to survive temperature extremes that 
are lethal to individual organs, thus extending the potential range of the 
species, albeit at the expense of productivity, e.g., some crassulas (Fig. 3.1).  

  
Volume and surface area to volume ratios  

 
The relatively larger mass of succulent plants and organs is associated 

with slower heating, but to a potentially higher temperature as the volu-
metric heat capacity of succulents is high because of their high water con-
tent.  Increased size can act as a thermal buffer with slow rates of change 
decreasing midday maximum plant temperature and increasing the mini-
mum nighttime temperature.  For the columnar cactus Carnegiea gigan-
tea, the increased midheight stem diameter over latitudinal gradients pos-
sibly extends the distribution of this species northwards (Smith et al. 
1984), especially as increased diameter is predicted to increase minimum 
apical temperatures for this cold-sensitive species (Nobel 1980a). However, 
for Lophocereus schottii, which also increases in diameter over a similar 
latitudinal range, a slight reduction in minimum apical temperature with 
increasing diameter is predicted. Thus, similar morphological trends pos-
sibly have different thermal outcomes for different species (Nobel 1984). 
Nonetheless, for North American columnar cacti, larger stem girths are 
associated with cooler winter temperatures (which may co-occur with 
lower rainfalls) both within species and also within a taxon (Cornejo and 
Simpson 1997). Carnegiea gigantea is the most northerly distributed of 
the columnar cacti and also has the largest diameter stem. The low surface 
area to volume ratios for succulents, which decrease as the size of a succu-
lent organ increases, decrease the surface area across which water loss can 
occur and hence evaporative cooling.  This is of little impact to the thermal  
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balance for CAM species with their low daytime transpiration rates. How-
ever, organs with low surface area:volume ratios have thicker boundary 
layers than small leaves decreasing heat exchange (loss) by conduction and 
convection (Nobel 2005).  Ribs, spines, and irregular surface morphologies 
increase turbulent air flow decreasing the thickness of the boundary layer 
and potentially increasing convective heat loss (Nobel 1988).  

 
Spines, trichomes, and surface micromorphology  

 
Spines and trichomes confer both heat tolerance and frost tolerance on 

a species (Gibson 1996). In still air, spines and trichomes can increase the 
boundary layer thickness; however, they contribute to turbulence and pos-
sible increased heat loss in air currents (see above), as may waxy micro-
structures and the papillose surface of some species, e.g., Lithops (Gibson 
1996). Spines and trichomes also increase reflectance and shading, de-
creasing daytime surface temperatures by up to 4 °C for Ferocactus 
acanthodes (Nobel 1988) and 6 °C for Mammillaria dioica (Nobel 1978). 
However, spine removal does not result in increased surface temperatures 
for Coryphantha vivipara. This is possibly because convective cooling is 
enhanced by the underlying surface micromorphology of this species which 
has pronounced protruberances (nipples: Norman and Martin 1986).  
Dense mats of trichomes in the apical regions of columnar and barrel cacti 
insulate the meristem raising nighttime minimum temperatures, e.g., in 
simulations of the effect of a 10 mm layer of apical pubescence for Carne-
giea gigantea nighttime minimum temperatures are increased 7 °C (Nobel 
1980a, 1982). Thick surface wax possibly also increases reflectance of espe-
cially infra-red (Gibson 1996).  

 
Shape and orientation 

 
 The orientation of leaves and stems influences the amount of solar ra-

diation absorbed and hence the heat loading of the plant.  Plant and organ 
architecture resulting in predominantly vertical surfaces, e.g., the stems of 
Carnegiea gigantea and the cladodes of platyopuntias, avoids heating from 
the interception of direct radiation in the middle of the day; the photosyn-
thetic surfaces receive most incident radiation in the cooler early morning 
and late afternoon (Nobel 1988; Sortibrán et al. 2005). Opuntia puberula, 
which has horizontal cladodes, is apparently restricted to shaded micro-
habitats where cladode temperatures do not differ markedly from air tem-
peratures in either a vertical or horizontal position (Sortibrán et al. 2005). 
By contrast, horizontal cladodes exposed to direct solar radiation have 
temperatures approximately 13 °C above the air temperature and 7 °C 
higher than vertically placed cladodes.  Similarly, the experimental hori-
zontal placement of the usually vertical cladodes of Opuntia pilifera and 
the columnar cactus Cephalocereus columna-trajani result in temperature 
increases of 12 °C and 20 °C to tissue temperatures of 47 °C and 55 °C, 
respectively (Zavala-Hurtado et al. 1998). Shape as a strategy for reducing  
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Figure 3.1. Crassula argenta two weeks after a night in which tempera-
tures dropped below freezing for approximately 4 hours. The outer leaves 
of each branch were killed by the freezing low temperatures and abscised 
within three weeks. The younger inner leaves and bud were thermally insu-
lated by the outer leaves and survived. 
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heating potentially compromises carbon gain. For platyopuntias, the non-
random orientation of the flattened surface of the terminal cladodes of 
platyopuntias maximizes the interception of photosynthetically active ra-
diation and photosynthesis, e.g., during a winter growing season at a lati-
tude of 34º N most newly initiated cladodes of Opuntia ficus-indica face 
south-north (Nobel 1988). Similarly, branching occurs disproportionately 
to the south for C. gigantea across its geographic range and independent of 
local temperature and precipitation, thus maximizing interception of pho-
tosynthetically active radiation (Geller and Nobel 1986; Drezner 2003).  
Stem tilting towards the equator in barrel cacti growing at latitudes above 
23.5º is associated with increased apical temperatures that maximize re-
production without increasing the temperature of the whole plant.  By con-
trast, the columnar cactus Cephalocereus columna-trajani, which has a 
narrow intertropical distribution north of the equator, tilts away from the 
equator with a declination angle that is greater than that of the sun during 
its summer solstice. By comparison to a vertical stem, this reduces the in-
terception of radiant energy in the middle of the day and in the afternoon 
during the hotter summer months, but increases it during the September 
equinox when rain is more frequent and most plant growth occurs (Zavala-
Hurtado et al. 1998).   The helical phyllotaxis of agaves in which the leaves 
in the rosettes are progressively more horizontal towards the base of the 
plant also maximizes the interception of photosynthetically active radiation 
while minimizing temperature increases (Nobel 1988). The meristematic 
region is surrounded by vertical young leaves which may provide thermal 
buffering (Woodhouse et al. 1983). These leaves will intercept less direct 
radiation near the middle of the day and possibly also insulate the meris-
tematic region at night, thus protecting it from thermal extremes.  Vertical 
organs may also increase convective heat loss.  

 
Position in the environment   

 
The surface of the soil shows greatest variation in temperature, thus 

low-growing succulents, dwarf or prostrate, are subject to extremes of tem-
perature. Embedded succulents such as Lithops spp. in southern Africa 
experience generally higher temperatures than succulents of different 
growth form under similar conditions, e.g., Lithops gracilidelineata, 41 ºC, 
versus Zygophyllum simplex, a bushy plant with very small succulent 
leaves, –38 ºC (Turner and Picker 1993). The leaf temperature of Lithops is 
tightly coupled with that of the soil which has a large thermal capacity by 
comparison to the small-volume succulent. Thus the photosynthetic tissues 
a few centimeters below the soil surface experience less variation in tem-
perature than the non-photosynthetic tissues at the surface which can 
range from 12-46 ºC in a single day (Eller and Nipkow 1983; Turner and 
Picker 1993). Light reaching the photosynthetic tissues through translucent 
epidermal ‘windows’ at the exposed surface of the leaf, heats the succulent 
leaf interior. The greater the transmittance through the windows, the 
greater the heating (Eller and Grobbelar 1986; Turner and Picker 1993).   
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Species with clear windows are distributed at higher latitudes in the rela-
tively cool and lower radiation environments (Turner and Picker 1993).  

 

Temperature tolerances 
 

Temperature tolerances and acclimation 
 
Thermal tolerances are difficult to asses in the field where the damage 

associated with extreme temperature events may take years to become 
apparent. Furthermore, the stress induced by a given temperature is de-
pendent on the length of exposure to that temperature making compari-
sons between species difficult. Thus laboratory assays are a valuable tool 
for quantifying temperature tolerances. In particular the uptake of a vital 
stain, e.g., neutral red, by chlorenchyma cells in tissues maintained at 
known temperatures for 1 h can be used to establish a T50, i.e., the tempera-
ture at which 50% of the cells are killed (Nobel 1988). Rankings of species 
with respect to temperature sensitivity as determined by vital stain uptake 
correlate with the relative amount of damage incurred in the field when 
these species are exposed to similar conditions (Nobel 1990). Another ap-
proach is to approximate cell death from conductivity measurements of 
electrolyte leakage. Conductivities are standardized against visual assess-
ments of the extent of leaf damage to yield T50 values (Van Coller and Stock 
1994). 

The shoots of succulents thus investigated show wide thermal toler-
ances from a low of –48 °C for Opuntia fragilis (Loik and Nobel 1993) to a 
high of  67 °C for Opuntia ficus-indica (Nobel 1988; Nobel and De la Bar-
rera 2003; Table 3.1).  With acclimation to extremes, individual species in 
the Agavaceae and Cactaceae can tolerate a range of temperatures in excess 
of 70 °C, however, the few species investigated in the Aizoaceae and the 
Crassulaceae have a narrower tolerance, for example, Dudleya saxosa, with 
a range of approximately 60 °C (Nobel and Zutta 2007; Table 3.1). Com-
parisons of trends in temperature tolerances associated with families and 
growth forms are generally tentative due to the paucity of data for most 
groups other than cacti and agaves.  However, families apparently also 
differ in the absolute values for high and low temperature tolerances. The 
Cactaceae and the Agavaceae tolerate temperatures above 60 °C.  Some 
platyopuntias, which extend the latitudinal range of the Cactaceaea beyond 
that of the Agavaceae, also tolerate extremely low temperatures, e.g., 
–48 °C for Opuntia fragilis (Loik and Nobel 1993). Within the Cactaceae 
the low-growing, mat-forming platyopuntias are the most cold tolerant 
species (Table 3.1); the columnar and barrel cacti and the cylindropuntias 
have low-temperature T50 values similar to the Aizoaceae and the Cras-
sulaceae. At high temperature extremes, the cacti are on average the most 
tolerant with the dwarf Aizoaceae and the Crassulaceae having tolerances 
of less than 60 °C (Table 3.1).  Thermal tolerances of agaves and cacti are 
also correlated with latitudinal and altitudinal distribution of the species, 
the more cold tolerant species occurring further north and at higher eleva-
tions . 
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(Nobel 1982; Nobel and Mc Daniel 1988; Nobel 1990).  For Opuntia fragi-
lis, low-temperature tolerances of different populations within the species 
are also correlated with latitude and the minimum temperatures of the 
environment (Loik and Nobel 1993).  

In individual plants thermal tolerances differ with organ type, age, and 
position within the organ.  Across all succulent families and growth forms, 
roots generally have higher low-temperature limits and lower high-
temperature limits than shoots in the same plant (Table 3.1). Sensitivity to 
especially high temperatures (T50 < 60 °C; Table 3.1) probably accounts for 
the lack of roots in the upper approximately 2-5 cm of the soil which is 
typical even though these succulents are generally very shallow-rooted 
species (Jordan and Nobel 1984; Nobel and Bobich 2002; Nobel and De la 
Barrera 2003; Nobel and Zutta 2005).  For ocotillo (Fouquiera splendens) 
in which deciduous leaf loss is a survival strategy for drought, the stems 
have a greater thermal tolerance than either the roots or the leaves, espe-
cially for high temperatures (Nobel and Zutta 2005; Table 3.1).  Younger 
organs are more sensitive to extremes of temperature than older organs. 
First-year cladodes of Opuntia fragilis succumb to nighttime temperatures 
of –3. 5 °C during the growing season and are about 5 °C less tolerant of 
high temperatures than the cladodes of previous years (Ishikawa and Gusta 
1996). Cladodes of Opuntia ficus-indica increase in high-temperature tol-
erance by 6.5 °C and low-temperature tolerance by 2 °C with age up to 10 
years (Nobel and De la Barrera 2003).  For the leaf succulent Cotyledon 
orbiculata, the younger leaves and especially the bud are extremely sensi-
tive to low temperatures by comparison to the older leaves (Van Coller and 
Stock 1994; Fig. 3.2), which possibly by their position reduce heat loss from 
the younger leaves at night.  Tolerance differences within organs reflect 
differences in the thermal environment of the organ.  The high temperature 
tolerance for a cladode of Opuntia ficus-indica is maximal (T50 = 70 °C; 
Nobel et al. 1986) where the cladode enters the soil, and decreases with 
increasing cladode distance from the soil surface (Nobel et al. 1986).  Simi-
larly, Opuntia acanthocarpa has a greater heat tolerance at the stem base 
of the plant than at a midheight position (Smith et al. 1984). West-facing 
cladodes and succulent stems also show greater thermal tolerance than the 
cooler east-facing tissues in the same plant for both Opuntia basilaris and 
Ferocactus acanthodes (Smith et al. 1984). Thus thermal tolerances are 
extended even within organs by acclimation.  

The ability to acclimate is positively correlated with the thermal toler-
ance of a species (Fig. 3.3; Nobel 1988) and thus potentially extends the 
species range while the inability to acclimate can limit distribution. For 
example, Agave sisalana does not cold acclimate and shows freezing dam-
age at higher temperatures than species which are less cold tolerant at 
mesic day/night temperatures, but which acclimate in response to decreas-
ing temperatures (Nobel and McDaniel 1988). Thus less tolerant taxa are 
likely more narrowly distributed and in habitats with less temperature 
variation. Differences in thermal tolerances of species over relatively small 
geographical but significant thermal gradients such as altitude, e.g., 2 °C 
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Figure 3.2. Low-temperature T50 in ºC for the leaves of various ages/position of 
Cotyledon orbiculata var.  orbiculata (redrawn from Van Coller and Stock 1994). 
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Figure 3.3. Low-temperature (A) and high-temperature acclimation of succulent 
species as function of their low- and high-temperature tolerance, respectively (data 
from Nobel 1988 and references cited in Table 3.1). 
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for Dudleya saxosa over 1,000 m (Nobel and Zutta 2007) and seasonal 
hardening, e.g., 5 °C  for Opuntia bigelovii over four months (Smith et al. 
1984) emphasize the importance of  acclimation for distribution. Half 
times for both high- and low-temperature acclimation of 1-4 days indicate a 
relatively flexible component to acclimation (Smith et al. 1984) that would 
accommodate short-term temperature variations in the environment.  
However, an age-dependent ability to acclimate for cladodes and fruits of 
Opuntia ficus-indica (Nobel and De la Barrera 2003) suggests that devel-
opmental and long-term, possibly cumulative, changes such as increases in 
solute concentration are important. Furthermore, the fruit of O. ficus-
indica show cold but not heat acclimation at 4 weeks of age emphasizing 
that these are different processes. Roots acclimate only to high tempera-
tures which have greater variation and are likely closer to the thermal lim-
its in the upper soil layers than low temperatures (Nobel et al. 1986; Nobel 
and De la Barrera 2003; Nobel and Zutta 2007).  Acclimation of the 
platyopuntias, e.g., Opuntia ficus-indica, Opuntia humifusa, Opuntia 
polyacantha, and Opuntia streptacantha, to low temperatures is accom-
panied by dehydration of the tissues and the accumulation of solutes which 
increase the osmotic pressure of the tissue and depress the freezing point, 
although this alone is insufficient to account for acclimation (Cui and No-
bel 1994).  An increase in extracellular mucilage and the relative apoplastic 
fraction of water decrease the likelihood of damaging intracellular ice for-
mation and possibly further avoid damage by slowing the rate of water loss 
from cells during extracellular freezing (Goldstein and Nobel 1991; Loik 
and Nobel 1991).  The solutes accumulated during acclimation include fruc-
tose, glucose, sucrose, mannitol, sorbitol, amino acids, and proline (Gold-
stein and Nobel 1994; Nobel et al. 1995). However, the injection of clad-
odes of O. ficus-indica and O. humifusa with nonmetabolizable methylglu-
cose increases cold acclimation for both species without significant change 
in the levels of these solutes suggesting that the ability to withstand espe-
cially freezing low-temperatures is dependent on altered water relations 
(Nobel et al. 1995).  High-temperature acclimation is less well character-
ized but is associated with protein accumulation (Nobel and De la Barrera 
2003) and decreases in the lipid/protein ratio of the tonoplast which corre-
lates with increased membrane rigidity (Behzadipour et al. 1998).  The 
fatty acid composition of membranes also changes with increasing tem-
peratures, but the role of these changes, especially with respect to fluidity, 
are not clear (Nobel 1988; Behzadipour et al. 1998). For Opuntia 
megacantha, the proline content of the cladodes increases in response to 
heat stress, especially for mature cladodes (Flores-Hernández et al. 2001).  
 
Seed germination, nurse plants, and vegetative reproduction 
 

Optimum temperatures for seed germination are similar to the tem-
peratures that are ideal for the establishment of the species thus position-
ing the seedlings favorably spatially and temporally in the environment. 
Additionally, temperature treatments of dormant seeds, e.g., stratification, 
may act as a cue for germination. For cacti, the optimum temperatures for  
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germination range from 15-30 ºC, with germination for many species cen-
tered around 25 ºC (Nobel 1988; Rojas-Aréchiga and Vázquez-Yanes 
2000).  Little germination occurs below 12 ºC consistent with the low-
temperature sensitivity of cacti. In particular, germination of frost-
sensitive species with larger growth forms, e.g., Carnegiea gigantea and 
Stenocereus thurberi, significantly reduces below 20 ºC (McDonough 
1964). High temperatures above 35 ºC also inhibit germination (Nobel 
1988) although, for Opuntia tomentosa, dry heat treatment (180 h at 
60 ºC) which possibly increases the permeability of the seed coat in hard-
seeded species, increases germination (Olvera-Carrillo et al. 2003).  Given 
the diurnal fluctuations in temperature in arid environments, especially at 
the soil surface, it is suggested that alternating temperatures may enhance 
the germination of cacti (Rojas-Aréchiga and Vázquez-Yanes 2000). How-
ever, most experiments investigating alternating temperatures have not 
selected temperatures that bracket the constant temperature and thus do 
not provide a valid comparison.  Germination of both Mamillaria gaumeri 
(Cervera et al. 2006) and Opuntia stricta  (Reinhardt 2000) tested over a 
range of alternating temperatures, which differed from each other by 10 ºC, 
is optimal at day/night temperatures of 30/20 ºC consistent with optimal 
germination for the Cactaceae at approximately 25 ºC. Stratification in-
creases germination for some cacti species which occur in regions with 
defined moderate to cold winters, e.g., Opuntia compressa, Opuntia poly-
acantha, and Coryphantha vivipara (Baskin and Baskin 1977; Smreciu et 
al. 1988). 

    The germination responses to temperature of agaves, yuccas, and 
ocotillos are similar to those of cacti. Agaves have an average optimum of 
25 ºC with high- and low-temperature limits of 40 ºC and 10 ºC, respec-
tively (Freeman 1973a, 1975; Nobel 1988; Peña-Valdivia et al. 2006). Fou-
quieria splendens has similar high and low-temperature limits and an op-
timum germination temperature of 20-25 ºC (Freeman, 1973b). However, 
there are apparent differences in sensitivity to prolonged exposure to 40 ºC 
with F. splendens being less sensitive than the sympatric Agave lechu-
guilla, consistent with the observation that it is more likely to germinate in 
response to summer rains (Freeman et al. 1977).   High temperature limits 
to the germination of yuccas have not been established (although the seeds 
of some species do survive very brief exposure to temperatures of 100 ºC as 
might be experienced in a fire; Keeley and Meyers 1985) but as for cacti 
and agaves, temperatures lower than approximately 12 ºC inhibit germina-
tion, which is optimal at 25-26 ºC (McClearly and Wagner 1973; Flores and 
Briones 2001). By contrast, the temperatures for germination of the succu-
lents of the Karoo region in southern Africa are lower than those for succu-
lents and semi-succulents of the New World (Esler 1999).  Laboratory stud-
ies for the Aizoaceae suggest that germination at day/night temperatures of 
20/10 ºC is greater than at temperatures of 30/15 ºC (Esler 1993). For the 
leaf succulents Stoeberia sp. and Cephalophyllum spongiosum, the opti-
mal constant temperatures for germination are 12-17 ºC and 17-22 ºC, re-
spectively (De Villiers et al. 2002). Field observations in this region show 
that most of the growth forms emerge in response to autumn and winter 
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rains (Van Rooyen et al. 1979; Esler 1993; Milton 1995). Indeed irrigation 
of the Richtersveld in the spring does not result in the germination of spe-
cies, although there is significant germination the following autumn of both 
succulents and grasses. Although the season of the rainfall is important for 
germination to occur, the densities of seeds germinating is dependent on 
the amount of fall rainfall (Esler 1993; Milton 1995). Seeds of many of the 
Aizoaceae are maintained in their capsules until such time as rain allows 
the opening of the capsule and the raindrops disperse the seeds.  

Seedlings of succulents in arid and semi-arid regions, which for some 
species, e.g., Agave deserti, have a narrower temperature tolerance range 
than the adults (Table 3.2) are especially vulnerable to temperature stress.  
At the end of the first year of growth, seedlings of Carnegiea gigantea may 
be only 3 to 5 mm in height (Steenbergh and Lowe 1976; Drezner 2006). 
The reduced water storage capacity and higher surface area/volume ratio 
associated with such small size results in seedlings gaining and loosing heat 
more rapidly than adult plants (Nobel 1980b).  Simulation models for the 
barrel cactus Ferocactus acanthodes predict that maximum surface tem-
perature is 8 °C higher and minimum surface temperature is 3 °C lower in 
a seedling that is 1 mm in height compared with a 50 mm-tall plant (Nobel 
1984).  In addition to size, the bulk of a seedling occurs close to the soil 
surface, which in the open may show large diurnal fluctuations in tempera-
ture. Both field measurements and computer modeling show that maxi-
mum temperatures of small spherical cacti approach soil surface tempera-
tures that can reach 71 °C in deserts (Nobel et al. 1986; Franco and Nobel 
1989).  

 Thus seedlings frequently occur in less extreme micro-environments, 
for example associated with rocks or nurse plants, the canopy of which may 
reduce environmental temperature fluctuations. Meta-analysis of pub-
lished data on nurse-plant interactions shows that most, approximately 
53%, are recorded for arid and semi-arid regions (Flores and Jurado, 
2003). Furthermore, the large number of species of Cactaceae that are 
recorded under nurse plants by comparison to cactus species that act as 
nurse plants (Table 3.3; Flores and Jurado 2003) indicates that the estab-
lishment of these succulents in arid and semi-arid areas is facilitated by 
nurse plants. Indeed, with the exception of the Aizoaceae, for all plant 
families that have a number of succulent or semi-succulent species and are 
distributed in arid areas, viz., Agavaceae, Euphorbiaceae, and Fouquieri-
aceae, more species are recorded as establishing under a nurse plant as 
opposed to acting as nurse plants (Table 3.3; Flores and Jurado 2003).  

The shaded micro-environment under the canopy of a nurse plant re-
duces temperature extremes of the soil and the atmosphere. Shaded soils 
are 10-15 ºC cooler in summer and 3-4 ºC warmer in winter than open soils 
(Franco and Nobel 1989; Nobel 1989b; Suzán et al. 1996).  Differences in 
the size and structure of the canopy of the nurse plant affect the amount of 
shading and hence soil surface temperature which decreases approximately 
2 ºC for every 10 % increase in shading (Nobel and Geller 1987).  Also 
gradients in air temperature occur with the outer sub-canopy showing 
greater 
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Table 3.2. Temperature tolerances, as determined by vital stain uptake, for 
seedling versus adult plants of Agave deserti and Ferocactus acanthodes 
grown at day/night temperatures of 10/0 ºC and 50/40 ºC for low-
temperature and high-temperature tolerances, respectively. 
 
Day/night  
temperature (ºC) 

Species Growth 
stage 

T50* 
(ºC) 

Reference 

Low-
temperature 
tolerance 
10/0 ºC 

    

 Agave desertii seedling –10.4 Nobel 1984 
  adult –16.3 Nobel and  

 Smith 1983 
 Ferocactus   

acanthodes 
seedling 
adult 

–8.2 
–8.7 

Nobel 1984  
Smith et al. 1984 

     
High-
temperature 
tolerance 
50/40 ºC 

    

 Agave desertii seedling 60.7 Nobel 1984 
  adult 62.8 Nobel and  

 Smith 1983 
 Ferocactus  

 acanthodes 
seedling 
adult 

64.8 
66.0 

Nobel 1984  
Smith et al. 1984 

* The temperature that kills 50% of the cells in the tissue. 
 

Table 3.3.  The phylogenetic distribution of nurse plant interactions in 
arid and semi-arid ecosystems.  Data, from Flores and Jurado (2003), are 
the number of species per family recorded as nurse plants or as protégés 
(i.e., established in association with a nurse plant) for the 10 families with 
the most species in each category. The succulent/semi-succulent families 
Agavaceae and Fouquieriaceae are also included. 
 
Family Number of nurse species Number of protégé species 
Agavaceae – 5 
Aizoaceae 8 8 
Asteraceae 15 46 
Brassicaceae – 15 
Cactaceae 6 66 
Chenopodiaceae 3 7 
Euphorbiaceae 6 18 
Fabaceae* 49 36 
Fagaceae 5 – 
Fouquieriaceae – 3 
Poaceae 6 47 
Rosaceae 4 4 
Rhamnaceae 3 7 
Solanaceae 4 11 
* Species recorded as Mimosaceae (Flores and Jurado 2003), are included 
in the Fabaceae. 
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variation in temperature than the interior (Drezner 2007). Thus smaller 
nurse plants (e.g., Ambrosia deltoidea versus Cercidium microphyllum) 
and those with more open or deciduous canopies (e.g., Prosopis velutina 
versus Olneya tesota) are less effective in buffering the thermal environ-
ment (Franco and Nobel 1989; Suzán et al. 1996). Carnegiea gigantea 
seedlings cluster at the base of the nurse plants (Franco and Nobel 1989; 
Drezner 2006) where reduction in PAR is greatest, and cluster more tightly 
if the canopy is open such as under Larrea tridentata where approximately 
80% of the seedlings occur in the innermost 10% of the canopy by compari-
son to 50% of the seedlings under the smaller but more dense canopies of 
Ambrosia deltoidea and Ambrosia dumosa (Drezner 2006).   

 The relatively few field measures of the temperature differences for 
succulents under nurse plants by comparison to those in the open confirm 
the expected buffering of extremes predicted on the basis of the seasonal 
and/or diurnal temperature trends in this micro-environment. For the 
cactus Peniocereus striatus and the desert agave Agave deserti occurring 
in the shade of Olneya tesota and Pleuraphis rigida, respectively, the 
maximum summer surface temperatures are decreased by 6-11 ºC , and the 
minimum winter temperatures are increased by 0.5-3 ºC (Nobel 1984; 
Suzán et al. 1996). These differences may be sufficient to maintain the 
seedlings within their thermal tolerance limits especially at the extremes of 
distribution. Shading also decreases evapotranspiration and separating the 
positive effects of thermal buffering from those attributable to higher water 
contents (Valiente-Banuet and Ezcurra 1991) is not often reported. Higher 
winter and diurnal minimum temperatures under canopies may decrease 
the relative humidity of the under canopy atmosphere for which, in the 
case of Cercidium microphyllum, lower dew point temperatures are meas-
ured (Drezner 2007).  Thus, in the absence of recent rainfall, the under 
canopy may be drier (Shreve 1931). Additionally, competition for water can 
reduce the growth of the nurse and clustered seedlings (Franco and Nobel 
1989).   

The relative trade-offs between a milder thermal environment and 
other micro environmental factors possibly differ depending on the loca-
tion of the nurse and seedling within the distribution range of a species. 
For example, the saguaro cactus shows a southerly bias in distribution un-
der nurse plants at northern, colder sites in Arizona (Drezner and Garrity 
2003) where it is close to the limits of its distribution. Available microcli-
mate data suggest that the minimum temperatures on the southern side are 
higher than for the north, but that direction has less effect on maximum 
temperatures under the preferred nurse species Cercidium microphyllum. 
At warmer sites in Arizona, at similar latitudes, there is no significant dif-
ference between saguaro numbers on the southern versus the northern 
sides of the nurse plants.  In the Vizcaíno Desert and the Gran Desierto de 
Altar, where solar radiation has a southern azimuth as for the Arizona de-
sert but minimum temperatures are higher, there are approximately 10 × 
more seedlings of Carnegiea gigantea on the northern than the southern 
side of the nurse plants (Valiente-Banuet and Ezcurra 1991). Northern dis-
tributions of cacti under nurse canopies are also observed for several spe 
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cies in Argentina (Cereus aethiops, Denmoza rhodacantha, Echinopsis 
leucantha, Gymnocalycium gibbosum, Lobivia formosa, and Opuntia 
longispina; Méndez et al. 2004). Here the northern azimuth of the sun and 
resulting low PAR and temperatures on the southern side of the nurse 
plants probably limit seedling growth. The distribution of seedlings in a 
particular cardinal direction under nurse plants is less apparent in tropical 
arid areas where the directional effects of solar radiation and hence micro-
climate differences at the soil surface under the nurse plant are less pro-
nounced (Valiente-Banuet et al. 1991; López and Valdivia 2007). 

The dependence on a nurse plant for establishment of succulent seed-
lings is different within and between families (Flores et al. 2004), but a 
lack of studies across the full geographic range for most species makes it 
difficult to determine whether there are obligate versus facultative nurse 
plant requirements.  Freezing sensitive cacti, e.g, Carnegiea gigantea, are 
especially noted for occurring with nurse plants. The freezing sensitive, 
arborescent cactus Myrtillocactus geometrizans does not establish in the 
open: seedlings are always found beneath a nurse plant, including indi-
viduals of O. streptacantha which are more freezing tolerant than M. ge-
ometrizans, but may be out competed by the latter as it grows to maturity 
(Flores-Flores and Yeaton 2003). Larger seedling size may increase sur-
vival in the absence of a nurse plant through increased water storage capac-
ity, better thermal buffering, and possibly decreased heat sensitivity. In 
Ferocactus wisilezeni, larger seed size results in seedlings with a 4 times 
greater volume than that for Carnegiea gigantea seedlings (Bowers 2001). 
These larger seedlings have a greater survival rate than those of the C. gi-
gantea and unlike those of C. gigantea, can become established without a 
nurse plant. There is little evidence that the succulent species of the winter 
rainfall deserts in southern Africa make use of nurse plants as do the suc-
culents of North America, even though soil surface temperatures during the 
recruitment of young plants may reach 61 ºC (Dean 1992). For many spe-
cies the seedling survival, which is strongly influenced by competition from 
neighboring established plants, is greater in open sites than in sites with 
cover (Milton 1995). The high-temperature tolerances for the seedlings of 
these species are not known, although adult stone plants (Lithops, 
Aizoaceae) have lower tolerances than cacti, but not exceeded by the envi-
ronment  (Table 3.1; Nobel 1989a).  Presumably, since germination is syn-
chronized with winter rainfall and temperatures are not as extreme as in 
the North American deserts; the seedlings are not thermally stressed. Fur-
thermore, a number of species are apparently associated with rocks which, 
like nurse plants, ameliorate the microclimate but without competing with 
the seedling for water or nutrients. 

Many succulents also reproduce by cloning. It is common for the ter-
minal joints or cladodes of cacti, whose production is favored by high tem-
peratures for Opuntia ficus-indica (Nobel and Castañeda 1998), to fall to 
the ground where they grow into new individuals. Because of the intense 
heating of the soil surface, these tissue pieces must show a degree of heat 
resistance, although their larger volume makes them less susceptible to 
extremes than the seedlings. The rooted joints of Opuntia bigelovi can 
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acclimate by up to 8 °C to a maximum of 60 °C, which would contribute to 
survival of high soil temperatures (Didden-Zopfy and Nobel 1982).  Fur-
thermore, the spines that occur on many of the clonally reproducing spe-
cies, e.g., Opuntia ramosissima, increase reflectance, provide shading, and 
possibly increase convective heat dissipation by allowing air to flow be-
tween the tissue and the soil surface.  
 
Temperature influences on distribution 
 
Geographic distribution 

 
Two regions that show a remarkable abundance of succulent species in 

the flora are the Sonoran and Mojave Deserts of California (Schmida 1981; 
Cody 1989) and semi-arid karoo biomes of southern Africa (Werger and 
Ellis 1981; Van Jaarsveld 1987; Stock et al. 1997) where succulent cover can 
be up to 70% (Cowling et al. 1994). At both the global and regional scale, 
this abundance of succulents is correlated with the predictability of rainfall 
(Lüttge 2004), e.g., species from the succulent families Aizoaceae and 
Crassulaceae are most abundant in those areas arid areas of southern Af-
rica (Succulent Karoo) that have the lowest coefficient of variation in their 
rainfall, albeit that the total rainfall in some areas is less (Cowling and Hil-
ton-Taylor 1999). Deserts with less predictable rainfall (i.e., high variability 
over a number of years) e.g., the Australian deserts, lack a succulent physi-
ognomy (Lüttge 2004).  Succulents also do not occur in very low rainfall 
deserts where annuals are the dominant component of the vegetation. With 
the exception of Caralluma spp., which occupy shaded, rocky micro-
environments in which nocturnal dew formation likely contributes to their 
water balance (Lüttge 2004); the few annual succulent species that do exist 
occur in more mesic environments, e.g., Mesembryanthemum crystal-
linum.  For those arid regions with CAM-obligate families, e.g., Agavaceae 
and Cactaceae, the distribution of CAM and succulence are essentially the 
same as CAM expression and succulence are closely correlated (Kluge et al. 
2001). Where there are C3-succulents or CAM-inducible species in a family, 
e.g., Aizoaceae, the data are not always available to determine the extent of 
CAM functioning. Succulents with similar growth forms but different pho-
tosynthetic pathways may achieve similar WUEs, e.g., Cotyledon orbicu-
lata (CAM) and Othonna opima (C3) (Eller and Ferrari 1997), however, the 
relative contribution of CAM versus succulence to temperature limits is not 
quantified.  Of the succulent shrubs in the Succulent Karoo, approximately 
25% and 7% are C3 and CAM-inducible, respectively (Midgley and van der 
Heyden 1999). For the purposes of discussion, most succulents are as-
sumed CAM-succulents, unless otherwise stated.  Within arid and semi-
arid areas temperature, especially the limitations imposed by low tempera-
tures, may be an important modifier of the distribution of CAM-succulent 
species. (Luttge 2004). 

In both North and South America, species diversity and growth form 
diversity of succulents, in particular cacti, decrease with increasing latitude 
(Fig. 3.4; Cody 1989; Mourelle and Ezcurra 1996, 1997). The number of  
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species declines markedly above 34-36º N and S (Fig. 3.4; Mourelle and 
Ezcurra 1996). Latitude is an indirect measure of several climatic variables 
including total rainfall, average annual temperature, and seasonality. It is 
suggested that for North American cacti the less extreme temperatures at 
lower latitudes provide greater opportunities for growth at different times 
of the year allowing the co-existence of more species and growth forms 
(Cody 1989).  Latitude effects are most pronounced for columnar cacti 
(Fig. 3.4; Mourelle and Ezcurra 1996) whose species richness in Argentina 
is best predicted by the number of frost-free days, consistent with the low-
temperature sensitivity of this growth form (Nobel 1988). For opuntioid 
and globose cacti in the same geographic region, species richness is best 
predicted by the percentage of summer rainfall, although for both groups, 
mean annual temperature explains some of the variation in species rich-
ness (Mourelle and Ezcurra 1996). Furthermore, the platyopuntias are the 
species with the most extreme latitudinal distribution reaching the Patago-
nian steppe in South America (Mourelle and Ezcurra 1996) and the Cana-
dian prairies in the north (Loik and Nobel 1993).  In addition to their toler-
ance of temperature extremes and the ability to acclimate, the modular 
growth of the opuntioids allows for a greater plasticity in response to the 
environment including cladodes becoming prostrate on the surface of the 
ground where snow cover would insulate them from more extreme condi-
tions (Loik and Nobel 1993). Patterns of species richness are less well 
quantified for other succulent families in the arid regions of the Americas. 
In southwestern Africa, succulent plant richness (a total of the genera and 
subgenera of the Aizoacea and species of Crassula and Zygophyllum), is 
strongly associated with low (< 500 mm per annum) but predictable rain-
fall (< two months per annum without rain; Stock et al. 1997).  Freezing 
minimum daily temperatures and maximum daily temperatures > 30 °C 
correlate with decreased succulent species richness in this area. The direct 
effects of temperature are not separated from seasonal rainfall patterns for 
the succulents (Jürgens 1991), but mean temperature of the coldest month 
is important in explaining the plant diversity in this succulent biome 
(Thuiller et al. 2006).      

Species turnover of columnar cactus species along gradients of increas-
ing latitude in Argentina is associated with variation in mean temperature 
and probably specifically with frost-free days (Mourelle and Ezcurra 1997).  
In the deserts of North America, species of cacti with cylindrical stems are 
replaced by similar species of greater cross-sectional stem diameter (Cody 
1989). Similarly, the distribution of three arborescent cacti in the southern 
Chihuahuan Desert in Mexico along a north-west to south-east climatic 
gradient is strongly influenced by freezing tolerance (Flores-Flores and 
Yeaton 2003).  For the three species, viz., Myrtillocactus geometrizans, 
Opuntia streptacantha, and Opuntia leucotricha, a relative competitive 
hierarchy, established by determining canopy interference between adja- 
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Figure 3.4. The number of species of cacti of different growth forms (A-D) and 
climate diagrams (E-H) for desert sites which range from Baja California, Mexico 
(A, E) in the south, northwards through Anza-Borrego, California (B, F) and Red 
Rock Canyon, Nevada (C, G) to the Greta Basin Desert, Nevada (D, H) (data from 
Cody 1989). 
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Figure 3.5. The number of species occurring at different elevations in the Sonoran 
Desert for cacti (A), agaves (B), and yuccas (C), as well as for the different growth 
forms of cacti: columnar (D), barrel (E), cylindropuntias (F), platyopuntias (G), and 
globose cacti (H) (Species distributions were obtained from Turner et al. 1995). 
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cent individuals, suggests a potential replacement sequence of O. leucotri-
cha by O. streptacantha and O. streptacantha by M. geometrizans. Yet M. 
geometrizans is most abundant in the warmer south-east region and ab-
sent from the colder north-west where O. leucotricha is common. Opuntia 
streptacantha is abundant in the center of the gradient. This distribution is 
consistent with the freezing tolerance of these species (O. leucotricha > O. 
streptacantha > M. geometrizans) that was quantified in the field based on 
visible damage to cladodes following a freezing low temperature event  
(–12 °C). Thus it is suggested that freezing low temperatures not only limit 
the distribution of the cacti, but also allow the regional co-occurrence of 
different species.  
 
Local scale distribution 
 
ALTITUDE—Decreasing temperature possibly limits the distribution of 
CAM succulent species at higher altitude (Lüttge 2004), although oro-
graphical effects on water availability are also important, e.g., the greater 
abundance of agaves and tillandsias relative to stem succulents is associ-
ated with moisture from fog in the cloud belts of arid mountains in Mexico 
(Martorell and Ezcurra 2002, 2007).  However, different altitudinal limits 
for very similar growth forms with different temperature tolerances suggest 
that elevational distributions are associated with temperature as does 
freezing damage which is observed at higher elevations in the field (Nobel 
and Bobich 2002). For example, two subspecies of Coryphantha vivipara 
with a 700 m difference in their elevational limits have a 3.6 ºC difference 
in their low-temperature T50  which is in the range approximated using a 
lapse rate of  –0.6 º in air temperature per 100 m increase in elevation 
(Nobel 1982). Furthermore, elevational decreases in the distribution of 
some CAM succulents, e.g. Agave utahensis, approximately 12,000 years 
ago are suggested to be associated with decreased temperatures during 
glacial periods (Cole and Arundel 2005). The number of succulent species 
decreases with increasing elevation in the Sonoran Desert (Fig. 3.5) in par-
ticular species richness drops markedly above 1,500m. The abundance of 
the different growth forms of the cacti with elevation over the latitudes for 
which data are available (22-35º N; Fig. 3.5) show trends similar to those 
for latitude. Columnar cacti are not recorded above 1,600 m, (Turner et al. 
1995). By contrast, in the Zapotitlán Valley in Mexico (18º 20' N) columnar 
cacti occur to approximately 1,900 m (Pavón et al. 2000) presumably asso-
ciated with generally higher temperatures for a given altitude at a lower 
latitude. The abundance of cylindryopuntias also declines markedly above 
approximately 1,500 m (Fig. 3.5). The cacti recorded at elevations of 
greater than 1,500 m in the Sonoran desert are primarily platyopuntias, in 
particular, Opuntia basilaris, O. chlorotica, and O. phaecantha. Species 
richness for both Agave spp. and Yucca spp. declines with increasing eleva-
tion above 400-600 m (Fig. 3.5). However, for the yucca species of the 
Sonoran Desert there are more species at an elevation of 2,000 m than sea 
level. Some Yucca species, e.g., Yucca baccata exhibit CAM (Sayed 2001), 
however, species with a more northerly distribution, e.g., Yucca brevifolia  
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(T50  of –10.4 ºC; Loik et al. 2000) in the Mojave Desert, are C3 and not as 
succulent. Agaves and yuccas of higher latitudes and elevations also have 
smaller leaves than those at lower latitudes and elevations. Agaves with a 
small rosette size and thinner leaves are predicted to have slightly higher 
minimum temperatures than larger species at the same temperature (No-
bel and Smith 1983). In the succulent Karoo biome of southern Africa suc-
culent species richness decreases with altitude possibly associated de-
creased frost-free days (Werger and Morris 1991). 

Within an elevational distribution band, the individuals of a species are 
not necessarily most abundant in a midzone that would possibly represent 
the average thermal optimum. Indeed frequencies may be greatest where 
temperatures allow maximum uptake of water during the growing season. 
Although sensitive to low temperatures (Table 3.1), plant frequency for 
Opuntia acanthocarpa in the Sonoran Desert increases from 1.5 plants per 
100 m2 at 230 m to 20 at 1,050 m, which is close to its elevational limit (< 
1,300 m; Hickman 1993). At this higher elevation, the optimal soil tem-
peratures for root growth occur during the late, but wetter summer, while 
at the lower elevation optimal soil temperatures occur during late spring 
and autumn which are typically drier (Nobel and Bobich 2002).  
 
ASPECT AND SLOPE—Slopes of different aspect differ in cover and species 
composition of the vegetation (Drennan and Nobel 1997). The effect of  
water availability, radiation, and temperature are difficult to separate, par-
ticularly if  the moisture supply is strongly directional, e.g., fog deserts such 
as the Namib Desert where the greater vegetation cover on the west slopes 
by comparison to the east slopes may be due to increased interception of 
fog (Jürgens 1986). It has also been suggested that for the more poorly 
vegetated east slopes, the topographical shading of the slope reduces inci-
dent radiation at the plant canopy to well below saturation levels while air 
temperatures remain high, thus resulting in photosynthesis occurring be-
low the light compensation point (Von Willert et al. 1992). Indeed many of 
the distributions associated with aspect are attributed to limitations in 
photosynthetically active radiation, e.g., Opuntia spp. which show different 
cladode orientations to maximize interception for a given aspect (Nobel 
1988), or to higher soil water contents on slopes receiving less direct inci-
dent radiation, e.g., Agave deserti is more abundant on north slopes at 
Agave Hill (where it is the dominant species; Drennan and Nobel 1997; 
Nobel and Linton 1997). As temperature differences are greater for the 
soils than the air of different aspects, temperature effects of aspect may be 
most pronounced for root growth (Nobel and Linton 1997) and root hy-
draulic conductivity, which decreases with decreasing temperature (Cui 
and Nobel 1994), as well as for low growing or dwarf species, for which 
little information on distribution at this scale is available.     

 The effects of aspect are more pronounced the greater the slope, 
which affects the angle of light interception.  Similar to diurnal heating of 
vertical versus horizontal plant organs, a plateau which receives direct 
incident irradiation at noon is significantly warmer than a vertically ori-
ented cliff. Thus the saxicolous (cliff-dwelling) habit will likely result in 
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lower plant temperatures for especially low-growing succulents which are 
significantly influenced by soil temperature (Martorell and Patiño 2006). 
For species of Mammillaria distributed in southern Mexico, plants on pla-
teaus experience midday temperatures approximately 20 % higher than 
those on cliffs. At low, and presumably warmer, elevations Mammillaria 
populations occur on steeper slopes than at higher altitudes (Fig. 3.6; Mar-
torell and Patiño 2006). Species of cylindropuntias with larger diameter 
stems and greater low-temperature tolerances (Table 3.1) occur on steeper 
and possibly cooler slopes in the Mojave and Sonoran Deserts than those 
with thinner stems. In the Sonoran Desert maximum photosynthetic sur-
face area for Opuntia bigelovii (stem diameter 4-6 cm; Hickman 1993) 
occurs at a slope angle of 24º, for Opuntia acanthocarpa (2-2.5 cm) at  
12º, and for Opuntia leptocaulis (1-1.5 cm) at 6º (Yeaton and Cody 1979).  
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Figure 3.6. Average habitat altitude and slope for 10 species of Mammillaria 
growing in the Tehuacán Valley, Mexico (redrawn from Martorell and Patiño 
2006). 
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ROCKY SUBSTRATES—Thermal properties of rocky substrates differ with 
rock type. In particular, shortwave absorptance of quartz is low 
(1:1.3:3.2:3.0 for quartz:dolomite:granite:dry soil at Agave Hill in the Sono-
ran Desert; Nobel and Zutta 2007).  Furthermore, quartz has a high ther-
mal conductivity coefficient (7.2-8.8 W m–1 ºC–1) by comparison to granite 
(1.6-3.4 W m–1 ºC–1), dolomite/limestone (1.3-1.7 W m–1 ºC–1) and soil (up 
to approximately 1.0 W m–1 ºC–1 when wet) and dissipates absorbed short-
wave irradiation to the underlying layers (Nobel and Geller 1987; Nobel 
and Zutta 2007). Thus quartz outcrops are significantly cooler than sur-
rounding soils; temperature reductions exceeding 10 ºC occur for rocky 
quartz substrates in both the Sonoran Desert of North America and the 
Namib Desert of southern Africa (von Willert et al. 1992; Schmiedel and 
Jürgens 2004; Nobel and Zutta 2007). At Agave Hill in the Sonoran Desert, 
the relatively heat-sensitive Dudleya saxosa (Table 3.1) occurs with a fre-
quency of 3 m–2 at sites with > 90 % quartz cover and is seldom present 
where quartz cover is less than 60% (Nobel and Zutta 2007). The dwarf 
succulent species which characterize the vegetation of the quartz fields of 
the Succulent Karoo in southern Africa, e.g., Argyroderma pearsonii and 
Gibbaeum cryptopodium, can exhibit leaf temperatures 3-5 ºC lower by 
comparison to individuals occurring outside the field (Schmiedel and Jür-
gens 2004). Experimental warming of quartz-field vegetation of approxi-
mately 5.5 ºC results in substantial mortality of these dwarf succulents, 
suggesting they are distributed close to their thermal limit (Musil et al. 
2005).  Rocky substrates may also affect the thermal environment of the 
plant through shading by individual rocks and larger boulders with out-
comes similar to those of nurse plants (Schmiedel and Jürgens 2004).  

 
Global climate change 

 
Increasing environmental temperatures associated with global climate 

change will increase the potential latitudinal and altitudinal limits for the 
distribution of many CAM succulents that are currently limited by low 
temperatures. In particular, the potential areas for the cultivation of com-
mercial species, e.g., Agave salmiana, which are less tolerant of low tem-
peratures and do not acclimate to the same extent as the species of colder 
regions (Nobel 1996; Nobel et al. 2002), would possibly be increased.  
However, if nighttime temperatures are too warm (>15 ºC) nocturnal CO2 
uptake may be reduced as occurs for Agave tequilana cultivated in planta-
tions outside of its naturally occurring distribution range (Pimienta-
Barrios et al. 2001).  This would suggest that distributions would more 
likely shift than expand, although decreased nocturnal CO2 uptake can to 
some extent be compensated for by increased daytime assimilation (Pi-
mienta-Barrios et al. 2001). For naturally occurring populations, the effects 
of global climate change on future distributions are not easily predicted. In 
addition to temperature changes, the amount of precipitation, the season of 
precipitation, and the predictability of the rainfall will likely also change.  
For American cacti and agaves of semi-arid and arid areas, it is often as-
sumed that low temperatures have a greater influence on the distribution  
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of species than high temperatures which seldom exceed the thermal toler-
ances of the plants. But, as can be seen from examining some of the local 
scale distributions, interplay of water availability and temperature are im-
portant, e.g., Opuntia acanthocarpa. The Succulent Karoo, which has a 
cool growing season and predictable rainfall (Fig. 3.7, c.f. Fig. 3.4E-H) is 
susceptible to warming. In an experimental approximation of the possible 
temperature increase in the next century, the dwarf and shrubby succulents 
of the quartz fields showed up to five times the canopy mortalities of con-
trol groups (Musil et al. 2005). The tree succulent Aloe dichotoma is ex-
periencing increased mortality in the northern (warmer) part of its range 
and a southerly shift in recruitment consistent with optimum growing con-
ditions now occurring further south (Midgley and Thuiller 2007). Model-
ling of future habitat suitability for Karoo succulents under potential cli-
mate change scenarios suggests that habitat elimination is more likely than 
range extension, leading to a decrease in the succulent species richness of 
this area (Midgley and Thuiller 2007).    
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Figure 3.7. A climate diagram for Okiep in the Succulent Karoo (redrawn from 
Milton et al. 1997). 
 
 

 



TEMPERATURE INFLUENCES ON CAM SUCCULENTS 87 
 
Conclusions and future prospects 

 
Temperature exerts important effects on CAM metabolism including 

the performance of individual enzymes and the composition of the mem-
branes (Lüttge 2004). For CAM succulents of arid regions, CO2 uptake is 
maximized at low nighttime temperatures, with increasing temperatures 
resulting in stomatal closure in response to decreased stomatal conduc-
tance (Nobel 1988). Daytime transpiration is very reduced, especially for 
obligate CAM species, which reduces the ability of the plant to dissipate 
some of the net radiation balance through evaporation. The various growth 
forms of succulents modify the net radiation balance through adaptations 
such as vertical stems, which decrease direct radiation during the warmest 
part of the day, and spines, which both shade and increase turbulence of 
the boundary layer resulting in greater heat loss. The importance of these 
growth forms as adaptations to the thermal environment is seen in their 
distributions which are often strongly correlated with differences in the 
temperature of the environment such as the decrease in columnar cacti 
with latitude. Morphological plasticity such as stem tilting and cladode 
orientation maximizes the interception of photosynthetically active radia-
tion and growth while minimizing temperature extremes. The morphology 
of small CAM succulents differs proportionally from that of larger adult 
plants and young CAM plants, which are thus more susceptible to tempera-
ture extremes, frequently establish in the microenvironment of nurse 
plants.  This contributes to patterns of species richness and distribution in 
the deserts, especially of North America. Where the growing season is 
thermally less extreme, or the species is not as sensitive, establishment can 
occur without interactions with other species. Low temperatures in particu-
lar seem important in limiting CAM succulents both physiologically and 
ecologically. Physiologically some CAM species may shift to a C3-type me-
tabolism in response to lower temperatures, e.g., Agave vilmoriana (Nobel 
and McDaniel 1988) and Kalanchoë daigremontiana (Lüttge 2004) which 
possibly extends their ability to fix CO2 at otherwise limiting temperatures. 
Studies on growth forms have focused primarily on the agaves and the lar-
ger cacti, but more studies are required of a greater number of growth 
forms, in particular, those growth forms that are distributed into areas that 
experience temperatures lower than their apparent thermal tolerance, e.g., 
Cotyledon orbiculata (Van Coller and Stock 1994), or are distributed more 
widely globally, e.g., Crassula species. It is possible that smaller species are 
adapted to and distributed in microenvironments that differ in thermal 
characteristics from the larger geographic region, e.g., quartz rock out-
croppings.  There is a paucity of information on the influence of tempera-
ture extremes on succulent richness, distribution, and abundance espe-
cially at the geographic and global scale. Determining the interaction of 
especially water availability and temperature in influencing these patterns, 
will establish the relative importance of these factors and provide better 
predictions of the effects of global warming and associated climate change.  
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Introduction 
 
Plants that inhabit environments with extreme seasonal water availability 
show several adaptations to minimize water loss: succulence, rosette-like 
shoots that capture and retain water (phytotelmata), reduced stomatal size 
and frequency, cuticles impermeable to water, specialized leaf and stem 
structures for water absorption, Crassulacean acid metabolism (CAM), 
special root features, and water-binding mucilage in tissues (Nobel 1988; 
Lüttge 1989; Benzing 1990; Nobel et al. 1992a; Nobel 1996; Helbsing et al. 
2000). The nocturnal CO2 assimilation of CAM permits great water use 
efficiency (WUE), because it occurs when air temperature is lower and 
relative humidity is higher than during the day, which allows less water 
loss by transpiration. In fact, CAM plants show a much higher WUE that C3 
and C4 plants under similar conditions (Drennan and Nobel 2000; Winter 
et al. 2005). Accordingly, CAM plants are typical from arid and semiarid 
regions and the canopies of tropical forests, representing about 6% of the 
vascular plant species (Winter and Smith 1996), a greater percentage than 
that for C4 species. Additionally, CAM is also found in aquatic plants that 
inhabit places where CO2 becomes scarce during the day (Keeley 1996; 
Keeley and Rundel 2003). 

Environmental factors influence the biochemical and physiological at-
tributes of CAM, and CAM plants can be mainly affected by temperature, 
light level and water status, showing a vast array of plasticity (Cushman 
2001; Kluge et al. 2001; Dodd et al. 2002; Lüttge 2004; Winter and Hol-
tum 2005). In fact, there is a continuum between C3 and CAM plants and 
some species show low degree of nocturnal CO2 uptake or internal CO2 
recycling (Pierce et al. 2002a). Furthermore, for many species the contri-
bution of CAM to daily carbon gain becomes proportionally more impor-
tant as drought progresses (Pierce et al. 2002a; Winter and Holtum 2002; 
Graham and Andrade 2004). Net CO2 uptake for CAM plants has been 
traditionally characterized by a four-phase framework (Osmond 1978) that 
allows describing the CAM cycle in a comparative manner. During drought, 
the pattern of the CAM phases is adjusted and some phases can be reduced 
or lost as drought progresses (Nobel 1988; Dodd et al. 2002; Lüttge 2004). 
Similarly, environmental conditions of the natural ecosystems where CAM 
plants inhabit affect the CAM cycle, especially because drought is associ-
ated to high temperatures and high photosynthetic photon flux (PPF). Nev-
ertheless, some CAM plants can achieve high productivities compared with 
C3 and C4 plants in similar conditions (Nobel 1991, 1996) and greater atten-
tion has been paid to the effects of particular environmental factors on CO2 
uptake for many CAM species, particularly agaves and cacti (Nobel 1988, 
1994). 

The focus of this chapter is on the environmental factors that affect 
CAM plants in the microhabitats where they occur. We will emphasize the 
water relations of epiphytic and terrestrial CAM plants but we will also 
consider the plant responses to light and temperature. For many CAM 
plants, little change in net CO2 uptake occurs during the first days of  



MICROENVIRONMENTS AND PLANT PRODUCTIVITY 97 
 
drought because of the water stored in their tissues and the high WUE of 
the CAM cycle (Nobel 1988; Lüttge 2004). Succulent CAM plants store 
appreciable amounts of water in specialized tissues of their leaves and 
stems and water is transported from the storage tissue to the photosyn-
thetic tissue (chlorenchyma) to allow continuous CO2 uptake. For instance, 
some cactus species lose four times more water from the water-storage 
parenchyma than from the chlorenchyma during drought (Barcikowski and 
Nobel 1984; Goldstein et al. 1991). With their high WUE, CAM plants are 
capable to inhabit arid and semiarid habitats, but they are far more nu-
merous in tropical forests, primarily in the epiphytic habitat (Winter and 
Smith 1996; Lüttge 2004). In tropical forests, deciduousness, rainfall sea-
sonality, and tree host architecture and height generate multiple micro-
habitats, which are occupied by C3 and CAM epiphytes. Among these, CAM 
epiphytes are more abundant in drier forests and tend to occur in the more 
exposed microhabitats, within the same forest, than C3 epiphytes (Winter 
et al. 1983; Smith et al. 1986; Benzing 1990). In fact, it is estimated that 
about 57% of all epiphytes are CAM plants (Lüttge 2004). 

 
Water relations of tissues and microhabitats 
 
 Water storage in CAM plants can be either external, internal or both. 
Some bromeliads form external water reservoirs or phytotelmata that al-
lows water obtained from rainfall to be stored for several days (Benzing 
1990). However, special non-photosynthetical water-storage tissues permit 
long-term water use in many CAM taxa (Lüttge 2004). Generally, water 
moves from the water-storage tissues to the photosynthetic tissues for ma-
ny days or weeks during drought. In fact, this internal water redistribution 
reflects differences in water relations between tissues. For some cacti, sol-
utes are lost (Barcikowsky and Nobel 1984) or sugars are polymerized 
(Goldstein et al. 1991) in the water-storage parenchyma during drought to 
maintain a water potential difference between this tissue and the chloren-
chyma, facilitating water movement. Also, the cell-wall elastic modulus of 
the water-storage parenchyma is about 40% of that of the chlorenchyma, 
which means that the water-storage parenchyma maintains turgor over a 
large range of water contents (Goldstein et al. 1991). Additionally, muci-
lage, with a very high water-binding capacity, occurs in greater amounts in 
the water-storage parenchyma than in the chlorenchyma (Goldstein et al. 
1991) and the amount of mucilage in the water-storage parenchyma is posi-
tively correlated to the tissue relative capacitance in several cactus species 
(Nobel et al. 1992a). 

Uprooted cactus plants can survive for several years without water 
(Szarek and Ting 1975; Nobel 1981; Barcikowski and Nobel 1984), but 
when some plant tissues lose more than 50% of their total water they can 
die (Lüttge 2004). However, for Opuntia ficus-indica, the chlorenchyma 
can reversible lose 70% of its water content at full turgor and the water-
storage parenchyma can lose 82% (Goldstein et al. 1991). Similarly, for 
epiphytic bromeliads, tissues of Tillandsia fasciculata can recover after 
losing 60% of the water present at full turgor whereas the tissues of  
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Guzmania monostachya can lose about 90% in a lowland seasonal forest 
(Zotz and Andrade 1998); in a deciduous dry forest, tissues of T. elongata 
can lose over 62% of the water present at full turgor and T. brachycaulos 
can lose 48% (Andrade 2003). It is surprising that both massive cacti and 
epiphytic bromeliads show similar magnitudes of tissue recovery. Fur-
thermore, T. ionantha also shows high tolerance to change in tissue hydra-
tion (Benzing and Dahle 1971) and the C3 epiphytic ferns Polypodium cras-
sifolium (but Holtum and Winter (1999) found it as a weak CAM) and P. 
phyllitidis can even lose 98% of the leaf succulence and recover 2 days after 
rewetting (Andrade and Nobel 1997). Rapid succulence recovery is typical 
of epiphytes and occurs within a few hours or a few days after rewetting 
(Sinclair 1983; Andrade and Nobel 1997); CAM epiphytes also resume tis-
sue acidity rhythms within 3 days after rewetting (Andrade and Nobel 
1996). Consequently, tissue recovery upon rewetting does not explain the 
occurrence of a CAM plant in a particular microhabitat; it seems that tissue 
relative capacitance can explain better why a specific CAM plant occurs in 
certain microhabitats. 

Relative capacitance is the capacity of the tissues to maintaining their 
water potentials when the water content decreases and relates to succu-
lence and to the tissue volume to surface area ratio (Andrade and Nobel 
1997; Zotz and Andrade 1998). Relative capacitance for epiphytic CAM 
plants averages about half as much as terrestrial CAM species (Table 4.1). 
Also, within epiphytes, relative capacitance is about 2-fold higher for spe-
cies that occur in more exposed microhabitats than those that occur in 
shaded microhabitats (Table 4.1); for instance, the highest relative capaci-
tance values are for the epiphytic cacti Epiphyllum phyllanthus, Rhipsalis 
baccifera and the epiphytic bromeliad Tillandsia fasciculata, which occur 
more frequently in the more exposed sites of deciduous trees (Andrade and 
Nobel 1996, 1997; Zotz 1997). Desert CAM plants show a greater relative 
capacitance than CAM epiphytes because they confront longer dry periods, 
up to several months. However, in seasonally dry forests periods without 
water are accompanied by an increase in photosynthetic photon flux (PPF) 
because of the deciduousness of trees and the reduced amount of clouds, 
further enhancing desiccating conditions. For instance, PPF above the can-
opy in a Panamanian lowland forest can be 30% higher during the dry sea-
son (Windsor 1990); hence, only the most drought tolerant epiphytes with 
the highest tissue relative capacitance can establish on deciduous trees 
(Andrade and Nobel 1997). Also, in a Mexican tropical dry deciduous for-
est, PPF changes dramatically for epiphytes between the rainy and dry 
seasons, from 3 to 9 times more PPF during the dry season versus the rainy 
season (Graham and Andrade 2004). Nevertheless, those epiphytes in ex-
posed positions in the canopy can also have more access to dew deposition, 
reducing drought stress (Andrade 2003; Graham and Andrade 2004). 
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Table 4.1. Relative capacitance (MPa–1) for some CAM species. Data were either 
taken from the original sources or calculated from the relative water content and 
osmotic potential values (at the turgor loss point) of the pressure-volume curves. 
 
 
Species 

 
Family 

Relative 
capacitance 
(MPa–1) 

 
Type of vegetation and habitat 

 
Epiphytic species 

   

Pyrrosia 
 adnascens1 

Polypodia-
ceae 

0.15 Lowland forest  – exposed 

 
P. angustata1 

 
Polypodia-
ceae 

 
0.15 

 
Lowland forest – semi exposed 

Dendrobium 
crumenatum1 

 
Orchidaceae 

 
0.27 

 
Lowland forest 

D. tortile1 Orchidaceae 0.16 Montane forest 
Eria velutina1 Orchidaceae 0.53 Lowland forest 
Guzmania  
monostachya7 

 
Bromelia-
ceae 

 
0.30 

Seasonally dry lowland forest –
semi exposed 

Tillandsia  
fasciculata7 

 
Bromelia-
ceae 

 
0.70 

Seasonally dry lowland forest – 
exposed 

T. utriculata5 Bromelia-
ceae 

0.16 Quercus forest – semi exposed 

Epiphyllum 
 phyllanthus6 

 
Cactaceae 

 
0.55 

Seasonally dry lowland forest – 
exposed 

 
Rhipsalis  
baccifera6 

 
Cactaceae 

 
0.45 

Seasonally dry lowland forest – 
exposed 

 
Terrestrial species 

   

Opuntia  
ficus-indica3 

 
Cactaceae 

 
0.80 

 
Semi desert, cultivated 

O. basilaris4 Cactaceae 1.04 Desert 
O. acanthocarpa4 Cactaceae 0.96 Desert 
Echinocereus 
engelmannii4 

 
Cactaceae 

 
1.35 

 
Desert 

Ferocactus 
acanthodes4 

 
Cactaceae 

 
0.81 

 
Desert 

Agave deserti2 Agavaceae 0.18 Desert 
1 – Sinclair 1983; 2 – Nobel and Jordan 1983; 3 – Goldstein et al. 1991; 4 – Nobel et 
al. 1992a; 5 – Stiles and Martin 1996; 6 – Andrade and Nobel 1997; 7 – Zotz and 
Andrade 1998. 
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Water acquisition and microsites 
 
The roots of many succulent CAM plants have evolved rectifier-like 

properties, which mean that roots take up water fast when the soil is wet, 
but reduce water loss to a dry soil during drought (Nobel and Cui 1992; 
Nobel and North 1996). In early stages of a drought, root hydraulic conduc-
tivity decreases rapidly but during a prolonged drought, the soil hydraulic 
conductivity becomes the limiting factor that prevents water loss from the 
succulent shoots to the soil (Nobel and Cui 1992). When water is available, 
roots of CAM plants show high water uptake rates due to the initiation of 
new roots (Nobel and North 1996). Because most CAM plants have low 
root:shoot ratios, the roots usually explore small soil volumes, such as rock 
crevices or tree holes. In fact, lateral roots and soil water content is higher 
under rocks, whose surfaces can intercept upward movement of water and 
also offer a cooler platform for water condensation (Nobel et al. 1992b). 
Additionally, Dubrovsky and Gómez-Lomelí (2003) found that cactus lat-
eral root formation is a stable developmental process, which accelerates 
during water stress; features that can be important for seedling establish-
ment. Also, roots of the epiphytic cacti Epiphyllum phyllanthus and Rhip-
salis baccifera develop sheaths composed of soil particles, root hairs and 
mucilage, which reduce plant water loss to a dry soil but helps the roots to 
take advantage of episodic rainfalls (North and Nobel 1994). 

Root: shoot ratio is close to zero for all the epiphytic species within the 
Bromeliaceae, which take up water and nutrients by foliar trichomes 
(Benzing 1990). These epiphytic bromeliads may also rely on alternative 
sources of water, such as fog and dew. For instance, in cloud forests, the 
sites with more fog interception support more diverse and abundant epi-
phytic Bromeliaceae populations (Cavelier and Goldstein 1989). Fog may 
also be important for desert succulent leaf-rosette plants, whose leaves act 
as structures that intercept and harvest fog (Martorell and Ezcurra 2002). 
Additionally, dew can help maintaining a favorable water balance for two 
co-occurring Tillandsia species during the driest months in a tropical dry 
deciduous forest in Mexico (Andrade 2003); these species show a vertical 
stratification, where T. brachycaulos grows on the trees from very close to 
the soil up to the small branches in the canopy.  In contrast, T. elongata, 
which is more sensitive to drought, inhabits in more exposed locations 
where individuals can intercept more rainfall and dew (Andrade 2003; 
Graham and Andrade 2004). In a forest in Panama, however, vertical stra-
tification of two co-occurring epiphytic bromeliads could be explained by 
the physiological responses of small individuals. Although adult plants of 
Guzmania monostachya and Tillandsia fasciculata show similar water 
losses, small plants of G. monostachya show higher water losses than small 
individuals of T. fasciculata (Zotz and Andrade 1998). In a previous study, 
T. fasciculata was consistently found in higher sites of the canopy than G. 
monostachya (Zotz 1997); presumably because small plants of the latter 
species could not survive prolonged drought in exposed microsites. 
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A combination of lack of water and high temperatures in microhabitats 

can also affect plant growth. The epiphytic bromeliad T. brachycaulos oc-
curs within the canopy in a tropical dry deciduous forest and shows great 
shade tolerance (Graham and Andrade 2004), but individuals that grow in 
the darkest light microhabitats produce less leaves and flowers, and leaves 
elongate slower than plants in more exposed microhabitats (Cervantes et 
al. 2005). Common garden experiments showed, however, that these re-
sponses are because individuals in the most shaded microhabitats receive 
less water from rainfall and dew; also, because individuals in those mi-
crosites are unable to dissipate the excess of heat during midday (Fig. 4.1; 
Cervantes et al. 2005). In this particular tropical dry forest, this epiphytic 
bromeliad would have more growth and reproduction in partially shaded 
microsites within the canopy, where individuals can capture more water 
and dissipate better the heat. Demographic studies should consider includ-
ing a factor for some individuals, which grow more in certain microhabitats 
than in others, to analyze population growth, although this may be a diffi-
cult task (Jonzén et al. 2002). 

 
Light microenvironments 

 
Light microenvironments can vary enormously for CAM plants that 

live in places with changing vegetation physiognomy, such as forest and the 
forest canopies of seasonally tropical forest, where plants that are shaded 
during the rainy season, can be totally exposed during the dry season. Also, 
even in very humid tropical forests, the clouds and the sunflecks create a 
light environment extremely variable for understory CAM plants. Addi-
tionally, in tropical forests, epiphytes show a vertical stratification and 
CAM species tend to occupy more exposed microsites than C3 species (Win-
ter et al. 1983; Benzing 1990; Andrade and Nobel 1996, 1997). However, it 
is difficult to separate the effects of the light environment from that for the 
lack of water for CAM plants (as we saw in the previous section) because 
adaptations to the excess of light correlate with those to drought. 

CAM photosynthesis is energetically less efficient than C3 photosynthe-
sis (Nobel 1991) and supposedly is even less efficient in the understory 
sites. However, although the frequency of CAM plants is positively corre-
lated with exposure and less water availability within the forests and along 
different geographical regions (Zotz and Hietz 2001), CAM provides a more 
rapid response to sunflecks in shade adapted plants than for neighboring 
C3 plants (Skillman et al. 1999); but also confers photoprotection through 
the maintenance of the electron transport (Griffiths et al. 1986; Maxwell et 
al. 1995). The thermal dissipation of excess energy associated with the xan-
thophyll cycle helps protecting the photosynthetic apparatus from photoin-
hibitory damage in plants normally subjected to a combination of high light 
and water stress (Haslam et al. 2003; Lu et al. 2003). Additionally, Kondo 
et al. (2004) reported diurnal movement of chloroplasts in the leaves of 
succulent CAM plants under high light and water stress, suggesting that 
this mechanism is a common photoprotective strategy used by CAM plants 
subjected to severe water stress. 
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Figure 4.1. Daily course of (A) photosynthetic photon flux (PPF), air saturation 
deficit (ASD), and (B) leaf and air temperatures during a clear day in the early dry 
season in a dry forest in Yucatán, Mexico. Data for leaf temperature are means ± 
s.e. (n = 3 plants) for Tillandsia brachycaulos individuals growing at five tree 
heights (modified from Cervantes et al. 2005). 
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Thanks to inexpensive and portable meters for chlorophyll fluores-

cence, several photosynthetic parameters can be measured (Maxwell and 
Johnson 2000). For instance, the quantum yield for the photosystem II 
(measured as Fv/Fm), which can be a good indicator for the plant photosyn-
thesis performance; the non-photochemical quenching (NPQ), which esti-
mates the photoprotection capacity of the reversible light-induced carote-
noid zeaxanthine (NPQfast) and the long-term damage or photoinhibition 
(NPQslow). Sun species exhibit great NPQfast, independently of the light en-
vironment or growth conditions (Johnson et al. 1993), and shade species 
show a reduced NPQfast and a high photodamage and a high NPQslow when 
exposed to sun (Maxwell and Johnson 2000). 

Water stress can increase the negative high radiation effects even in 
succulent CAM plants (Maxwell et al. 1995; Zotz and Hietz 2001; Haslam et 
al. 2003; Andrade et al. 2006). For instance, for Tillandsia brachycaulos, 
during the rainy season, leaf Fv/Fm was relatively high in the morning, de-
creases during the day (which indicates both photochemical and non-
photochemical quenching), and increases again to the high values in the 
evening, in three different shade treatments (Fig. 4.2; Cervantes et al. 
2005). During the dry season, when plants were moderately stressed, the 
initial and final values for Fv/Fm indicate that photoinhibition occurs, espe-
cially in the most exposed individuals. 

 
Water and CO2 uptake 

 
The uptake of CO2 by plants, which in turn affects their growth and 

their productivity, is influenced by air temperature, light (represented as 
photosynthetic photon flux, PPF), rainfall and soil nutrient levels. In many 
situations, one environmental factor can have a predominant influence, 
such as annual rainfall for arid and semiarid-land species (Nobel and Pi-
mienta-Barrios 1995). Since most studies on CO2 uptake for CAM plants 
have been done with plants normally found in arid and semi-arid habitats 
(Ting 1985; Nobel 1988; von Willert et al. 1992), we will emphasize the 
influence of soil water availability on CO2 uptake of terrestrial CAM plants. 

At field capacity and under the usual PPF and temperature conditions 
of the habitat for CAM plants from arid zones, most of the CO2 uptake oc-
curs at night. For example, nighttime CO2 uptake for Agave fourcroydes, a 
cultivated agave from semiarid Yucatán, was nearly 91% of the 325 mmol 
m–2 of the CO2 fixed in a 24-h period (Nobel 1985). Also, in the Chihua-
huan desert, net CO2 uptake for A. lechuguilla over a 24-h period was 172 
mmol m–2, of which 85% occurred at night. Lower temperatures and higher 
PPF favored daytime CO2 uptake for this species (Nobel and Quero 1986). 
After 11 days of drought, total daily net CO2 uptake for A. fourcroydes de-
creased to 71 mmol m–2 and to only 2 mmol m–2 after 30 days of drought. 
Three days after watering the plants droughted for 30 days, its maximal net 
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Figure 4.2. Daily course of maximum quantum efficiency (Fv/Fm) for Tillandsia 
brachycaulos during the rainy season (upper panel) and the dry season (lower 
panel). Plants were acclimated in shade treatments of 60% of total daily photon flux 
density (PFD; circles), 30% daily PFD (triangles), and 6% daily PFD (squares) for 
one month before measurements (modified from Cervantes et al. 2005). 
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CO2 uptake rate was 48% of that under field capacity conditions, and after 
7 days it was 91% (Nobel 1985). Agave lechuguilla, was more sensitive to 
drought than A. fourcroydes, since after 7 days of drought, net total daily 
CO2 was 108 mmol m–2 (none of this during daytime) and after 13 days of 
drought it was only 1.4 mmol m–2 (Nobel and Quero 1986). Several epi-
phytic cacti show diurnal and nocturnal CO2 uptake (sometimes both diur-
nal and nocturnal uptakes are of the same magnitude) and short-term 
droughts caused a shift favoring nocturnal CO2 uptake only and reducing it 
to zero after a few days of drought (Nobel and Hartsock 1990; Andrade and 
Nobel 1997). 

Under well-watered conditions, net CO2 uptake for cacti from subfam-
ily Pereskioideae (characterized by having flattened, photosynthetic leaves; 
Anderson and Brown 2001) occurred in the leaves, using the C3 pathway, 
and total daily net CO2 uptake ranged from 130 mmol m–2 for Pereskia 
aculeata, to 202 mmol m–2 for Pereskia grandifolia. No CO2 uptake oc-
curred in the stems. Droughts of 7 and 14 days decreased leaf daytime net 
CO2 uptake by an average of 49 and 88%, respectively; at night there is a 
net loss of CO2 by leaf (Nobel and Hartsock 1987). 

For Austrocylindropuntia subulata (a member of subfamily Opun-
tioideae with fleshy leaves; Anderson and Brown 2001), total daily leaf net 
CO2 uptake was 91 mmol m–2 under well-watered conditions (95% occur-
ring during the day) and 7 and 14 days of drought reduced leaf daytime net 
CO2 uptake by 90 and 100%, respectively. Also, the stems of this species 
had periods of positive CO2 uptake (Nobel 1988). However, net CO2 uptake 
occurring at night increased from 5% under wet conditions to 71% after 7 
days of drought to 99% after 14 days of drought (Nobel and Hartsock 
1987). Thus, shifts from predominantly daytime to predominantly night-
time CO2 uptake can be induced by drought for leafy cacti in subfamily 
Opuntioideae, indicating a high degree of biochemical versatility. For the 
largest genus in subfamily Opuntioideae, Opuntia (characterized by ep-
hemeral leaves and flattened stems segmented in cladiodes; Anderson and 
Brown 2001), net CO2 uptake occurs in the stems during nighttime (Nobel 
1988). However, if soil water potential is near field capacity and tempera-
tures are moderate, some net CO2 uptake occurs at the beginning of the 
light period (Cui et al. 1993; Cui and Nobel 1994). In contrast, for members 
of subfamily Cactoideae (stems usually not segmented with vestigial or no 
leaves at all, Anderson and Brown 2001), like columnar and globular cacti, 
91 to 99% of the net CO2 uptake occurs predominantly at night, even when 
over-watered (Hanscom and Ting 1978; Nobel 1986). Figure 4.3 summa-
rizes gas exchange patterns for agave species and members of the three 
cacti subfamilies. 

As in leafy members of Opuntioideae, some plants have been found to 
shift the nature of carbon metabolism with changes in their growth envi-
ronment. In certain C3 plants, CAM may be induced by drought. Examples 
are found within families Clusiaceae (Ball et al. 1991; De Mattos and Lüttge 
2001), Crassulaceae (Smirnoff 1996), Euphorbiaceae (Rundel et al. 1999; 
Ramachandra Reddy et al. 2003), Mesembryanthemaceae (Winter and 
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Figure 4.3. Gas exchange patterns for (A) Agave deserti and (B) cactus species 
from different subfamilies (modified from Nobel 1988 and Nobel and Bobich 
2002). 
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 Ziegler 1992), Portulacaceae (Martin and Zee 1983; Guralnick and Ting 
1988; Herrera et al. 1991; Veste et al. 2001; Taisma and Herrera 2003), 
Ruschioideae (Rundel et al. 1999) and Vitaceae (Olivares et al. 1984). This 
drought-induced CAM is reversible upon rewatering. There is also a great 
deal of metabolic flexibility within the Bromeliaceae family. For the CAM 
bromeliad Aechmea dactylina in a high rainfall cloud forest in Panama, in 
situ measurements showed similar rates of nighttime net CO2 uptake oc-
curred during both the wet and dry seasons; however, the amount of CO2 
assimilated during the early morning and late afternoon was reduced as 
drought progressed (Pierce et al. 2002a). For Tillandsia species from a 
tropical dry forest, gas exchange measurements under controlled condi-
tions showed that for T. brachycaulos 12% of the total carbon gain was 
fixed during daytime, whereas for T. elongata, 25% of the carbon was fixed 
in the late afternoon via C3 photosynthesis (Graham and Andrade 2004). 
For both species, after six days of drought, daytime net CO2 uptake was 
abolished. Also, nighttime CO2 uptake was reduced as drought progressed. 
The shift in photosynthetic pattern is presumed to be an adaptive advan-
tage, besides water conservation, in terms of photosynthetic efficiency, as 
decarboxylation of nocturnally accumulated malic acid should substantially 
increase the internal concentration of CO2 during the day (Martin 1996; 
Haslam et al. 2003). This type of metabolic flexibility should be an adapta-
tion to survive under natural adverse microclimatic scenarios. Other inter-
esting find is the shift from C4 to CAM that has been found in some mem-
bers of the genus Portulaca (Sayed 1998; Guralnick and Jackson 2001; 
Lara et al. 2003), where enzyme activity and regulation are modified by 
drought. However, CAM and C4 photosynthesis operate independently in 
these plants (Guralnick et al. 2002; Sage 2002). 

 
Productivity of CAM plants 

 
Plant productivity represents the cumulative, integrative effects of soil 

water potential, temperature and photosynthetic photon flux (PPF), as they 
relate to net CO2 uptake and carbon storage (Nobel 1988). For instance, 
appreciable stomatal opening with its accompanying CO2 uptake for Agave 
deserti only occurs when soil water potential is above –0.5 MPa (Nobel 
1976). Also, seasonal changes in temperature had a negative effect on the 
total daily net CO2 uptake over a 24-h period made by Agave tequilana, 
since individuals growing at a diurnal/nocturnal temperature of 25/15ºC 
had a total daily net CO2 uptake of 298 mmol m–2 and individuals growing 
at 35/25ºC had a total of 84 mmol m–2 (Nobel et al. 1998). Additionally, 
consistent with the shaded habitat of Hylocereus undatus, total daily net 
CO2 uptake is appreciable at a total daily PPF of only 2 mol m–2 d–1 and is 
maximal at 20 mol m–2 d–1, above which photoinhibition reduces CO2 up-
take (Nobel and De la Barrera 2004). 

All of the physical factors discussed above have an impact on produc-
tivity of CAM, which is generally associated with succulent species such as 
cacti that conserve water and are relatively slow growing (Osmond 1978).  
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For naturally growing wild CAM plants, CAM is generally a strategy for 
stress survival and not for high productivity and dominance (Lüttge 2004). 
This is the case of dwarf cacti, which have an average growth in height of 
less than 1 mm per year (Nobel 1988). In contrast, C3 crops such as cassava 
and alfalfa can have dry weight yields above 30 Mg ha–1 year–1. Also C4 
crops, such as sugar cane and corn can have yields between 50 and 70 Mg 
ha–1 year–1 (Nobel 1991). However, certain CAM crops such as Agave four-
croydes, A. salmiana and Opuntia ficus-indica have similar high produc-
tivities under appropriate environmental conditions (Nobel 1991, 1996), 
relying on the metabolic flexibility of CO2 uptake that allows them to fix 
CO2 via C3 during the late afternoon (Lüttge 2004). 

The responses of plant productivity to soil water potential, air tem-
perature, and photosynthetic photon flux have been characterized for vari-
ous CAM species (Table 4.2), mainly crops, and these responses have been 
used to generate an environmental productivity index (EPI; Nobel 1984, 
1985, 1986, 1991, 1996). Thus, EPI is a physiological indicator of expected 
growth and is defined as follows: EPI = Water index × Temperature index × 
PPF index, and ranges from 1.00 when all of the components are optimal 
for maximal net CO2 uptake to 0.00 when at least one of the components is 
limiting net CO2 uptake. 

Since CO2 uptake is expressed on leaf area basis for an agave or on a 
stem area basis for a cactus, and we can measure these areas, the environ-
mental productivity index can be used to calculate CO2 uptake per plant 
(Nobel 1988). Assuming that CO2 is incorporated into carbohydrate and 
correcting for root respiration, and expressing the data on the basis of the 
ground area explored by the roots, productivity can be expressed per unit 
ground area. Plant productivity can be measured as the dry weight gained 
annually on an area basis, such as development of new leaves. Because 
EPIs can help predict plant responses in productivity to different environ-
mental scenarios, they can be used to evaluate plant productivity along the 
distribution range of a given species or to predict plant productivity re-
sponse to global climate change. 

  
Water, seed germination, and seedling survival 

 
In addition to its influence on net CO2 uptake and productivity of ma-

ture CAM plants, water also influences seed germination and seedling es-
tablishment. Unpredictable rainfall, high temperatures and high solar ra-
diation are the main environmental factors limiting seed germination and 
seedling establishment in arid and semi-arid environments (Franco and 
Nobel 1989; Rojas-Aréchiga et al. 1997; Rojas-Aréchiga and Vázquez-Yanes 
2000). Indeed, seedling establishment is a rare and sporadic event since 
seedlings are often subject to high mortality rates because they may be less 
tolerant than adults to the extreme environmental fluctuations that occur 
at the soil surface (Dodd and Donovan 1999). 
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We already know for a large number of cactus species that optimal 

temperature for germination ranges between 17ºC and 34ºC, with optimal 
values at 25°C (Nobel 1988). Also, the effect of light on the induction of 
seed germination has been studied for several species (Rojas-Aréchiga and 
Vázquez-Yanes 2000). Exposure to low light levels promotes germination 
for several globose cactus species (positive photoblastic), and light has no 
influence on germination of some columnar cacti (Rojas-Aréchiga et al. 
1997; Flores et al. 2006). Germination of photoblastic seeds in arid envi-
ronments is restricted to occur at the upper fast-drying soil, so the light 
requirement ensures that germination will take place only after heavy rain-
falls that wet the soil for a longer time (Kigel 1995). 

Despite this fact, few studies have investigated the effect of soil mois-
ture on cactus seed germination. Germination is reduced approximately 
30% for seeds of Stenocereus thurberi and Mammillaria gaumeri when 
incubated at –1.0 MPa compared to 0.0 MPa (De la Barrera and Nobel 
2003; Cervera et al. 2006). Similar reductions occur for seeds of Pachycer-
eus pringlei incubated at –1.3 MPa (Nolasco et al. 1996); also, germination 
was highest for three species of Neobuxbaumia near field capacity, how-
ever there was no germination at –1.0 MPa (Ramírez-Padilla and Valverde 
2005). In contrast, seeds of Pachycereus hollianus did not germinate when 
incubated at 0.0 MPa and maximum germination occurred at –0.41 MPa 
(Flores and Briones 2001). Since rainy periods in deserts are usually of 
short duration and the top soil layers quickly desiccate and salt up (Kigel 
1995), viable seeds have to uptake a sufficient quantity of water in order to 
germinate. During seed development of several South American cacti, epi-
dermal cells produce a proteinaceous material that improves water uptake 
and ensures germination with a minimum amount of available water 
(Bregman and Graven 1997). Another mechanism to ensure seed germina-
tion is hydropriming, a memory of the internal changes induced in the seed 
by an hydration event, which can allow seeds to resist periods of desicca- 
 

Table 4.2. Relation of CAM plants to which components of an environmental 
productivity index have been developed. 
 
Species Habitat Reference 
Agave deserti Common agave in north Ameri-

can deserts 
Nobel 1984 

Agave fourcroydes CAM crop from Yucatán, Méxi-
co. 

Nobel 1985 

Ferocactus  
 acanthodes 

Common cactus in north Ameri-
can deserts 

Nobel 1986 

Agave lechuguilla Common agave in the Chihua-
huan desert 

Nobel and Quero  
 1986 

Agave tequilana CAM crop from Jalisco, México Nobel and  
 Valenzuela 1987 

Opuntia ficus-indica Widely cultivated CAM crop Nobel 1991 
Hylocereus undatus Widely cultivated CAM crop Nobel et al. 2002 
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ation and germinate faster after rehydration (Dubrovsky 1996, 1998). Hy-
dropriming also improved seedling survival (Dubrovsky 1996). 

Cactus seedlings have higher probabilities of survival under the canopy 
of perennial shrubs, known as nurse plants (Jordan and Nobel 1981, 1982; 
Franco and Nobel 1989; Valiente-Banuet and Ezcurra 1991; Godínez-
Álvarez et al. 1999; Esparza-Olguín et al. 2002; Flores et al. 2004; Cervera 
et al. 2006). Nurse plants provide protection against direct solar radiation, 
reduce extreme soil temperatures and most likely reduce soil water loss, 
meaning more water available, thereby increasing seedling survival and 
extending its distributional boundaries (Nobel 1980; Franco and Nobel 
1989; Flores and Jurado 2003; Cervera et al. 2006). Most cacti are succu-
lents that avoid drought by storing water within their tissues (Gibson and 
Nobel 1986; Ishikawa and Gusta 1996); however, since many cactus species 
have relatively slow growth rates they have a relatively small water storage 
capacity during the first growing season (Jordan and Nobel 1979, 1981). 
Thus, drought tolerance of seedlings is low because the volume to surface 
area ratio (a relationship of the surface over which water can be transpired 
to the volume of tissue which over water can be stored) for cactus seedlings 
is initially low relative to adults (Nobel 1988). 

Exposure to high solar radiation increases seedling mortality (Flores et 
al. 2004; Cervera et al. 2006; Gallardo-Vásquez and De la Barrera 2007) 
primarily because of the increase in tissue temperature and in the water 
loss by transpiration (Gibson and Nobel 1986). The reduction in incoming 
PPF increased survival and water storage capacity of Mammillaria gau-
meri seedlings in a coastal sand dune; the volume to surface area ratio was 
two-fold higher for seedlings receiving 20% of ambient PPF than those 
receiving 50% of ambient PPF (Cervera et al. 2006). At the end of the first 
growing season, the highest volume to surface area ratio for M. gaumeri 
seedlings was 0.085 cm, half of that volume to surface area ratio for Fero-
cactus acanthodes seedlings (Jordan and Nobel 1981; Cervera et al. 2006). 
Such F. acanthodes seedlings can lose 84% of their stored water and still 
survive, increasing the length of drought that they can tolerate. Even so, 
the relatively small volume to surface area ratio for seedlings makes this 
stage the most vulnerable to drought and most of them die at the start of 
the dry season (Nobel 1988). Data for Carnegiea gigantea, F. acanthodes, 
M. gaumeri and Agave deserti suggest that the establishment of succulents 
from arid and semi-arid regions may be limited to favourable years with 
dry seasons that are cooler or relatively wet (Jordan and Nobel 1979, 1981, 
1982; Cervera et al. 2006). 

As we have seen, rain is the most influential environmental variable for 
seedling survival in arid and semiarid-regions as the length of drought 
limits cactus seedling establishment to a few suitable years (Jordan and 
Nobel 1982). Additionally, extreme temperatures restrict seedling estab-
lishment and survival since they limit CO2 uptake and also can damage 
cacti (Nobel 1988). Freezing temperatures can cause extracellular ice crys-
tal formation in cacti, which draws water out of the cells and can lead to 
irreversible damage (Nobel 1982). Extremely high temperatures can dena-
ture proteins, degrade cell membranes, and disrupt metabolism in general  
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(Nobel 1988; Srinivasan et al. 1996). Acclimation to changes in diur-
nal/nocturnal temperatures between seasons can result in differences in 
tolerance to high and low extremes (Nobel and De la Barrera 2003), also 
potentially increasing survival. Adult individuals of desert dwarf cacti such 
as Epithelantha bokei, Mammillaria lasiacantha and Ariocarpus fissura-
tus, can withstand high temperatures of 64º (Nobel 1988). In contrast, in 
the tropical dry deciduous forest, seedlings of Mammillaria gaumeri and 
adult individuals of the climbing cactus Hylocereus undatus cannot toler-
ate temperatures above 50ºC (Nobel et al. 2002; Cervera et al. 2006). Fig-
ure 4.4 shows the tolerance to extreme temperatures of M. gaumeri seed-
lings acclimated to three different temperature regimes. M. gaumeri seed-
lings are less tolerant to the extreme high temperatures that characterize 
the dry season, because they are acclimated to the cooler temperatures of 
the northwinds season (Cervera et al. 2006). Position in the canopy can 
also reduce the high temperature effects for CAM plants. For instance, co-
occurring epiphytic bromeliads that grow in exposed locations in the can-
opy of the same forests, can dissipate better the heat since they are less 
succulent and can receive more water as precipitation and dew than indi-
viduals occurring close to the soil (Graham and Andrade 2004; Cervantes 
et al., 2005), because soil and air temperatures can be as much as 10 °C 
higher than air ambient temperatures. 

 
Conclusions and future prospects 

 
Because CAM plants show a vast array of adaptations to their highly 

variable environment, especially in tropical forests where most CAM plants 
inhabit (Winter and Smith 1996; Lüttge 2004), we are discussing about 
multiple microenvironments for numerous life forms. Hence, studies on 
physiological responses of CAM plants to the environment are far from 
being complete, since most investigations have been done with adult mem-
bers of only three families: Agavaceae, Bromeliaceae and Cactaceae, mostly 
from arid zones (except for the tropical bromeliads; Nobel 1988; Benzing 
1990; Winter and Smith 1996; Zotz and Hietz 2001; Andrade et al. 2004; 
Lüttge 2004). Special attention should be put on the environmental physi-
ology of CAM plant seedlings, from their photosynthetic pathway following 
germination to their survival in different microenvironments (Schmidt et 
al. 2001; Andrade et al. 2004; De la Barrera and Andrade 2005; Ayala-
Cordero et al. 2006; Cervera et al. 2006; Gallardo-Vásquez and De la 
Barrera 2007; Hernández-González and Briones-Villarreal 2007). 

Microenvironmental approaches also help to understand several eco-
logical aspects for CAM plants. Many CAM plant species grow and repro-
duce more under certain microenvironments that allow them to get more 
water and adequate light (Cervantes et al. 2005; Andrade et al. 2006; 
Cervera et al. 2006, 2007); those individuals, which grow in other less 
suitable microenvironments, will get less carbon (less photosynthesis or 
higher respiration rates), will use photosynthesis products to procure water 
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Figure 4.4. Effect of high and low temperature treatments on the uptake of neu-
tral red into chlorenchyma cells of newly germinated M. gaumeri seedlings main-
tained in a growth chamber for 4 weeks at the indicated diurnal/nocturnal tem-
peratures that characterize (A) northwinds season, (B) rainy season, (C) dry season. 
Samples were held at the indicated temperature for 60 min before the temperature 
was lowered by 5 ºC for the low-temperature treatments or raised by 5 ºC for the 
high-temperature treatments. Data are expressed relative to the control at 25 ºC 
(for which 85% of the chorenchyma cells took up the stain) and are means ± s.e. (n 
= 5 seedlings). Lethal temperature (LT50) was defined as that which halved stain 
uptake from the maximum occurring for the control (modified from Cervera et al. 
2006). 
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and repair reaction centers and would have less defenses against predators 
and pathogens. So, demographic studies should take into consideration the 
factor microenvironment within their matrix data, since population growth 
can be sustained by the individuals in the more favorable microhabitats. 

Also, correlations between microhabitats and morphological and 
physiological features should be taken into consideration. Many CAM 
plants take up CO2 during the day according to the more water available 
and other environmental factors such as low nocturnal temperature and 
vapor pressure deficit. Because CO2 uptake via ribulose 1, 5-diphosphate 
carboxilase/oxygenase (Rubisco) is related with more discrimination 
against 13CO2 (compared to the more abundant 12CO2), the comparison 
between the rates in 13C/12C in plant material has become an important tool 
to measure the relative amount of diurnal CO2 uptake in CAM plants (Win-
ter and Smith 1996; Winter et al. 2005). However, when both isotopic ana-
lysis and nocturnal acid accumulation are measured, a good number of 
species with ‘weak’ CAM can be detected within the group of C3-type δ13C 
plants (Pierce et al. 2002a; Holtum et al. 2004; Silvera et al. 2005). Fur-
ther studies on these two groups of plants, strong and weak CAM species, 
in different microhabitats, are necessary to explore the relationships be-
tween microenvironments and CAM. One group of plants that would de-
serve more attention is the genus Clusia, which shows an interesting array 
of growth forms and physiological plasticity among its CAM species (Win-
ter and Smith 1996; Holtum et al. 2004; Winter et al. 2005; Lüttge 2006). 
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Introduction 
 
Seasonally dry tropical forests constitute environments that can have a 
shift in the dominant life forms during the year. These forests are defined 
as being frost free, having an annual rainfall of 250 to 2000 mm and sev-
eral months of drought (Mooney et al. 1995). Seasonal forests have a lower 
species diversity than moist forests, but a higher structural (plant habit) 
and physiological diversity (Medina 1995). The forest of Chamela, Mexico, 
represents one of the most diverse seasonally dry tropical forests (Lott 
1993) and is one of the most seasonal regarding precipitation (Bullock 
1986). During the 8 months of dry season at Chamela, the landscape ap-
pears dominated by families that exhibit Crassulacean acid metabolism 
(CAM), a metabolism that conserves water by performing gas exchange at 
night. Only a few C3 shrubs remain active, while more than 95 % of the 
trees shed their leaves (Bullock and Solís-Magallanes 1990; Martínez-
Yrízar and Sarukhán 1990).  

Out of the 950 plant species present at Chamela, 60 exhibit CAM pho-
tosynthesis. These perennials are found in four families: Agavaceae (four 
species), Bromeliaceae (26 species), Cactaceae (19 species) and Orquida-
ceae (11 species). At the driest upland site, the Bromeliaceae family is rep-
resented by three terrestrial and ten epiphytic species; the epiphytes all 
belonging to the Tillandsioideae sub-family (Reyes-García et al. 2008), the 
most drought resistant (Pittendrigh 1948). In this chapter we will explore 
strategies of the perennial plants in the family Bromeliaceae to survive and 
thrive during the prolonged drought by reviewing previous studies using 
stable isotopes and other ecophysiological tools. Even though the physiol-
ogy of these plants has been well documented and specific microclimatic 
requirements for different species have been described, few attempts have 
been made to develop a niche theory among coexisting species. This leaves 
the open question on whether the distribution of the species in the habitats 
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responds only to the history and dispersion of the species. Yet, because 
niche theory has been well developed in dry and seasonal desert communi-
ties, which can have great resemblance with the canopy microenvironment; 
we will compare those case studies and theories of water use strategies to 
those observed in the Bromeliaceae community of Chamela.  

 
The family Bromeliaceae 
 

The family Bromeliaceae constitutes a monophyletic group of mono-
cots with terrestrial and epiphytic species (Smith et al. 1986; Givnish et al. 
2004) distributed throughout tropical America (Smith and Downs 1974, 
1977, 1979). The genus Tillandsia is the most diverse of the family. It is 
represented by epiphytic species, most of which exhibit CAM (Smith et al. 
1986; Crayn et al. 2004). A distinctive character that has allowed this fam-
ily to successfully exploit the epiphytic habitat is the presence of complex 
trichomes (Pittendrigh 1948; Benzing 1976; Benzing et al. 1978; Adams 
and Martin 1986b; Nyman et al. 1987; Benz and Martin 2006). The charac-
teristics of the bromeliad trichome vary progressively from water repellent 
trichomes present in the terrestrial species Pitcairnia recurvata that still 
rely on roots for nutrition, to trichomes that absorb water and nutrients in 
epiphytes such as the species Tillandsia intermedia (Nyman et al. 1987; 
Pierce et al. 2001). These trichomes allow the epiphytes to take up nutri-
ents and water from precipitation and canopy leachates that can contain 
amino acids, phosphate and other nutrients (Benzing and Renfrow 1980).  

Pittendrigh (1948) classified the Bromeliaceae based on their strategy 
for resource acquisition dividing them into four categories: 
Type I Soil-Root: terrestrial species that take water and nutrients from the 

soil through the roots. 
Type II Tank-Root: species that have a small tank where some water and 

organic matter can accumulate. These species possess functional roots 
that invade the base of the tank. 

Type III Tank-Absorbing Trichome: epiphytic species with a well developed 
tank where water and organic matter is stored. The trichomes are the ab-
sorptive structures, substituting the roots. They are mainly localized at 
the base of the leaf. 

Type IV Atmosphere-Absorbing Trichome: epiphytic species with poorly 
developed tanks or lacking them. The absorptive trichomes cover the 
whole leaf. The roots are only used for attaching the plant to its host.  

In these categories there is a gradual detachment from the use of roots 
as absorptive structures to the use of trichomes, as well as from the use of 
the soil as a source of nutrients to the use of precipitation. In a more recent 
review, Benzing (2000) divides the type III-tank into 2 types, one pre-
dominantly C3, all belonging to the Bromelioideae, and a second group 
mostly CAM, belonging mainly to the Tillandsioideae sub-family. In the 
present chapter, we will use a simplified classification, and refer to the 
species as terrestrial , tank, or atmospheric. 
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Anatomy in the Bromeliaceae and the interaction 
with water and light 
 
Leaf structure 

The family Bromeliaceae has a vegetative form which has an overrep-
resentation of leaves as opposed to other structures. Leaves carry out many 
functions, particularly in epiphytes where they absorb water and nutrients. 
These leaves usually present xerophytic characters to maintain the water 
absorbed during precipitation events. Among these characters we can find: 
a thick cuticle, a mesophyll with a differentiated hypodermis and chloren-
chyma, a dense trichome cover and low stomatal size and densities 
(Benzing 1990, 2000; Nowak and Martin 1997). 

 The leaves have a distinct water storage tissue layer predominantly on 
the adaxial (upper) side, occupying a larger area in the family Bro-
melioideae (the terrestrial group used in this study). The abaxial (lower) 
side is dominated by the chlorenchyma that is distributed around air canals 
which run longitudinally in terrestrial and tank species in parallel with leaf 
veins (Benzing 2000). Water movement from water storage tissue to chlor-
enchyma, in bromeliads, as in other succulent species (Goldstein et al. 
1991; Tissue et al. 1991; Nowak and Martin 1997; Nobel 2006), allows pho-
tosynthetic performance to be maintained under low leaf relative water 
content.  
 
Trichomes 

 Trichomes have diverse functions. The most conspicuous being herbi-
vore defense, excretion of aromatic compounds, and light reflection (Lüttge 
et al. 1986; Willmer and Ficker 1996; Nowak and Martin 1997; Pérez-
Estrada et al. 2000; Gassmann and Hare 2005; Benz and Martin 2006). In 
epiphytic bromeliads, the trichomes have an important role in water up-
take, nutrition and light reflection. Lüttge et al. (1986) observed that the 
trichomes of some epiphytic bromeliads can reflect up to 46% of the light 
that reaches the leaf, constituting an effective mechanism for protection 
against photoinhibition in excessive light.  

Trichomes are usually found associated with stomata, possibly creating 
a favorable microenvironment. Nevertheless, this protection can also limit 
gas exchange when the leaf is wet and the trichomes promote the formation 
of a film of water on the surface that stops gas exchange (Benzing and 
Renfrow 1971; Lüttge et al. 1986; Martin 1994). Nutrient and water absorp-
tion is carried out by the trichomes. The external cells of the scale-like 
trichome are dead and respond by hygroscopic movements which oppress 
the trichome “wing” close to the surface of the leaf when it is wet, causing 
the water to move to the base cells by capillarity. The living cells at the base 
of the trichome lack a cuticle in the transversal cell wall and absorb water 
and nutrients.  
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Rooting in bromeliads 
 
 Epiphytic bromeliads use roots that are presumed to serve only as 
holdfasts and lack root hairs (Benzing 2000). Bromeliads have particularly 
tough roots that usually have a thick walled epidermis and are suberized. 
This is important in terrestrial species because most of them inhabit hostile 
environments in which soil can reach high temperatures and damage fine 
roots (Wan et al. 1994). It is possible that terrestrial bromeliads develop 
“rain roots” which develop following short pulses of rain events, before the 
main growing season, as has been described for agaves, cacti, and desert 
shrubs, but this has not been reported to date (Benzing 2000; Nobel 2003; 
Schwinning and Sala 2004). The development of these fine, fast growing 
roots allows desert plants to exploit pulse precipitation events effectively.  
 
Crassulacean acid metabolism  
as a water saving mechanism 
 
 The CAM pathway involves carbon intake during the night, when vapor 
pressure deficit is low and less water is lost by transpiration. The CO2 taken 
up is incorporated into malic acid by the enzymes phosphoenolpyruvate 
carboxylase (PEPc) and malate dehydrogenase and stored in the vacuole. 
Throughout most of the day, the stomata remain closed, diminishing water 
loss, and the malate is decarboxylated and assimilated by ribulose biphos-
phate carboxylase (Rubisco). The pathway is common in xerophytic plants 
due to its water-saving properties, but also effectively diminishes photo-
respiration by concentrating the CO2 inside photosynthetic cells, improving 
the affinity of Rubisco to this substrate.  

The diel cycle of the metabolic pathway is divided into four defined 
phases (Osmond 1978). Phase one takes place during the night and consists 
in the assimilation of atmospheric or respiratory CO2 in oxaloacetate by 
PEPc. This compound is immediately reduced to malate, which is stored in 
the vacuole. In phase II, at dawn, both PEPc and Rubisco are active, and 
there is a peak in gas exchange, before the stomata close. Phase III occurs 
during the day, when the stomata are usually closed and there is decar-
boxylation of the malic acid and the released CO2 is fixed by Rubisco. Phase 
IV marks the transition between the deactivation of Rubisco, when most of 
the malic acid has been degraded and the activation of PEPc, coupled to the 
opening of the stomata (Griffiths et al. 1990; Cushman and Bohnert 1999). 
In the family Bromeliaceae 40% of the species exhibit some level of CAM 
activity that has evolved independently within the family several times 
(Crayn et al. 2004). The high incidence of CAM in terrestrial bromeliads is 
associated to hostile substrates like sand and rocky surfaces (Benzing 
2000).  
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High humidity and its role in the survival  
of perennials in a seasonally dry forest 
 
The effect of transpiration on leaf water enrichment in δ18O 
 

Ecophysiological studies involving stable isotopes as a tool have al-
lowed the visualization of physiological processes that were difficult to 
measure previously (Reyes-García and Andrade 2007). Stable isotopes are 
atoms which have the same number of protons but a different number of 
neutrons and are not radioactive. The different isotopes of an element are 
found in characteristic proportions in nature, with the heavy isotope gen-
erally representing only about 1% of the total abundance. The proportions 
of the heavy to light isotopes can vary in different biotic and abiotic sys-
tems because the heavy isotopes react and diffuse more slowly and form 
stronger bonds than the lighter isotopes. Isotope fractionation then occurs 
during physical, chemical, and biological processes that the element un-
dergoes in its natural cycle. This phenomenon has been used to study the 
interaction of plants with the environment because it is possible to relate 
the proportion of an isotope present in plant tissue with the source of the 
element (air or water) and the physiological processes it has been through 
(Santiago et al. 2005).  
 To determine the isotopic composition of a sample, a mass spectrome-
ter is used to compare the signature of the sample to that of a standard that 
is arbitrarily given the value of zero. The isotopic signature is by convention 
expressed in a “delta” notation as follows: 
 

δ18O = [(Rsample/Rstandard) – 1] × 1000     Eq. (5.1) 
 

With R being the molar isotope ratio of 18O/16O. The standard used for 
determining 18O values is the Standard Mean Ocean Water (SMOW). The 
resulting δ values are then positive when enriched in the heavy isotope, and 
negative when depleted with respect to ocean water. 

The Craig-Gordon model describes the effect of temperature and 
humidity on the enrichment in δ18O of an evaporating lake (Craig and 
Gordon 1965). Similar to a lake, instantaneous leaf water enrichment takes 
place when water evaporates from the stomatal cavity favoring the lighter 
isotopes and leaving behind leaf water enriched in the heavier δ18O isotope. 
Under constant temperature and humidity, enrichment continues until an 
isotopic steady state (ISS) is reached and the transpired δ18O signal is equal 
to the leaf input water. The Craig-Gordon model has been modified by 
Flanagan et al.  (1991b) to describe leaf water enrichment in δ18O as tran-
spiration occurs: 
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This enrichment involves two fractionation factors, the equilibrium and 

the kinetic factors. The equilibrium factor (α*) is temperature dependant 
and is the result of isotopic fractionation in the phase change of liquid wa-
ter to vapor. It is expressed as α*= RL/RV and has a value of 1.009 at 25 ºC 
(Majoube 1971). RL being the ratio of 18O/16O for leaf water and Rv the same 
ratio for vapor. The kinetic factor is a result of the different diffusivities of 
the heavy and light molecules, and is defined as the ratio of the conduc-
tances of the isotopes. It is expressed: αk=g/g18, g being conductance and 
g18 the conductance of the small 18O fraction. αk has a value of 1.028 (Mer-
livat 1978), modified for boundary layer conductance giving the value 1.032 
(Farquhar et al. 1989). The subscripts s and a correspond to source water 
and atmospheric water ratios; wa/wi is the ratio of ambient to leaf intercel-
lular vapor mole fraction. Using Eq. 5.2, we can predict interactions be-
tween microclimatic conditions and the transpiring plant. 
 
Oxygen isotopic signatures across the leaf 
 
 Many times in nature, the theoretical steady state of leaf water is never 
reached (Yakir et al. 1994). This could be due to changing environmental 
conditions, but also to intrinsic characteristics of the leaf. Leaf veins, which 
contain non-fractionated water coming from the roots, are constantly dilut-
ing the fractionated water generated at substomatal cavities (Farquhar and 
Lloyd 1993; Farquhar and Gan 2003). Based on this model, there are gra-
dients of enrichment within the leaf from the cells that surround the sto-
mata (highly enriched) to those that are localized near the main veins (non 
fractionated), creating a string of pools with intermediate δ18O values. The 
phenomenon by which the enriched water at the sub-stomatal cavity back-
diffuses towards the depleted vein is referred to as the Péclet effect.  

Most studies concerning the leaf water δ18O signal have been de-
veloped in Dicotyledonous plants. These studies have found no fractiona-
tion differences between C3 and C4 plants (Flanagan et al. 1991a). Helliker 
and Ehleringer (2000) found a different fractionation pattern for Mono-
cotyledonous grasses. In these plants, the signal becomes progressively 
enriched from the proximal to the distal part of the leaf (Helliker and 
Ehleringer 2000, 2002; Barnes et al. 2004; Ogee et al. 2007). This is a 
result of the water in the parallel veins of the long grass leaves becoming 
progressively enriched by the back diffusion of leaf water from substomatal 
cavities, previously fractionated by transpiration. Towards the distal areas 
of the leaf, the water in the vein is more enriched, and the overall δ18O sig-
nal of the leaf water is higher, differences within one leaf can be as high as 
60‰ under low humidity (Helliker and Ehleringer 2000, 2002).  
 
High humidity and survival of perennial bromeliads 
 

The influence of atmospheric water vapor on the leaf water δ18O has 
recently been investigated (Cernusak et al. 2005; Seibt et al. 2006; Helliker 
and Griffiths 2007), and allows the visualization of the large quantities of 
water being exchanged between the plant and atmosphere, that were not  
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previously evident when measuring net water fluxes. When the pineapple 
(Ananas comosus), a terrestrial CAM bromeliad, was manipulated in the 
greenhouse by changing the night-time relative humidity (75 and 100%) 
and irrigation (well watered and droughted), changes in the level of en-
richment along the leaf were evident (Fig. 5.1a). A progressive enrichment 
from leaf base to tip occurred under well watered conditions with 75% rela-
tive humidity, although it was much lower than that observed on C3 grasses 
(Helliker and Ehleringer 2000). After a 3 month drought, when stomata 
would be closed or under saturating night-time relative humidity, no pro-
gressive enrichment was observed in the bromeliad (Fig. 5.1a). Since no 
water absorbing trichomes are present in the leaves of terrestrial bromeli-
ads (Pittendrigh 1948; Benzing 2000; Pierce et al. 2001), and no trichomes 
can be observed in the mid and tip leaf sections (Table 5.1), the lack of en-
richment along the leaf cannot be explained by local water absorption, but 
by gas exchange at the abundant stomata present at the leaf-tip.   

Terrestrial bromeliads that inhabit the dry forest of Chamela experi-
ence 8-month-long droughts, when relative humidity at midday can go 
down to 30% in the dry season, when no canopy cover is present (Reyes-
García 2005). Yet, night-time humidity, when gas exchange is performed, 
is usually not below 75% and often at saturation, as dew and fog events are 
common (Barradas and Glez-Medellín 1999). Bromelia karatas, a terres-
trial CAM species, had no progressive enrichment in leaf water δ18O along 
the leaf when measured in Chamela during wet, dry or an intermediate dry 
season with frequent fog and dew events (Fig. 5.1b). This lack of progres-
sive enrichment along the more than 1 m leaves of B. karatas can be ex-
plained by the constant high humidity during gas exchange and the influ-
ence of atmospheric vapor δ18O in its signal. Further evidence on the con-
stant high humidity conditions at the seasonally dry forest of Chamela, 
when B. karatas performs gas exchange, is the lack of night-time enrich-
ment in leaf water δ18O when monitored at night vs. midday in the wet and 
dry seasons (Fig. 5.2). The exchange of water vapor through the stomata 
does not result in net water gain for the species, but the lack of enrichment 
along the leaf throughout the seasons evidences a constant high humidity 
that can be essential for the species to survive the prolonged drought, as it 
diminishes water loss by transpiration.  

Schwinning and Ehleringer (2001) used a computer model to predict 
the performance of desert plants with contrasting traits. When a plant with 
a succulent stem was compared to one with a woody stem, the first one was 
found to conserve a higher capacitance throughout the dry period and 
maintain leaf conductance. On the other hand, the woody plant would 
quickly show very negative water potential followed by stomata closure. 
Nevertheless, as the drought progresses, more water would be conserved in 
the woody plant as compared to the succulent plant, in which the mainte-
nance of leaf conductance would result in a loss of 90% of its water in 37 
days. This is avoided by succulents through stomata closure under desic-
cating conditions. Succulent perennials at Chamela, can maintain gas ex-
change for longer periods throughout the year due to the low night-time 
vapor pressure deficits that allows water to be conserved. 
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Figure 5.1. Bulk leaf water δ18O in the leaf sections of two terrestrial bromeliads 
and relative humidities under greenhouse and field conditions. δ18O of A. comosus 
under greenhouse conditions, a); B. karatas under field conditions, b); and corre-
sponding relative humidities c) and d), respectively. Greenhouse conditions were 
manipulated to simulate seasonal changes in Chamela. Significant changes between 
the leaf sections leaf water δ18O were observed under control conditions and under 
dew conditions in the field that represents the first three months of drought when 
dew formation is common. (Reyes-García and Griffiths unpublished data). 
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The epiphytic habitat as a semi-arid environment:  
Alternative sources of water 
 
 The epiphytic habitat constitutes a semi-arid microclimate in which 
the lack of water-retaining soil restricts water availability to pulse events 
from precipitation (Richards 1996; Andrade and Nobel 1997). This inher-
ent characteristic of the habitat makes water the strongest limiting factor 
for epiphytic growth in vascular plants (Laube and Zotz 2003) even in 
moist, evergreen forests where rain events are frequent. The different fami-
lies that have epiphytic representatives show many diverse ways to obtain 
and store water for survival in the canopy (i.e., tanks and water absorbing 
trichomes in the Bromeliaceae; the velamen and pseudobulbs in the Orchi-
daceae; Benzing 1990). Moreover, a higher diversity of epiphytes is found 
in wetter habitats that exhibit frequent dew or fog events, which can main-
tain water potentials high between rain events (Sudgen and Robins 1979; 
Wolf and Flamenco 2003; Kreft et al. 2004; Kuper et al. 2004). 
The semi-arid conditions of the epiphytic habitat allow the comparison 
between the strategies displayed in epiphytes and desert plants, especially 
in forests with discontinuous water supply like the dry deciduous forest of 
Chamela, in which the present study took place. In arid and semi-arid envi-
ronments, the use of small pulse rain events and alternative water sources 
like dew can be decisive to survival in between heavier seasonal rains 
(Goldberg and Novoplansky 1997; Martorell and Ezcurra 2002; Schwin-
ning et al. 2003; Chesson et al. 2004; Schwinning and Sala, 2004; Sher et 
al. 2004; also see Chapters 4 and 13). Martorell and Ezcurra (2002) found 
a significant shift towards a dominant rosette morphology at an altitude 
 
 
 

Table 5.1. Trichome and stomata density for the terrestrial bromeliad B. 
karatas. Imprints from 3 leaves were taken at Chamela. Density was counted 
using an optical microscope under 10× magnification. Statistical differences 
were found in trichome density between base and other leaf section in the 
abaxial leaf portion and in stomata density among all leaf sections (p<0.05; 
Reyes-García and Griffiths unpublished data).  

Leaf section Trichome density (mm–2)      Stomatal density 

 Abaxial Adaxial (mm–2) 

Base 32 ± 25 6 ± 4 57 ± 3 

Middle 0 ± 0 12 ± 2 31 ± 5 

Tip 0 ± 0 8 ± 5 83 ± 11 
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where cloud formation was frequent. The authors found that the rosette 
was efficient in funnelling the water to the roots, and hypothesised that the 
cloud water contributes between 10-100% of the annual water budget of 
the plant, and thus the advantage of obtaining this additional water source 
can favor the survival of rosette plants. A reverse direction in xylem sap 
results from water from fog carried back towards the roots in Californian 
Redwoods (Dawson 1998; Burgess and Dawson 2004). In Mediterranean 
habitats, dew contributes to the rehydration of shrubs under water stress in 
the dry season (Munne-Bosch et al. 1999). And in the dry forest of 
Chamela, dew allows the survival of a bush with inverse phenology that 
would otherwise dehydrate during the dry season (Barradas and Glez-
Medellín 1999).  

General strategies found in species from different xerophytic habitats 
are expected to be present in dry forest epiphytes. A common classification 
for drought resisting strategies described by Levitt (1980) are the drought 
avoiding and drought tolerating strategies (see Chapter 7). Drought avoid-
ance implies that the plant is never under water stress, maintaining a high 
water content, even when under stressful environmental conditions. 
Drought avoidance can be achieved through saving water by closing sto-
mata, having water storing tissue, diminished leaf area, thicker cuticle and 
CAM metabolism. On the other hand, drought tolerance involves highly 
developed dehydration avoidance and dehydration tolerance. Examples of 
this is the ability to open stomata at low water potentials due to differential 
water content in guard cells, uncoupling photosynthesis from transpiration 
and having low transpiration rates (i.e., by maximizing boundary layers). A 
continuum of drought avoidance and tolerance strategies are expected to 
be represented in coexisting xerophytic species.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2.  Diel changes in bulk leaf water δ18O in B. karatas during a) the wet 
and b) dry seasons. Three leaves were sampled at 13:00 and 24:00 h in Chamela, 
Mexico. No significant changes were found during the day; higher values were ob-
served during the dry season compared to the wet season. (Reyes-García and Grif-
fiths unpublished data). 
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Characterization of a community of bromeliad  
epiphytes in a seasonally dry forest 
 

Most studies regarding the distribution of epiphytic communities have 
been performed in moist forests. Under these conditions, all studies find 
that rough bark promotes high abundance of epiphytic bromeliads in a tree 
because the wind-dispersed plumed seeds are easily anchored in its bark 
and also because this bark texture tends to retain water (Hietz and 
Hietzseifert 1995; Hietz 1997; Wolf and Könings 2001; Winkler et al. 
2005), allowing the survival of the bromeliads in the most vulnerable part 
of their lifecycle (Castro-Hernández et al. 1999). In the dry forest of 
Chamela, Reyes-García et al. (2008) found that nearly 40% of the brome-
liad epiphytes are distributed on only 5% of the trees. When analyzing tree 
height, canopy cover, bark texture and leaf type, the strongest factor limit-
ing distribution was the presence of compound leaves in the host tree, 
which probably allow more scattered light to penetrate by leaf fluttering 
and heliotropic leaf movements. Without this appropriate light environ-
ment, the epiphytes would have a lower productivity during the favorable 
rainy season and lower allocation to reserves and leaf production, which 
could decrease survival rates in the dry season (Goldberg and Novoplansky 
1997).   
Different authors have found epiphytic species to distribute in a non-
random way among host trees and relate this uncertainty to the yet un-
known biology of most species (Flores-Palacios and García-Franco 2006; 
Laube and Zotz 2006). Species distribution within the trees with high 
abundance of epiphytes at Chamela is shown in Table 5.2. This distribution 
was also found to be non-random when a chi-test was performed relating 
abundance within the tree to total number of individuals counted within 
the community. No particular association of species was evident, but it was 
noted that Tillandsia usneoides, a species with a wide environmental range 
and probably the most shade tolerant species of the community, was dis-
tributed on trees with single leaves. 
 
Responses of xerophytic plants to pulse precipitation 
 
 In the semi-arid habitats the discontinuous and unpredictable water 
supply favors plant traits that optimize use of small scattered rain events 
that can constitute a high source of water on an annual basis (Goldberg and 
Novoplansky 1997; Chesson et al. 2004; Schwinning and Sala 2004). Due 
to the importance of these scattered rain events, the pulse-reserve para-
digm as proposed by Noy-Meir (1974) and revised by Reynolds et al. 
(2004) has been one of the most cited paradigms in arid and semi-arid 
studies.  
The model modified by Reynolds et al. (2004) describes how a pulse of 
precipitation can increase soil water content and trigger differential re-
sponses on distinct plant functional types, that eventually allocate water to 
reserves (being seeds, roots, stems, etc.). In this model the author stresses 
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that some pulse events can trigger higher responses (i.e., activation of car-
bon uptake, new root production) than others due to the effect on soil wa-
ter content. 

The plant functional type is a key determinant of the response to a 
pulse event as, in dry ecosystems, the segregation of roots in the soil profile 
determines whether small rain events can be absorbed through shallow 
roots or larger events are needed for deep roots (i.e., Goldberg and No-
voplansky 1997; Schwinning and Ehleringer 2001; Reynolds et al. 2004; 
Schwinning et al. 2004). The segregation of roots in the soil profile, con-
comitant to other genetically based strategies on water use have been de-
scribed as an axis of niche differentiation. In this axis only species with 
different functional types (being root dept, drought tolerance, etc.) can 
coexist without competing and driving each other to extinction, as de-
scribed in the Lotka-Volterra model (Goldberg and Novoplansky 1997; 
Reynolds et al. 2004; Silvertown 2004).  

Schwinning and Sala (2004) developed a model to explain the differen-
tial responses to pulse rain events observed in different functional types. In 
a study performed using several desert grasses and shrubs representative 
of a variety of functional types, the C4 grass was seen to have a quicker re-
sponse than the other types, resuming gas exchange, with a lag of 3 days, 
after 9 mm of rain were applied (Schwinning et al. 2003). Other species 
  
 

Table 5.2. Frequency table of the epiphytic bromeliads (genus Tillandsia) 
found in the dry forest of Chamela, Mexico. Total numbers of individuals 
in the 60 trees sampled as well as the distribution within the nine most 
populated trees are shown. The chi-test shows a distribution different from 
the expected, given by the total frequency of the species in the whole com-
munity (P≤0.01; Reyes-García and Griffiths unpublished data). 

   
Tree Number Species 
1 2 3 4 5 6 7 8 9 

TOTAL 
60 trees 

Tillandsia 
makoyana 

3 0 2 10 7 1 6 1 19 
64 

T. eistetteri 0 2 4 1 1 3 4 2 17 42 
T. pseudobai-
leyi 

3 2 0 0 0 8 1 7 3 
31 

T. intermedia 2 1 0 1 1 0 4 5 0 21 
T. recurvata 0 0 6 0 5 2 1 1 5 20 
T. usneoides 0 1 0 0 0 0 0 1 0 20 
T. ionantha 0 0 0 0 0 0 2 6 2 16 
T. rothii 0 0 0 0 0 0 4 1 2 8 
T. schiedeana 1 0 0 0 0 0 0 0 0 2 
T. caput-
medusae 

0 0 0 0 0 0 0 0 0 
2 

Juvenile 2 4 0 2 4 4 0 11 0 30 
TOTAL 9 10 12 14 18 18 22 35 48 256 
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needed much more water to show a response. In the model, the species that 
respond quickly increasing carbon uptake are called “optimists” and they 
gain carbon if the pulse is abundant enough to maintain carbon uptake for 
a substantial period of time (Fig. 5.3). If the pulse event is small, an opti-
mist might lose carbon invested in photosynthetic enzymes or root produc-
tion that had been activated “expecting” a longer period of rain. A contrary 
response is the “pessimist,” which has a higher threshold of response to 
pulse events, and does not reactivate metabolic processes that involve car-
bon investment following small rain events. The pessimist misses the op-
portunity for higher carbon gain if the pulse turns out to be long.  

The lag time between the rain event and the response can be a result of 
the optimist-pessimist strategy, the efficiency of the plant (i.e., in water 
use), and of the investment it has to make to up-regulate metabolism. The 
higher the responses to rain, in terms of carbon investment, the longer the 
lag time for a response (Fig. 5.3). If the plant’s response is to reactivate 
carbon uptake, carbon first will have to be invested in synthesizing new 
enzymes or repairing damaged photosystems, during which there will be 
no positive carbon gain. If the investment involves root production in order 
to take up the available water, then the lag time before positive carbon gain 
is obtained will be longer. 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 5.3. Graphical representation of pulse precipitation responses of desert 
plants. The abscissa represents pulse duration, from a single small rainfall event to 
large event clusters. The ordinate represents carbon gain derived from use of pulse 
water or carbon spent in preparation for the use of the pulse. The solid line repre-
sents the ideal response. The alternative lines represent plants adapted to different 
precipitation patterns. Pessimists invest little or no carbon to respond to pulses. 
Optimists make larger carbon investments and have higher carbon gain in long 
pulses, but loose carbon in short pulses. (Modified from Schwinning and Sala 
2004). 
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Water use and pulse precipitation response  
thresholds in the Bromeliaceae of Chamela 
 
 Grime (2001) describes that diversity in the strategies used to take up 
the limiting resource are characteristic of an environment with a spatial 
and/or temporal variation in this resource. Rainfall in Chamela is concen-
trated during five months, from mid-June to mid-October, and occasional 
rains occur outside these months, with some storms present from January 
to March (Fig. 5.4). During the first months of the prolonged dry season, 
there is a high frequency of dew and fog events (Barradas and Glez-
Medellín 1999), as well as small pulse events of precipitation generally 
lower than 1 mm that are not recorded by the local weather station. Thus, 
water in Chamela is a limiting factor for growth and survival, being highly 
seasonal and available in different forms, especially for an epiphyte, which 
has no access to soil water. The high diversity of water use strategies pre-
sent in the epiphytic bromeliads in this forest supports Grime’s theory. 
This diversity is comparable to that found in the functional types of other 
semi-arid and arid environments that rely extensively on pulse events 
(Chesson et al. 2004). 

Under variable water availability, recovery from drought and metabolic 
responses to pulse precipitation events (optimist vs. pessimist strategies) 
are important determinants of niche differentiation. We observed differen-
tial responses after three short rain events (each < 1 mm) that occurred 
following three months without recorded precipitation for five coexisting 
epiphytic bromeliads of the genus Tillandsia from the forest of Chamela 
(Fig. 5.5). After the pulse precipitation events, Tillandsia pseudobaileyi 
had a significant increase in specific leaf weight (SLW; P ≤ 0.05, effect of 
day on SLW, one way ANOVA), indicative of rehydration for this period of 
6 days when no possible leaf growth occurred. Rehydration on this species 
is concomitant with the higher trichome density it exhibits in comparison 
to the coexisting species (Table 5.3, P ≤ 0.01, species effect in a 3 way 
ANOVA combining species, leaf section and exposure in the canopy, Tukey 
Tests were used to assess differences among the species), which showed 
only non-significant increases in SLW. Conversely, only Tillandsia ei-
stetteri increased carbon uptake by showing a boost in dawn to dusk titrat-
able acidity (P ≤ 0.05, effect of day on acidity, one way ANOVA).  This evi-
dences different thresholds of response to pulse events, being T. eistetteri 
the optimist of the group, by reassuming gas exchange under very small 
changes in water content. All other species showed a more pessimist strat-
egy, even though T. pseudobaileyi proved to be very effective at rapidly 
increasing its water content. The smallest change in SLW is observed in 
Tillandsia ionantha, a species with the lowest trichome cover of the at-
mospheric species, which lack a water storing tank.  
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Figure 5.4. Average monthly rainfall in the seasonally dry tropical forest of 
Chamela, Mexico (1999-2003). Data provided by the meteorological station of 
Chamela.  

 

Table 5.3. Trichome cover in 6 epiphytic bromeliads (genus Til-
landsia) of Chamela under contrasting light environments. Field 
leaf imprints were taken from exposed and shaded bromeliads 
(n=3) and trichome density was measured using an optical micro-
scope under 10x magnification. T. makoyana and T. pseudobaileyi 
showed higher trichome density under exposed conditions, T. 
schiedeana showed the inverse pattern and other species showed 
no differences. Means and standard errors are shown. (Modified 
from Reyes-García et al. 2008). 

 

Species Exposed Shaded 

 abaxial adaxial abaxial adaxial 

T. makoyana 37 ± 5 25 ± 2 27 ± 2 19 ± 3 

T. eistetteri 49 ± 5 54 ± 5 44 ± 5 57 ± 5 

T. pseudobaileyi 55 ± 4 95 ± 6 50 ± 5 66 ± 10 

T. ionantha 12 ± 2 37 ± 7 11 ± 2 32 ± 3 

T. rothii 66 ± 4 77 ± 8 55 ± 6 55 ± 7 

T. schiedeana 36 ± 3 33 ± 5 54 ± 3 43 ± 4 
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Figure 5.5. Increase in ΔH+ and in the specific leaf weight (fresh weight to area 
ratio, SWL) of five epiphytes at Chamela. Data was taken in 6 consecutive days on 
January 2002 after a series of trace rain events (> 1 mm), following a prolonged 90 
day drought. Rain events are marked by arrows. (Reyes-García and Griffiths un-
published data). 
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Figure 5.6. Non-photochemical quenching (NPQ) in terrestrial, upper and lower 
canopy bromeliad species from Chamela. The control, drought, fog, and rewatering 
treatments performed in the greenhouse in Cambridge. The upper canopy epi-
phytes are T. makoyana, T. rothii and T. eistetteri, the lower canopy epiphytes are 
T. ionantha and T. intermedia, and the terrestrial species A. cosmosus. There are 
significant increases in slow relaxing NPQ in lower canopy epiphytes and the terres-
trial during drought (P ≤ 0.01), sun epiphytes have lower values of total and slow 
relaxing NPQ compared to the other epiphytes and terrestrial (P ≤ 0.01).  (Reyes-
García and Griffiths unpublished data). 

 
 
Additional laboratory-based studies, that simulated the response to 

dew and fog events after a prolonged drought, evidenced that before an 
increase in carbon gain can be appreciated, the epiphytes show other 
metabolic responses to very small water availability (Reyes-García 2005). 
In this experiment, five epiphytic bromeliad species (three from the upper 
canopy, and two from the lower canopy) and one terrestrial bromeliad were 
droughted (down to 30% relative water content) and then either rewatered 
or put in a chamber with a humidifier that simulated fog formation during 
4 hours around dawn (Fig. 5.6). When non-photochemical quenching 
(NPQ) was measured, the droughted lower canopy and terrestrial species 
exhibited an increase in the slow relaxing component of NPQ, which indi-
cates photoinhibition. After 15 days in the fogging chamber, with no other 
water available, significant decrease in slow relaxing NPQ was observed for 
these species, values being similar to those measured under control (well 
watered) conditions.      

Field and experimental data suggest that the epiphytic bromeliads of 
Chamela have differential responses to pulse events, but also, that the spe-
cies have great efficiency at using this type of precipitation, by showing 
only a one-day lag time after two trace rain events (T. eistetteri), and meta-
bolic repairs to a damaged photosystem after several days of fog/dew for-
mation. Hence, these epiphytic bromeliads seem more effective at using  
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pulse precipitation than previously measured desert plants. In these spe-
cies with perennial leaves that are responsible for water uptake, no imme-
diate leaf or root production is needed to take advantage of a pulse event. 
Furthermore, the species in the top canopy showed great capacity for pho-
toprotection, which means less investment in repairing mechanisms when 
water is available, and a smaller lag time before a response to the pulse. A 
slower rehydration time is documented for tank species compared to at-
mospheric species (Benzing and Burt 1970; Benzing 2000), which probably 
results in longer response times or a pessimist strategy. 

By comparing the responses of the epiphytes to models developed for 
desert species, we can appreciate their high dependence on pulsed rain or 
dew events that occur during the dry season. Goldberg and Novoplansky 
(1997) called this season the interpulse, and the favorable season the pulse. 
They argue that semi-arid species are fine tuned to these events when sur-
vival during the interpulse depends on the effective use of such isolated 
water events. It is likely that this is the case in the epiphytes of the dry for-
est of Chamela, but the roles of these events remain unclear for the terres-
trial species. In the case of B. karatas, a study of the seasonal changes in 
the root system and an analysis of how many interpulse rain events are 
large enough to infiltrate the soil and activate root uptake would be neces-
sary to define the relevance of these events (Reynolds et al. 2004).  
 
Niche differentiation in the epiphytic  
species of Chamela 
 
 In response to root competition for water accumulated in soil, plant 
life-forms in semi-arid and arid environments appear to specialize by using 
specific soil layers at certain times of the year (Walter and Stadelmann 
1974; Cody 1986; Smith and Nobel 1986; Ehleringer et al. 1991; Flanagan 
et al. 1992; Lin et al. 1996; Schwinning et al. 2003; Chesson et al. 2004). 
This diversification is observed in different locations with unrelated genera 
(Soriano and Sala 1983; Sala et al. 1989; Paruelo et al. 1998). Due to the 
limited canopy space suitable for epiphyte colonization in the seasonal dry 
forest of Chamela, a similar pattern of specialization in water absorption is 
evident among the coexisting species.  

In addition to the seasonality, rainfall at Chamela is comprised by a 
high frequency of very small rain events and a few large rain events (Fig. 
5.7). When analyzing the pattern of daily rains from 2000 to 2003, it is 
noted that even in the wet months of July through October, more than 50% 
of the days had no rain event, and of the days with rains, more than 60% 
were events that measured less than 10 mm, showing that rain interception 
could be an important limiting factor, even in the wet months.  

This would enhance the relevance of a balanced distribution of the spe-
cies in the canopy and a niche differentiation related to water interception. 
During heavy rains, water quickly saturates the capacity of the tanks and 
the remaining water runs off and can be intercepted by species in the lower 
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canopy. But on smaller rain events, a tank species could block a substantial 
amount of rain from species growing below. 

In Table 5.4 and Fig. 5.8 a synthesis of the water-use strategies exhib-
ited by the epiphytic bromeliads at Chamela is shown (Reyes-García 2005). 
As has been observed previously in other sites, the species can have a dif-
ferential distribution based on branch size (Hietz and Hietzseifert 1995; 
Kernan and Fowler 1995; Hietz 1997; Hietz et al. 2002; Merwin et al. 
2003). Based on photographic record, as well as field and greenhouse ob-
servations on distribution and physiological traits, differential use of tree 
branches in species related to their water and light-use strategies are de-
scribed. 
 The species segregate forming guilds according to competition pres-
sure for a suitable space for: light interception during the wet season, wa-
ter interception irrespective of the magnitude of the event, anchorage 
place for plumed seeds, high humidity, moderate radiation in dry season, 
branch with mechanical strength for growth. 
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Figure 5.7. Abundance of precipitation with-in size classes per month at Chamela. 
Percentage of daily precipitation in size classes are presented using data from 
2000-2003 provided by the meteorological station at Chamela. Months with no 
bars had no precipitation events during these years. Most months had more than 
50% of the rain events in the size class of 1-9 mm per day, large rain events (20+ 
mm per day) represented about 20% of monthly rain. 
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This results in a segregation of species that anchor on different branch 
sizes and heights along the canopy and experience multiple microenvi-
ronmental conditions. This way, the community consists of epiphytes that 
have five different ways of intercepting water and light: 1. Upper canopy-
atmospheric (Tillandsia eistetteri); 2. Upper canopy-shallow tank (T. 
rothii); 3. Upper canopy-deep-tank, (Tillandsia makoyana); 4. Lower 
canopy-main trunk-atmospherics (T. ionantha, T. pseudobaileyi); 5. 
Lower canopy-hanging-atmospherics (Tillandsia intermedia, Tillandsia 
usneoides). 

 The distribution within the vertical canopy profile, with the species at 
the bottom being of a smaller size; and those higher up being large tank 
species segregating along different branch types (primary, secondary), 
suggest that water interception could be a limitation. In this respect, we 
can observe that the lower canopy species tend to use alternative sources of 
water by utilizing the stemflow that leaks along the main trunks and 
branches and can constitute a high proportion of the water that reaches the 
ground, even during only dew events (Clark et al. 1998).  

Two species hang in a vine-like fashion, T. intermedia and T. us-
neoides, abundant trichomes suggest rapid rehydration. The species T. 
usneoides, was the only species that was found to be more abundant in 
trees with simple leaves (Reyes-García et al. 2008). This is probably the 
most shade tolerant species of this community, given its distribution range 
(Martin et al. 1985; Martin et al. 1986; Haslam et al. 2003) and can effec-
tively use the small amount of light that reaches the understory of a tree 
that would be unsuitable for other epiphytes. Both species lack the photo-
protective strategies of the species from the upper canopy and benefit from 
drops of rainfall that fall from the leaves after a rain event.  
 A temporal niche differentiation is observed in these species as well as 
spatial. The tank species can tolerate less drought and become dormant 
after prolonged periods without rain (Adams and Martin 1986a; Zotz and 
Andrade 1998; Reyes-García 2005). Yet, these species also experience a 
prolonged productive season due to the water stored in the tank that can 
last a few weeks after the rain is gone, when the atmospheric species are 
already loosing water. A similar phenomenon could be true for the terres-
trial species that can access soil water for a period after precipitation has 
stopped. Conversely, the atmospherics experience drought almost in-
stantly, a few days after the heavy seasonal rains stop, but can maintain 
their metabolism under these conditions.  
 
Implications of climate change  
on the Bromeliad community 
 

There is evidence to suggest that plants coexisting in an environment 
where water is limiting have fine-tuned adaptations to exploit precipitation 
events (Schwinning et al. 2003, 2004; Reynolds et al. 2004; Schwinning 
and Sala 2004; Sher et al. 2004). Thus, a change in the pre- 
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cipitation abundance and distribution could affect these communities. One  
possible effect is that a shift from scattered pulse events to a higher fre-
quency of heavier rains, as has been predicted in some models for tropical 
America (Easterling et al. 2000; Groisman et al. 2004, 2005), will allow 
faster growing plants, less adapted to drought, to invade and dominate 
these environments, causing a long term change in species composition 
(Sala and Lauenroth 1982; Schwinning et al. 2003; Sher et al. 2004). A 
second prediction derives from a population study performed on the epi-
phyte Tillandsia brachycaulus during a 3 year period (Mondragón et al. 
2004). In this study, it was observed that the population growth index, 
which indicates whether the number of individuals in a population is grow-
ing (>1), stable (1), or decreasing (<1), was only above 1 in the wettest year, 
suggesting that the species would eventually become extinct if the dry years 
are more frequent than the wet years. A prediction that higher frequency of 
dry years over wet years is expected in the dry forests in Mexico (Villeres-
Ruiz and Trejo-Vázquez 1997), suggesting the fragile ecological balance of 
these populations. 

 
 
 
 

 
 
Figure 5.8. Distribution of the epiphytic species of Chamela among the strata and 
branches. The amount of rain intercepted is signaled by the decrease in the size of 
the arrow. 
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Conclusions and future prospects 
 
 Perennials inhabiting a seasonally dry tropical forest are subject to 
many changes in resource availability throughout the year. Strategies for 
survival during prolonged drought were analyzed in this chapter, and com-
pared to strategies previously described for desert plants using the brome-
liad community in the forest of Chamela, Mexico as a case study. The great 
diversity of life forms within the Bromeliaceae, from terrestrial representa-
tives, to those with water impounding tanks and the atmospherics are rep-
resented at Chamela, and a variety of niches are occupied by them. High 
humidity during nocturnal gas exchange in these CAM plants helps main-
tain water content high for longer throughout the dry period. Frequent fog 
and dew formation that condenses on the leaves could also be an important 
source of water, as it is constant, and can be collected by the tanks. Pulse 
precipitation is also a frequent source of water and most species showed a 
high capacity to activate photosynthesis or other metabolic activity after 
receiving small quantities of water. There was a stratification of epiphytic 
species within the canopy that could be related to water use strategies. This 
community, because it is fine tuned to rain frequency, humidity, fog and 
dew events, could be highly sensitive to climate change.  

Even though many studies have dealt with ecophysiological traits of 
the Bromeliaceae, few have dealt with it in terms of niche differentiation 
and distribution had assumed to be random within host trees. But recent 
efforts to understand epiphyte distribution in host trees recognize a high 
species-dependent uncertainty related to the yet unknown biology of most 
epiphytic species (Flores-Palacios and García-Franco 2006; Laube and 
Zotz 2006).  Further studies involving the physiology and distribution of 
Bromeliaceae species are needed to understand niche differentiation and 
whether ecological exclusion is possible in some environments. 
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Introduction 
 
Cactus pear (Opuntia ficus-indica L. Mill.) is cultivated in wide range of 
environments with the consequence of large differences in crop potential, 
orchard systems and management. These differences may be related to 
temperature and rainfall range (water availability) but also to the day/night 
length and, of course, to soil characteristics. 

 Cactus pear can be utilized in the subsistence and in the market ori-
ented agricultural systems of semi-arid areas. It is able to supply fruit, for-
age, fodder, and vegetables in specialized plantations or in multipurpose 
ones (Le Houérou 2002).  Fruits can be harvested from July to November 
in the Northern hemisphere—Mediterranean Basin, California, and Mex-
ico—and from January to April in the Southern one, depending on geno-
type and genotype × environment interaction. Natural or induced reflower-
ing may extend the ripening period in winter (January - February) in the 
Northern hemisphere and autumn (September - October) in the southern 
one. An almost continuous flow of flowering has been reported in Salinas, 
California (Bunch 1996), resulting in an extended fruit ripening period. 

 Fruit are consumed fresh or after a relatively short period of post 
harvest storage. Recently, the diffusion of minimal processed fruits has 
become common, also to overcome problems related to the presence of 
glochids in the peel (Inglese et al. 2002). 
 
Geographic distribution area 
 

The production of cactus pear fruit is, of course, common in Central 
America, Mexico being the first producing country, with a large number of 
cultivars that more than often result from inbreeding between different 
Opuntias (Pimienta Barrios 1990). Argentina, Chile and California are 
among the fruit producing, and consuming, countries in the Americas. 
According to Wessels (1988) 22 spineless Burbank’s selections were im-
ported during 1914 in South Africa, not for fruit but forage and fodder pro-
duction. Good varieties for fruit production were introduced in various 
parts of that country and 1,200 ha of commercially grown orchards are 
cultivated in the Northern Province, Ciskey, and Western Cape (Brutsch 
and Zimmermann 1993; Potgieter and Smith 2006). Ethiopia (Tigray), also 
produces cactus fruits in commercial plantations, but to a very minor ex-
tent and thanks to FAO efforts (Brutsch 1997). In this area, wild stands of 
cactus pear occur from 2,300 to 3,400 m a.s.l. always under rainfed condi-
tions and with a low excursion of average monthly temperature. 

Cactus pear was introduced to Europe, from Central America to Spain 
after Colombus’ first expedition (Diguet 1928). The distribution of cactus 
pear in the Mediterranean Basin was furthered by the Spanish expansion in 
Italy of the XVI and XVII centuries, and by the return of the Moors to 
North Africa, when they were driven out from the Iberian Peninsula in 
1610 (Diguet 1928). Opuntia ficus-indica spread, from the XVII to the XIX 
centuries, along the main Mediterranean countries (Diguet 1928) in form  



FRUIT PRODUCTION OF CULTIVATED CACTI 155 
 
of semi-intensive or naturalized plantations, but it was in Sicily, during the 
XIX and XX century, that specialized, intensive, plantations for fruit pro-
duction were first established and appropriate technologies were developed 
on the basis of applied scientific research (Barbera and Inglese 2001). 

Cactus pear is naturalized along the western part of the Mediterranean 
Sea: southern Spain, southern Portugal, Italy and northern Africa. The 
main areas are in island of Sicily and in Tunisia. Sicily has approximately 
5,000 ha of specialized plantations for fruit production (Barbera and In-
glese 1993).  

In northern Africa we can estimate 300,000 ha in Tunisa (25,000 ha in 
the Kasserine Governorate; Le Houérou 2002), 50,000 ha in Morocco 
(Arba et al. 2002), that include a large extent of defensive hedges and non-
specialized or semi-natural groves.  

In Algeria, cactus pear is localized in the coastal areas of Teniet, El 
Had, and Annaba, and in the inland areas of Tebessa and Batna where 
3,550 ha are cultivated (Inglese 1995). Bastawros (1994) reports 2,000 ha 
of semi-specialized plantations in the provinces of Kalubia, Giza and El-
Fayum in Egypt.  

Cactus pear is diffused, but much less popular as fruit crop, in the Mid-
dle East, and irrigated fruit orchards are developing fast since the 1990s in 
Israel (Nerd et al. 1991) and Jordan (Abu Zurayk 1994). 

Italy and Israel export part of their production to Europe and North 
America, while the north-African production goes for self-consumption or 
in the local markets (Inglese 1995). 
 
Responses to temperature 
 

In its native highlands of Mexico, cactus pear is cultivated in semi-arid 
areas, where the annual rainfall is concentrated in the summer during the 
fruit development period. In the Mediterranean Basin, Middle East, North 
and East Africa, the dry season coincides with the long and hot summer, 
when vegetative and reproductive growth occur. 

 In the area of greatest biodiversity in the central plateau of Mexico 
(elevation 1,800 to 2,200 m) annual rainfall is less than 500 mm, the mean 
annual temperatures range from 16 to 18 °C and the long term daily maxi-
mum temperatures for the hottest month do not exceed 35 °C (Pimienta 
Barrios 1990). Similar conditions exist in Sicily where rainfall is in the 
range of 500 mm and mean annual temperature ranges from 15 to 18 °C, 
with peaks of 37 °C in August, during the fruit development period (Inglese 
1995). While O. ficus-indica currently occurs in extensive areas in north 
Africa (Monjauze and Le Houerou 1965) and the Republic of South Africa 
(Wessels 1988) it is conspicuously absent in regions that have conditions of 
less than 350 mm rainfall and daily summer maximum temperatures 
greater than 42 °C such as the Sahelian African cities of Niamey and Khar-
toum, and from the California Mojave Desert in California. One exception 
to the presence of O. ficus-indica where temperatures are greater than 
40 °C and the mean annual precipitation less than 350 mm exist are in 
Adigrat, Ethiopia (Brutsch 1997). Le Houérou (2002) reports plantations in  
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Aziza (Lybia) where the maximum temperature may exceed 50 °C. Opuntia 
ficus-indica cladodes cannot survive at 70 °C (Nobel 1994). 

In any case, the optimal day/night temperature regime for nocturnal 
CO2 uptake by O. ficus-indica is 25/15 °C. Higher or lower day/night tem-
peratures result in a sharp decrease of carbon assimilation, leading to poor 
plant growth and production (Nobel 1994) and, eventually, to low crop 
value.  High temperatures (> 30 °C) during the fruit development period 
affect fruit shape if they occur during the initial stages of bud development 
or fruit growth, and shorten the third stage of fruit growth, when most of 
the growth of edible flesh occurs, leading to advanced and early ripening, 
with small fruits, low firmness and sugar content. High temperatures dur-
ing fruit development enhance fruit sensitivity to low (< 8 °C) tempera-
tures during post-harvest storage (Inglese et al. 2002), reducing fruit post 
harvest storage and shelf-life period (Inglese et al. 2002). 

On the other hand, daily temperatures below 15 °C delay fruit ripening 
time and result in thicker fruit peel and lower soluble solid content and 
peel colour (Nerd et al. 1991; Inglese 1995; Liguori et al. 2006). 

High temperatures are, indeed, one of the major constraints for a pro-
duction of high quality fruits in areas with hot and dry summer. As a mat-
ter of fact, the optimal daily temperature for CO2 uptake decreases from 17 
°C under wet conditions to 14 °C after seven weeks of drought (Nobel 
1994). 

“Dry but not too hot” could be the motto for O. ficus-indica for fruit 
production. 

The number of days required to reach commercial harvest maturity 
changes with the time of bloom and with prevailing temperatures during 
the fruit development period, but the thermal time measured in terms of 
Growing Degree Hours (GDH) from bloom to harvest does not change to 
the same extent (40-43 × 103; Inglese et al. 1999; Liguori et al. 2006). In 
other words, the duration of the fruit development period is well explained 
in terms of GDH rather than in number of days, and a different accumula-
tion pattern of the GDH accounts for the variability in fruit ripening time 
that may occur from year to year and in relation to the location site. GDH 
could be utilized to estimate the length of the fruit development period and 
the fruit ripening period for a new area of cactus pear cultivation. 

Nerd and Mizrahi (1995) found that detached cladodes that experi-
enced low winter temperatures produce the most fruit buds the following 
spring. Similar results were reported by Gutterman (1995) who examined 
18 light × temperature combinations of detached cladodes and found that 
detached cladodes produced significantly more fruit with 8 h of light grown 
outside in cool temperatures than with 8 h of light in a heated greenhouse. 
Nobel and Castañeda (1988) indicate an increase in fruit production on 
detached cladodes held at 15/5 °C against cladodes left at 25/15 °C  
day/night temperature. Potgieter and Smith (2006) report a strong influ-
ence of environment on fruit yield, with highest fruit yield being obtained 
in areas with warm summers and cool winters of South Africa. They also 
report a strong genotype × environment interaction, indicating a different 
plasticity of cactus pear cultivars, in terms of temperature requirement for  
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optimal fruit production. However, cactus pear produces fruits in the Val-
ley of Catamarca, north-west Argentina, lower Tigray (Ethiopia) and in the 
Canary Islands, where no more than 100 Chilling Units accumulate in win-
ter, and it is able to reflower several times in the same season as it naturally 
occurs in Chile or California, or as it artificially induced in Italy and Israel 
(Inglese 1995; Liguori et al. 2006). Apparently, these out-of-season blooms 
occur with no relation with endodormancy and the rest period could result 
from ecodormancy rather than true rest or endodormancy, as it happens 
for Vitis vinifera (Faust 2000).  

In Opuntia ficus-indica, it is possible to have another flush of fruits 
taking away the first spring flush of flowers and cladodes (Inglese et al. 
2002). Temperature affects plant reflowerng aptitude. As a matter of fact, 
plant responses to the removal of the spring flush (SFR) is highly affected 
by prevailing temperatures at the removal time (Barbera et al. 1991; 
Brutsch and Scott 1991; Nieddu and Spano 1992). High day/night tempera-
tures (> 30/20 °C) result in a larger proportion of new cladodes rather than 
fruits, while lower day/night temperatures (< 20/15 °C) may not result in 
rebudding. 

Double flowering occurs naturally in Salinas area in California, where 
fruits are picked from September to March (Inglese 1995), and in the Cen-
tral Region in Chile, where fruit harvest lasts from February to April and 
from July to September (Sudzuki et al. 1993). 

A winter crop may occur in Israel, on current year cladodes following 
extensive fertigation applied soon after harvesting the summer crop in 
July. However, winter fruits are poor in sugars and show a lower flesh per-
cent than summer fruits (Nerd et al. 1993). In Italy a return bloom occurs 
in July following the complete SFR, in May, resulting in a late fruit harvest 
season in October-November (Inglese et al. 2002). 
 
Responses to water availability and quality 
 

The water-use efficiency (WUE) of cactus pear is quite high, since De 
Kock (1980) and Le Houérou (2002) reported values of 4.0 and 3.3 mg DM 
g–1 H2O, compared to about 1.3 for wheat and 1.4 for barley. Moreover, O. 
ficus-indica achieves these limits with low water inputs. WUE of the same 
order of magnitude can be achieved with C4 plants such as pearl millet, 
sorghum, and maize, but water consumption is then three to five times 
higher in absolute figures (Le Houérou 2000). 

Opuntia ficus-indica, like most cacti, is very sensitive to anoxia in the 
root zone and therefore cannot withstand any prolonged water logging.  

Because of its high drought resistance and high water-use efficiency, cac-
tus pear is usually cultivated without irrigation. The absolute minimum req-
uisite for rainfed cultivation is ca. 200 mm yr–1 provided that soils are 
sandy and deep enough. On silty and loamy soils the minimum requisite is 
300 to 400 mm mean annual precipitation.  

However, in areas with no summer rains and where annual rainfall is less 
than 300 mm, the plants require supplementary irrigation to get adequate  
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yields and good fruit quality (Barbera 1984; Van Der Merwe et al. 1997; Gug-
liuzza et al. 2002). 

In terms of fruit production, the economic value of the crop (fruit size) 
can be diminished largely before the plant shows any apparent symptom of 
water stress. It is also difficult to find morphological or physiological pa-
rameters useful to schedule irrigation treatments (like stem or leaf water 
potential, carbon exchange rate, sap flow, trunk diameter, etc.). Indeed, the 
plant is able to recycle internal water and to supply water to the fruit 
through the phloem (Nobel 2002). 

Water shortage reduces flower bud induction and fruit size, and irriga-
tion can be complementary and it is necessary to get an acceptable fruit 
size (> 120 g f.w.) if no rainfalls (or less than 30-50 mm) occur during the 
fruit development period (Gugliuzza et al. 2002).  

Irrigation alone cannot make up for reduced size when there are a high 
(> 9) number of fruits per cladode (Gugliuzza et al. 2002).  No more than 6 
fruits can be left on each of the 1-year-old fertile cladodes, since a greater 
crop load result in a sharp reduction of fruit size, even if plants are irri-
gated. 

Even if irrigated or thinned, fruits of the summer flush do not attain 
the same size as those of the second flush resulting from SFR (Barbera 
1984). Fruit of the first flush have a shorter development period than the 
second flush ones, and, particularly, a shorter duration of Stage III of the 
fruit development period. Moreover, fruits of the first flush reach Stage III 
in August, when the average daily temperature (day/night) is 30/23 °C, 
with peaks of 35/28 °C, whereas fruits of the second flush reach Stage III in 
a period (October) characterized by temperatures (25/15 °C) more favour-
able for cladode CO2 uptake (Nobel and Hartsock 1984). 

The natural crop load may influence the effect of thinning. This can be 
explained considering that at full bloom the flower fresh weight reaches 
35% of harvest fruit fresh weight (Inglese et al. 1995). This endorses the 
opportunity of early thinning to get a significant effect on fruit size. 

 Furthermore, irrigation cannot counteract the effect of very high tem-
perature, since it affects carbon exchange rate more than transpiration 
(Inglese et al. in litteris). For this particular reason, that is quite common 
in the Mediterranean Basin, some farmers apply black nets (30%-40% 
shade) over the rows to reduce day temperature, with low reduction in light 
availability for nocturnal carbon assimilation. 

The shallow root system benefits from microjet irrigation but furrow ir-
rigation can be performed to reduce costs. 

Opuntia ficus-indica is seriously affected by salinity stress. Gersani et 
al. (1993) showed that a concentration of 30 mol m–3  (equivalent to 1.76 
ppt NaCl) reduced growth by 40% as compared to non saline control while 
a concentration of 100 mol m–3 (5.85 ppt NaCl) reduced growth by 93%. 
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Yields and crop management 
 

There are just few observations on dry matter partitioning for mature, 
fruiting plants of cactus pear. Considering the dry weight of the fruits and 
current-year cladodes at harvest, the growth ratio of the 1-year-old clad-
odes (17 ± 1.5 g) and a total amount of 300 fruits and 130 current-year 
cladodes (in the first and in the second flush), the proportion of annual dry 
matter allocated to the fruits, or Harvest Index (HI) is 35% for the first 
flush and 45% for the second flush. These HI values are slightly lower than 
those reported for a very efficient fruit crop like peach. Differences between 
the first and the second flush depend on the higher fruit dry weight and the 
lower cladode dry weight measured for the second flush (Inglese et al. 
1999). However, there is no information related to cultivar and training 
systems. García de Cortazar and Nobel (1992), showed a marked increase 
of vegetative vs. reproductive growth as a result of high density planting 
systems. 

 Inglese et al. (1994) and Luo and Nobel (1994) investigated the source 
to sink relationship on mature fruiting plants, indicating a massive carbon 
flow of assimilates among cladodes of different age. Young developing 
cladodes apparently compete with fruits, as indicated by their higher Abso-
lute Growth Rate (AGR). However, they became source of carbohydrates at 
an early stage of their development (Luo and Nobel 1993) that coincides 
with the development of flowers or the earliest stage of the FDP. Relative 
sink strength changes along with the developmental stages of the seasonal 
growth of fruit and cladodes (Inglese et al. 1999). The fruits become the 
major sink during Stage III as indicated by the sharp reduction of cladode 
AGR that occur at that stage. 

Competition between fruit vs. cladode growth, as well as the reduction 
of the number of new cladodes following SFR can be sources of plant alter-
nate bearing behavior that also changes with genotype (Inglese et al. 
2002). 

Alternate bearing of cactus pear depends on the reduction of the fertile 
cladodes with results from a scarce vegetative activity the previous year. 
The number of flower per fertile cladode is more stable year by year but 
depends on cladode age, being highest in 1-year-old cladode. On the other 
hand, it is clear that the tree needs a large renewal of the fruiting cladodes 
every year and this require new strategies of pruning able to develop a large 
number of new cladodes every year which should not result in proportional 
increase of plant size. One solution could be the increase of the number of 
plants per hectare; the other could be topping the plants every two or three 
years to improve cladode development from the lower part of the canopies 
(Inglese et al. 2002a). 

Investigation on planting and training systems that maximize fruit 
yield and quality completely lack and do represent one of the most out-
standing challenges for future research, together with the reduction of field 
variability in yield and fruit quality. Indeed, fruit that do not attain the 
prime quality in term of size have 50% to 70% less market value than the 
top quality ones and their relative occurrence is often higher than 50%.  
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Understanding the sources of this variability that depends on plant (geno-
type) × environment interaction, would greatly enhance orchard profitabil-
ity without necessarily increasing yields. 

Fruit productivity of Opuntia ficus-indica is, in fact, extremely variable. 
Yields of 20 to 30 tons ha–1 are reported in Israel and Italy (Barbera and 
Inglese 1993; Nerd and Mizrahi 1993) and 10 to 30 tons ha–1 in South Af-
rica (Wessels 1988; Brutsch and Zimmerman 1993). The wide variability in 
yield depends on orchard design (plant spacing), cultural practices, envi-
ronmental conditions (including soil type), and cultivar fertility. Plants 
begin to yield 2 to 3 years after planting, reaching their maximum potential 
6 to 8 years after planting, which they bear for 25 to 30 years and even 
longer, depending on pruning and overall orchard management.  

For a mature plant, most (80-90%) 1-year-old cladodes bear fruits ac-
counting for 90% of the annual yield. 

 However, they show a wide fertility range, depending on plant age, en-
vironmental conditions, and their state of growth. The number of fruiting 
cladodes left on a plant every year depends on plant spacing, and ranges from 
100 to 120 for 350 to 400 plants ha–1 to 20 to 30 for 1,000 to 1,200 plants ha–1 

The closer the plant spacing, the higher the pruning intensity and frequency 
needed. A mature cactus pear tree produces new fruits and cladodes every 
year at a ratio of 4:1 (Barbera and Inglese 1993). Most of the flowers occur 
on one-year-old terminal cladodes, and new cladodes usually develop on 
two-year-old or even older cladodes (Inglese et al. 1994). Vegetative and 
reproductive buds appear contemporarily in spring or early summer when 
the spring flush is removed to induce reflowering (Barbera et al. 1991).  

Fruit growth follows a double sigmoid pattern in terms of fresh weight, 
and a pronounced gain in dry weight occurs for the peel during Stage I, for 
the seeds during Stage II and for the core during Stage III of the fruit de-
velopment period (Barbera et al. 1992; Nerd and Mizrahi 1997). Cladodes 
are strong sinks during the sigmoidal growth period that occurs during the 
earlier 4-5 weeks of their development. At this stage they switch to a linear 
growth in terms of dry weight accumulation and from being sinks for car-
bohydrate they become sources (Luo and Nobel 1993). The growth of the 
fruit and the daughter cladode implies a substantial translocation of stored 
carbohydrates from basal cladodes (Luo and Nobel 1993; Inglese et al. 
1994). In fact, when more than five fruits develop on a one-year-old fruit-
ing cladode, an extensive import of assimilates occurs, particularly during 
Stage III of fruit growth (Inglese et al. 1994). 

Cladode fertility is related to the amount of dry weight accumulated per 
unit surface area (García de Cortazar and Nobel 1992). Cladodes become 
productive when their dry weight exceeds (EDW) the minimum dry weight 
for a particular surface area by at least 33 g. Values of EDW become posi-
tive after 60-70 days of cladode development and in November they reach 
13.1 ± 2.4 g and 10.6 ± 1.2 g respectively for cladodes of the spring and the 
second flush of the previous season. In the next season, EDW at spring 
burst was 19.1 ± 2.4 g and 17.6 ± 1.2 g respectively for cladodes of the 
spring and the second flush of the previous season. Indeed, 1-year old clad-
odes, in November, that means 18 and 16 months after burst of spring and  
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second flush cladodes, reached an EDW of 37.1 ± 2.4 g and 32.6 ± 1.2 g 
(Inglese et al. 1999). 

High planting densities lead to an extremely high accumulation of dry 
matter in the vegetative growth, but deeply affect allocation of resources to 
the fruit (García de Cortazar and Nobel, 1992). Recent studies on fruiting 
orchard also indicate an impressive capacity of the cactus pear orchard for 
carbon stock in perennial structures. 

Different cultivars account for fruit production in Mexico, Italy, South 
Africa, California, Argentina and Chile, the most important areas for cactus 
fruit commercial production, while North Africa countries such as Tunisia, 
Egypt, Algeria and Morocco have a large fruit production more than often 
dedicated to local markets (Inglese et al. 2002). 

Despite this relative large diffusion, cactus pear marketing is seasonal 
and, due to the poor post-harvest performances of the fruit, covers no more 
than two months, in each ripening season of each cultivar.  

Chances to increase the time span of fruit market are related to (a) 
sharing fruits from different growing areas, (b) the use of cultivars with 
different ripening time, (c) the regulation of the flowering period and, in 
turn, of the fruit ripening period, and (d) the improvement of post harvest 
strategies. 

The most powerful tool to get a longer fruit marketing season is related 
to cropping strategies and, eventually to the ability of O. ficus-indica to 
reflower and to get different crops in the same year (Inglese et al. 2002). 

 Liguori et al. (2006) demonstrated that the double removal of new 
fruits and cladodes induced a third flush of flowers and cladodes during 
late August with a fruit production that ripe the following winter (January-
March). However, it is clear that the reflowering ability is halved by the 
double removal, but it is unclear whether this depends on environmental 
conditions, i.e., higher temperatures, or specific cladode potential. The 
reduction of the crop depends more on the lower number of flowers per 
fertile cladode rather than on the number of fertile cladodes. This means 
that flower evocation is reduced, but, indeed, it is the whole rebudding 
capacity that is reduced, since the number of current-year cladodes is also 
reduced by 60%. The length of the fruit development period increases from 
100-120 days to 160-190 days for the out-of-season winter crop, depending 
on a longer third stage of fruit growth that, for FIII fruits, occurred in win-
ter time when temperatures were under the optimal values for fruit growth. 
To allow regular fruit ripening in cool winters when temperatures are not 
high enough to support growth, polyethylene covering, although it reduces 
PPFD, is essential to allow optimal temperatures for cladode photosyn-
thetic activity and fruit growth and ripening. In fact, quality of out-of-
season winter fruits depends on winter temperature. The winter fruit pro-
duction obtained in the field in Israel (Nerd et al. 1993) was very low in 
terms of percent flesh (42%) although fruit size was higher than for the 
summer crop, while winter fruit obtained after double SFR and covered 
under polyethylene in late fall, were regular in size and percent flesh with 
only a slight reduction of total soluble solid content.  Nobel (1988) indi-
cated a day/night temperature of 25/15 °C as optimal temperature for clad- 
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ode CO2 uptake, with a substantial reduction of photosynthetic activity at 
15/5 °C. This explains why polyethylene covering results in excellent fruit 
size and flesh percent and only in a slight reduction of total soluble solids 
content. 

The most relevant problems of such new cropping strategies are a) to 
have adequate environmental conditions during winter to get normal fruit 
ripening and marketable quality, and b) to avoid alternate bearing that will 
eventually result from the sharp reduction of current-year cladodes that are 
responsible for the new crop in the following year. While the first issue can 
be addressed with the recourse to polyethylene covering, the second one 
needs further research to understand how the production of new cladodes 
could be implemented after the double removal. 
 
Light and fruit production (flower evocation,  
fruit growth, ripening, and quality) 
 

Fruits of O. ficus-indica generally do not occur on shaded cladodes 
(García de Cortazar and Nobel 1992), probably because such conditions do 
not permit the accumulation of sufficient excess dry weight per cladode. 
Indeed, net assimilation rate of cladodes of O. ficus-indica become negative 
for a total daily photosynthetic photon flux (PPF) of 5 mol m–2 day–1 and 
reaches 90% of maximal at 20 mol m–2 day–1 (Nobel 1988; Nobel and Hart-
sock 1983). Shading affects flower evocation as was clearly demonstrated 
by Cicala et al. (1997) and Deidda et al. (1992). At least 80% of flowering 
seems to be inhibited if light is withheld the last two months before bloom, 
indicating that flower evocation occurs closely to bud sprouting. A suffi-
cient light intensity during the winter rest period is therefore essential for a 
regular bloom. Shading applied within 5 days after the removal of the 
spring flush also inhibits return bloom (Barbera et al. 1993). Shading also 
affects fruit quality, depending on the extent of shading and sucrose ex-
change within the tree. Complete shading of the main photoassimilates 
source for the fruit from 45 to 75 days after bloom has no influence on fruit 
weight and quality as well as on fruit ripening time. On the other hand a 
short period (15 days) of imposed shade during earlier stages of fruit 
growth significantly affects fruit weight, but not total soluble solid content 
or fruit firmness and ripening time. The fruits do not fully recover to 
maximal growth even when the fruiting cladode was shaded for a short 
period, before bloom. As for other fruit trees, such as peach and apple, fruit 
size at harvest seems to be related to the fruit growth rate attained early 
during the fruit development period. At this stage, photoassimilate supply 
from the fruiting cladode becomes crucial to support fruit growth, probably 
because of the competitive demand of different and actively growing vege-
tative and reproductive sinks (Inglese et al. 1999). This agrees with the fact 
that thinning is most effective in increasing fruit size when applied not 
later than 3 weeks after bloom (Inglese et al. 1995). Since net assimilation 
of heavy shaded cladodes is negligible, fruit growth in cladodes shaded for 
long periods during the fruit development period, must depend on exten- 
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sive photosynthate translocation from non-shaded branches (Luo and No-
bel 1992; Inglese et al. 1994). This mobilization of storage carbohydrates 
makes fruit growth only partially dependent on reduced PPF at fruit can-
opy location. Fruit ripening in shaded cladodes occur later than in sunlit 
ones. Fruit ripening varies within the plant and the fruiting cladode, mainly 
because of a different time course of flower bud formation, development 
and flowering (Barbera and Inglese 1993). The pattern of PPF distribution 
within the canopy enhances such variability, since shade delays fruit ripen-
ing, according to the length of the shading period. 

 In conclusion, the wide within-tree variability of fruit quality and 
ripening time that occurs in cactus pear (Barbera and Inglese 1993) can be 
partially explained in terms of PPF distribution within the canopy. Planting 
and training systems as well as plant canopy architecture and demography 
should be analyzed in relation to light interception and distribution within 
the tree, and optimal stem area index (SAI) for fruit production needs to be 
set. These aspects have been widely studied in terms of PAR interception, 
growth and assimilation of the single cladode (Nobel 1988), but deserve 
further studies in terms of fruit quality. 
 
Conclusions 
 

The response of Opuntia ficus-indica to environmental factors has 
been largely studied by P. S. Nobel and his findings are the cornerstone for 
any scientist devoted to this species. However, in terms of horticulture 
many questions still arise and require further investigation. How to in-
crease yields per hectare and crop value? There is not much research on 
orchard design and plant pruning strategies, even if the knowledge on crop 
distribution within the plant is well known. In Italy, the highest yields 
come from orchards made of 300-400 plants ha–1 with 50-60 kg fruits 
plant–1, which means 400-500 fruits per plant on 90-100 fertile cladodes. 
Considering that the major constraint for fruit development, in terms of 
sink-source competition, is the number of fruits per cladode, the only pos-
sible strategy is to increase the number of fertile cladodes and to reduce the 
number of cladodes with less than six fruits. To achieve these goals, ade-
quate pruning strategies must be developed at plant level while orchard 
design deserves more investigation. Moreover, basic research on genotype 
comparative crop ability is still largely underestimated as well as genotype 
× environment interaction. For instance, the Italian cultivar “Gialla,” which 
is considered highly productive, shows large variations in yield, depending 
on pruning strategies or environment (Inglese et al. 2002). 

 Crop value much depends in crop variability in terms of fruit size, 
that is the major factor for fruit price in Europe. As a matter of fact, differ-
ence between the highest priced fruits and the regular crop can be over 
60%. The increase of crop value very much depends on regular fruit thin-
ning, in terms of timing and number of fruits per cladode, and cladode 
annual pruning. 
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 If the factors affecting fruit size or crop potential have been largely 
investigated, it is still impossible to define the best environmental and hor-
ticultural conditions that maximise fruit quality in terms of flavour, taste, 
color, flesh crunchiness and post harvest fruit physiology. Recent investiga-
tions (Gugliuzza et al. in litteris) give evidence of clear relation between 
fruit quality and cladode position within the canopy, mostly related to light 
availability. 

 Finally, it is important to remember that cactus pear plantations can 
contribute to carbon stock in perennial structures (García de Cortazar and 
Nobel 1992). This underscores the multifuntional role of this plant, even if 
cultivated for the major purpose of fruit production. 
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Introduction 
 
Perennial grasses and water availability 
 
 The grass family is comprised of more species than any other flowering 
plant family, and also has the most widespread geographic distribution in 
environments ranging from hot and arid to cold and humid habitats (Nel-
son and Moser 1995). Grasses are generally classified into cool- and warm-
season groups based on their adaptation to specific ranges in temperature 
and precipitation, which are mainly governed by latitude and altitude. Op-
timum growth for cool-season grasses occurs at temperatures between 16 
to 24 °C (60 to 75 °F), and their distribution is mainly limited by intensity 
and duration of high temperatures and water deficit (Turgeon 2002). For 
warm-season perennial grasses, optimum growth occurs between 27 to  
35 °C (80 to 95 °F). Unlike cool-season grasses, these species are more 
highly limited by intensity and duration of cold temperatures. Some cool-
and warm-season species may also extend into the transitional zone, which 
marks the boundary between temperate and subtropical climates that limit 
more southern or northern adaptation for most grass species (Beard 1973; 
Turgeon 2002). In addition to temperature and precipitation, several other 
biotic and abiotic factors play a role in the adaptation and diversity among 
perennial grasses (CAST 2004), including herbivores, fungi, bacteria, pho-
toperiod, and soil pH (Casler et al. 1996).  

The availability of water is a major factor limiting distribution, growth, 
and productivity of cool-season and warm-season grass species. Water 
availability to plants depends on many biological and physical factors. 
Some of these factors bring about spatial variation in soil moisture, includ-
ing root architecture and viability, soil texture, microbial and invertebrate 
activity, and soil hydraulic conductivity (Nilsen and Orcutt 1996). For in-
stance, grasses having a majority of root systems in the surface soil may 
deplete water rapidly within this area of the soil while water may still be 
abundant lower in the soil profile, leading to heterogeneous soil moisture 
profiles. In addition to spatial variation, water shortage can also result 
from seasonal variability in precipitation, as well as daily periods of high 
atmospheric vapor pressure demand.  

Issues of decreased water availability have become more of a problem 
in recent years as a result of a combination of several factors: increasing 
demand from agriculture, industry, and domestic use, low precipitation, 
and contamination of potable water supplies. This has resulted in imple-
mentation of more stringent restrictions in water use, and has forced grow-
ers, homeowners, and many industry sectors to conserve water. With in-
creased pressure to utilize more ecological and economical strategies in the 
management of perennial grass commodities, studies on how these grasses 
adapt to stress conditions will become increasingly important as resources 
such as water become more limited. In particular, insights into the physio-
logical mechanisms that impart drought resistance to perennial grasses will 
aid in the identification of important characteristics that can serve as selec- 
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tion criteria for improved stress tolerance, and ultimately lead to better 
selection of highly adapted species and cultivars to environments with lim-
ited water resources. Furthermore, efforts that enhance our understanding 
of physiological effects of drought stress can provide guidelines for practi-
cal management strategies that promote the maintenance of high quality 
and/or productivity of cultivated perennial grasses under limited resource 
availability. 
 
Mechanisms of drought resistance 
 

Broad mechanisms of drought resistance are generally divided into 
three categories relating to whether plants escape, avoid, or tolerate condi-
tions of drought stress (Turner 1986). In species that exhibit drought es-
cape strategy, there is an adjustment of the life cycle that leads to growth 
and development predominately during periods of water availability. Per-
ennial species escape drought periods by becoming dormant during the dry 
period, whereas annual species complete their entire life cycle prior to dry 
periods. This strategy is common in regions with distinctive wet and dry 
periods, such as those in Mediterranean and subtropical climates (Simpson 
1981). Examples of perennial grasses that exhibit drought escape character-
istics include cocksfoot (Dactylis glomerata L.; Volaire and Thomas 1995) 
and Mediterranean-type tall fescue (Festuca arundinacea Schreb.; Assuero 
et al. 2002).  

The maintenance of plant water status under drought either by in-
creasing the capacity for water uptake of roots and/or reducing water loss 
of leaves is defined as drought avoidance. Drought-avoiding plants may 
exhibit many different characteristics in response to drought, including 
enhanced root plasticity and root extension deeper in the soil profile for 
greater extraction of water, decreased leaf growth and/or leaf area, en-
hanced leaf pubescence, leaf rolling or folding, and modification in number 
and aperture of the stomatal complex (Simpson 1981; Nilsen and Orcutt 
1996; Duncan and Carrow 1999). Tall fescue, buffalograss (Buchloe dacty-
loides (Nutt.) Engelm.), bermudagrass (Cynodon dactylon (L.) Pers.), and 
zoysiagrass (Zoysia japonica Steud.) are perennial grasses that have dem-
onstrated drought avoidance characteristics (Burton et al. 1954; Marcum et 
al. 1995; Qian et al. 1997; Volaire and Lelievre 2001). Some perennial grass 
species are able to tolerate low leaf water potentials, and maintain meta-
bolic processes even under decreased bulk cellular water content. This 
mechanism is defined as drought tolerance. Strategies for drought toler-
ance include osmotic adjustment, maintenance of root viability and mem-
brane stability under dehydration, and accumulation of proteins and other 
metabolites that function directly or indirectly in structural stabilization. 
Drought tolerance has been exhibited in grass species like cocksfoot, Ken-
tucky bluegrass (Poa pratensis L.), centipedegrass (Eremochloa ophiur-
oides (Munro) Hack.), and seashore paspalum (Paspalum vaginatum 
Swartz) (Perdomo et al. 1996; Huang et al. 1997; Volaire and Lelievre 
2001).  
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The mechanisms of drought escape, avoidance, and tolerance are not 
mutually exclusive, and the same plant may utilize more than one strategy 
in order to adapt to periods of drought stress (Nilsen and Orcutt 1996). The 
relative importance of each mechanism may depend on drought duration, 
drought severity, and grass species. Drought avoidance may allow for grass 
survival and provide for sustained growth and function during short-term 
drought until soil stored water is depleted, while drought tolerance allows 
for plants to endure during prolonged periods of drought. Under mild or 
moderate drought, perennial grasses may continue growth, but at a limited 
rate. In this case, the maintenance of biomass production is important in 
grass breeding or sward management. Growth maintenance could be 
achieved through various adaptive mechanisms, such as maintenance of 
leaf elongation and photosynthesis and cell turgor by osmotic adjustment 
in all tissues, increasing water uptake and water use efficiency, and the 
limitation of senescence and reduction of leaf area. However, under severe 
drought, growth may completely cease while the survival of the plants be-
comes important for regrowth after the stress. The physiological traits as-
sociated with plant survival include the cessation of leaf elongation, the 
senescence of aerial tissues, the maintenance of metabolism in the meris-
tems with maintenance of a threshold of dehydration with osmotic adjust-
ment, efficient water uptake from deeper layers of the soil, and the increase 
of carbohydrate reserves.  

The responses to decreases in soil and cellular water content involve 
changes in various morphological, physiological, and biochemical charac-
teristics as discussed above. These characteristics determine the survival 
and persistence of plants in water-limiting environments (Beard 1973; Nil-
sen and Orcutt 1996; Shinozaki and Yamaguchi-Shinozaki 1997; Chaves et 
al. 2003). This chapter provides a review of literature on major physiologi-
cal mechanisms for drought resistance in perennial grass species, with 
specific emphasis on water relations, carbohydrate metabolism, and hor-
monal regulation.  
 
Water relations 
 

The maintenance of cellular hydration in leaves, roots, and meris-
tematic regions is critical for plant survival in dry environments. It may be 
accomplished by a combination of different strategies associated with 
avoidance and/or tolerance to drought stress. Common survival strategies 
in perennial grasses include changes in rooting characteristics to avoid 
drought and accumulation of compatible solutes for osmotic adjustment to 
tolerate drought. 
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Water uptake associated with root size, distribution, and activity 
 

Roots are the main engines for meeting transpirational demand, and 
play an important role in controlling plant water status to avoid drought 
injury. Water uptake in grasses is controlled by root size, spatial distribu-
tion, and activity or viability (Beard 1973; Huang and Gao 2000). A large 
root system is important for a plant to explore large soil volume for water 
uptake under non-limiting soil moisture conditions or when soil moisture 
is uniform along the soil profile. However, total root mass may not be nec-
essarily correlated with drought resistance when soil moisture is limited or 
unevenly distributed spatially or temporally. Perdomo et al. (1996) re-
ported no difference in total root mass between drought resistant and sen-
sitive cultivars of Kentucky bluegrass. Root distribution was associated 
with drought avoidance more consistently than root mass in this species 
(Keeley and Koski 2002).  

It is common that water is available at greater depths while soil drying 
occurs at the surface. Most roots of perennial grasses are found in the top 
20-cm soil layers where soil moisture is often limited. In the northwestern 
Sonoran Desert, a C4 bunchgrass Pleuraphis rigida had mean rooting 
depths of only 9-10 cm (Nobel 1997). Increased proportion of root mass at 
deeper soil depths in response to decreased water availability in surface soil 
is considered an important trait for drought avoidance in many perennial 
grasses (Sheffer et al. 1987; Torbert et al. 1990; Hays et al. 1991; Salaiz et 
al. 1991; Marcum et al. 1995; Carrow 1996a, b;). Greater root length densi-
ties of tall fescue, buffalograss, and bermuda grass below 30-cm soil depths 
also contributed to superior drought avoidance in these species compared 
to a shallower rooting cultivar of zoysiagrass (Qianet al. 1997). Keeley and 
Koski (2002) and Bonos and Murphy (1999) reported Kentucky bluegrass 
cultivars with greater percentages of their root systems distributed in 
deeper soil layers were more drought-resistant than those with shallower 
roots. Similar results have been observed in forage grasses under both field 
and greenhouse drought conditions, where species with greater plant root 
development at deeper soil depths exhibited greater persistence under 
conditions of drought stress (Volaire 1995; Guenni et al. 2002; Boschma et 
al. 2003).  

Deep rooting into the soil where water is available for uptake allows 
the plant to avoid or delay tissue dehydration and maintain leaf water rela-
tions necessary for maintenance of physiological and metabolic functions 
(Molyneux and Davies 1983; Smucker and Aiken 1992; Carrow 1996b; Qian 
et al. 1997; Volaire and Lelievre 2001). Huang (1999) found that deep roots 
of buffalograss have hydraulic lift properties, which lift water from the 
deeper soil to the drying surface at night to sustain growth and nutrient 
uptake of surface roots and prevent leaves from desiccation. Factors or 
conditions that limit root growth may decrease the potential for drought 
avoidance. For example, by constricting the root growth of tall fescue 
within small containers, the ability of the plants to maintain leaf water 
relations under drought stress was greatly diminished compared to that 
observed under field conditions for this species (Volaire and Lelievre  
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2001). The importance of deep root proliferation could be related to con-
tinued maintenance and support of growth by providing water and nutri-
ents to the rest of the plant even under conditions where part of the root 
system is under drying soil, thereby contributing to increased plant sur-
vival. In general, there may be a greater carbon allocated to roots, with a 
greater proportion of newly fixed carbon for roots in soil layers where wa-
ter maybe more available (Huang and Gao 2000). Generally, drought resis-
tant species or cultivars of perennial grasses have greater root-to-shoot 
ratio than drought sensitive species or cultivars (Nicolas et al. 1985; Volaire 
1995; Huang and Fu 2000; Huang and Gao 2000). When grown in mono-
culture under water deficit, increased root-to-shoot ratios were associated 
with the ability of Mediterranean-type tall fescue plants to maintain higher 
water status compared to temperate tall fescue cultivars (Assuero et al. 
2002). A more detailed discussion of carbon allocation in relation to 
drought resistance is provided in the following section.  

Root viability or activity is a critical factor controlling water uptake and 
plant survival of long-term drought stress, considering that drought is one 
of the major causes for root death (Smucker et al. 1991). Maintaining viable 
roots during prolonged periods of drought is also an important factor for 
resumption of water uptake when soil is re-wetted after irrigation or rain 
(Huang 2000). Extensive root mortality occurs as a result of drought, espe-
cially of fine roots (Huck et al. 1987; Huang et al. 1997; Huang and Fry 
1998) and roots in the upper soil profile (Hayes and Seastedt 1987; 
Smucker et al. 1991). Most grass species have a majority of their root sys-
tems confined in surface soil; therefore it is critical to evaluate the variabil-
ity in root activity under decreasing soil moisture in combination with root 
size and distribution patterns in order to relate these factors to drought 
resistance. In a study with seven warm-season turfgrases, Huang et al. 
(1997) found that high root viability in drought-tolerant species was more 
highly correlated with better shoot growth than root mass or root length 
under drought stress. In some cases, root viability or activity may not cor-
relate with root distribution patterns or root mass in different soil layers 
(Sheffer et al. 1987; Huang 2000). Bonos and Murphy (1999) found that 
increased water uptake activity at 15 to 30 cm in Kentucky bluegrass culti-
vars was associated with increased drought resistance, but this was not 
attributable to differences in root mass within these same layers. 
 
Osmotic adjustment 
 

Upon exposure to environmental stresses that cause decreases in cellu-
lar water, such as drought, extremes in temperature, and salinity, plants 
may accumulate non-toxic, or compatible solutes. This active accumulation 
of solutes triggered by cellular dehydration is termed osmotic adjustment 
and differs from accumulation of solutes simply due to concentration effect 
(Blum 1988). Osmotically active solutes are associated with either move-
ment of water into or reduced water efflux from cells. Therefore, it helps to 
maintain cellular turgor at a given leaf water potential and thus delays wilt- 
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ing of leaves, and enables tissues to sustain growth and metabolic and 
physiological functions at lower plant water status (Bohnert and Jensen 
1996; Ingram and Bartels 1996; Hare et al. 1998). Furthermore, osmotic 
adjustment protects cellular proteins, various enzymes, cellular organelles, 
and membranes against desiccation injury, as well as protection against 
oxidative damage (Arakawa 1991; Crowe et al. 1992; Rhodes and Hanson 
1993; Hoekstra et al. 2001).  

The types of osmotically active solutes reported in osmotic adjustment 
are diverse, and typically include low molecular weight compounds such as 
amino acids (e.g., proline), ammonium compounds (e.g., glycinebetaine), 
sugars (e.g., fructans, sucrose), polyols (e.g., mannitol), inorganic ions 
(e.g., potassium, calcium), organic acids (e.g., malate); and hydrophilic 
proteins (e.g., late embryogenesis abundant, LEA) (Hsiao 1973; Morgan 
1984; Zhang et al. 1999; Chaves et al. 2003). In annual and perennial 
grasses, some of the solutes associated with osmotic adjustment during 
drought and other stresses include soluble sugars (Barker 1991; Richardson 
et al. 1992; Premachandra et al. 1995; Jiang and Huang 2001a), inorganic 
ions (Jones et al. 1980; Morgan 1992; Jiang and Huang 2001a), and 
proline (Bokhari and Trent 1985; Marcum and Murdoch 1994). Drought 
resistance has been positively correlated with osmotic adjustment in leaves 
of many species, including perennial grasses (Wilson and Ludlow 1983; 
White et al. 1992; Qian and Fry 1997; Geerts et al. 1998) and cereal grasses 
(Saneoka et al. 1995; Dorffling et al. 1997; Karakas et al. 1997; Romero et 
al. 1997; Sheveleva et al. 1997). Osmotic adjustment has also been ob-
served in roots of different species, contributing to maintenance of root 
turgor and growth during drought (Sharp and Davies 1979; Westgate and 
Boyer 1985; Sharp et al. 1990). The capacity for osmotic adjustment in 
roots varies with species (Oosterhuis and Wullschleger 1988), and has not 
been as extensively studied in perennial grass species.  

Osmotic adjustment contributes to maintenance of leaf turgor, thus 
leaf growth and biomass accumulation of perennial grasses may continue 
throughout some period of water deficit (Wilson et al. 1980; Turner and 
Begg 1981). However, osmotic adjustment is not always associated with 
sustained leaf development during stress, even under sufficient positive 
turgor (Thomas 1986). Other factors may also contribute to the sensitivity 
of leaf expansion during drought that could override the effects of osmotic 
adjustment, such as low leaf water potential (Hsiao 1973; Turner and Begg 
1981; Tardieu and Simonneau 1998) and hormone signals from roots in 
drying soil (Davies et al. 1994; Wilkinson and Davies 2002). Osmotic ad-
justment is crucial for maintaining meristem viability under conditions of 
desiccation and also aid in the recovery of meristem function upon rehy-
dration, whereby the various solutes are recycled and metabolized and 
used as energy resources for recovery (Toft et al. 1987; Wilson and Ludlow 
1983; Chaves et al. 2003). Elmi and West (1995) suggested that the viabil-
ity of the meristematic and leaf elongation regions due to osmotic adjust-
ment enhanced turgor maintenance was a critical factor for survival and 
recovery after drought. Qian and Fry (1997) found a positive correlation 
between osmotic adjustment and recovery from prolonged drought in four  
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turfgrases, where species with highest osmotic adjustment had highest 
percentage of green leaves two weeks after re-watering. White et al. (1992) 
and Volaire (1995) also found that differential osmotic adjustment of turf 
and forage grasses, particularly within leaf bases, resulted in contrasted 
tiller survival and recovery after drought stress.  

Osmotic adjustment is not always correlated with increased stress re-
sistance (Maggio et al. 1997). In a comparison between cocksfoot and per-
ennial ryegrass, cocksfoot had the least osmotic adjustment even though it 
was more drought resistant compared to ryegrass plants (Thomas 1986). 
Under these circumstances, other morphological and/or physiological re-
sponses play a more important role compared to osmotic adjustment to 
allow the plant to withstand prolonged drought stress. Furthermore, there 
may be variability among species and within genotypes and cultivars of the 
same species in the degree of osmotic adjustment and types of solutes ac-
tive in the maintenance of turgor (Bokhari and Trent 1985; Barker et al. 
1993; Rhodes and Hanson 1993; Qian and Fry 1997; Zhang et al. 1999). 
The degree of osmotic adjustment in perennial grasses may be affected by 
several other factors, including organ type and/or age (Chaves 1991; Ve-
neklaas and Van den Boogaard 1994; Kameli and Losel 1995; Bajji et al. 
2001) and the rate of dehydration and stress development (Thomas 1991). 
Under conditions of rapid dehydration, two forage grasses had decreased 
magnitude of osmotic adjustment compared to the same plants under a 
slower development of drought stress (Thomas 1986). Slower rates of water 
stress allow for more gradual acclimation of physiological parameters such 
as photosynthesis and osmotic potential, whereas faster rates of dehydra-
tion mostly cause rapid cellular injury and thus result in the inability of 
plants to adjust osmotically before they are killed (Toft et al. 1987). The 
duration of drought may also affect the benefits of osmotic adjustment. In 
the tropical perennial grass, Eustachys paspaloides, osmotic adjustment 
was more beneficial for the maintenance of growth under shorter periods 
of drought stress rather than long-term soil drought (Toft et al. 1987). 
However, under conditions of prolonged soil water deficit, osmotic adjust-
ment was more important for survival of tiller bases rather than continued 
turgidity and maintenance of leaf growth. 
 
Carbohydrate metabolism 
 

Carbohydrates provide energy and carbon skeletons for plant growth 
and metabolic processes. Carbohydrate metabolism is important for sup-
porting plant growth under mild or moderate drought and plant survival 
under severe drought stress conditions. Water availability in particular 
affects several aspects of carbon metabolism, such as the partitioning of 
carbohydrates between growth and storage, differential patterns of alloca-
tion between roots and shoots, as well as carbon consumption and avail-
ability during and following stress (Chaves 1991). Therefore, it is essential 
to recognize different plant strategies for allocation and utilization of avail-
able carbon resources, and also understand how these mechanisms are 
related to drought adaptation. 
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Carbon allocation 
 

Increases in root-to-shoot biomass ratio during drought stress may re-
sult from increased carbon investment in roots more so than in shoots 
(Bradford and Hsiao 1982; Hamblin et al. 1990; Mooney and Winner 
1991). The shift in carbon allocation pattern in favor of roots contributes to 
drought resistance in perennial (Volaire 1995; Assuero et al. 2002) and 
annual grasses (Nicolas et al. 1985; Simane et al. 1993; Kalapos et al. 
1996). Huang and Gao (2000) reported that drought-tolerant cultivars of 

tall fescue had greater proportion of 
14

C allocated to roots compared to 
drought-sensitive cultivars. Roots of perennial grasses are also able to ad-
just metabolic activities and carbon allocation within the root system to 
cope with drought stress. In a study investigating carbon metabolic re-
sponses under surface soil drying, both Kentucky bluegrass and tall fescue 
exhibited decreased respiration rates in shoots and roots in the upper dry-
ing soil layer; in contrast, there was enhanced carbon allocation to those 
roots in the lower, wet soil layer (Huang and Fu 2000; Huang and Gao 
2000). This study suggested that perennial grasses are able to survive long-
term drought stress by reducing carbon consumption of roots with little 
benefits in terms of water and nutrient uptake in the surface drying soil 
while increasing carbon investment in functional roots to maximize the 
capacity of water and nutrient uptake in the soil where water is available. 
 
Carbohydrate accumulation 
 

The amounts of total nonstructural carbohydrates (TNC) and water-
soluble carbohydrates (WSC) within plant tissue have been utilized as indi-
cators for physiological status of perennial grasses under drought and other 
stresses (Sheffer et al. 1979; Volenec 1986; Hull 1992; Fulkerson et al. 
1994). Huang and Fu (2000) and Huang and Gao (2000) reported that 
TNC levels were either unaffected or increased in tall fescue and Kentucky 
bluegrass in response to drying conditions. Increases in carbohydrates 
have also been observed for Dactylis glomerata (Brown and Blaser 1970; 
Volaire 1994) and other cool-season grasses (Busso et al. 1990). This en-
hanced carbohydrate supply may be related to observations that decreases 
in plant growth occur before photosynthesis is significantly affected (Hsiao 
1973; Chaves 1991), therefore causing some accumulation of carbohydrates 
within plant tissue. In the studies conducted by Huang and Fu (2000) and 
Huang and Gao (2000), carbon accumulation during drought stress was 
also attributed to lower consumption rates, which was related to decreases 
in root and canopy respiration rates. Reduced respiration rates have been 
associated with drought resistance and increased plant survival during 
drought stress in other species (Nicolas et al. 1985). Furthermore, storage 
carbohydrates, such as fructans and starch, may also be hydrolyzed and 
contribute to higher concentrations of simple sugars (glucose, fructose, and 
sucrose) in drought stressed grasses (Suzuki and Chatterton 1993; Spollen 
and Nelson 1994).  
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The accumulation of TNC and WSC has been associated with increased 
drought resistance and survival in grasses (Volaire 1994, Volaire et al. 
1998). Increases in soluble sugars, in combination with other solutes, may 
contribute to osmotic adjustment by lowering leaf water potential at which 
stomatal closure occurs and sustaining turgor in growing regions of leaves 
and roots (Chaves 1991; Richardson et al. 1992; Godde 1999). Additionally, 
these reserves may be utilized as the primary source of carbohydrates for 
continued biomass production throughout drought or following drought 
stress (Chaves 1991). However, utilization of carbohydrates for continued 
growth during stress may be more advantageous during short periods of 
water deficit, since drought duration and intensity are important factors in 
the depletion of carbohydrate reserves. If plants continue to utilize carbo-
hydrates under conditions of moderate drought, a negative carbon balance 
may result when respiration eventually exceeds photosynthesis if stress is 
not alleviated (Boschma et al. 2003). Therefore, maintenance of photosyn-
thesis under moderate drought stress is critical for carbohydrate accumula-
tion in support of continued tissue growth. Poor survival and persistence 
has been associated with the depletion of carbohydrate reserves in ryegrass 
(Arcioni et al. 1985) and Dactylis glomerata (Volaire 1995) under pro-
longed drought stress. Cultivars or species that stored carbohydrates in-
stead of continuously utilizing them for growth during long-term drought 
stress may better be able for the survival of plants. Additionally, utilization 
of reserve carbohydrates for re-growth of grasses after relief from drought 
late in the growing season may be at the expense of increasing and replac-
ing storage carbohydrates that would otherwise be used for winter survival 
and spring re-growth (Karsten and MacAdam 2001). 
 
Carbohydrate partitioning between growth and storage 
 

In some perennial grasses, survival and recovery are more important 
than continued biomass production under prolonged drought (Volaire et 
al. 1998). Therefore, instead of maintenance of growth, these species may 
allocate reserves to stem bases and roots as a survival mechanism under 
prolonged periods of drought. In Themeda triandra, a C4 perennial forage 
grass, severe drought stress induced TNC accumulation primarily in stem 
bases and served as important reserve pools for re-growth following stress 
(Oosthuizen and Snyman 2001). Summer drought-tolerant populations of 
cocksfoot also accumulated significant amounts of WSC in leaf bases, while 
more drought susceptible populations continuously utilized carbohydrate 
reserves (Volaire 1995). This differential use in carbohydrates was associ-
ated with increased plant survival during stress and recovery after stress in 
summer drought-tolerant plants. In contrast, perennial ryegrass hydro-
lyzed carbohydrates in leaves and made them available for regrowth rather 
than storage, which depleted carbohydrate reserves and limited recovery 
potential (Karsten and MacAdam 2001). 
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Hormonal regulation 
 

For years, researchers have been studying the regulatory mechanisms 
of shoot and root responses of perennial grasses to drought stress. Abscisic 
acid (ABA) and cytokinins are two major groups of plant hormones that 
play important roles in regulating plant responses to decreases in soil water 
availability (Pospisilova et al. 2000; Wilkinson and Davies 2002). The in-
volvement of these hormones in root-to-shoot signaling, particularly 
through regulation of stomatal behavior and leaf growth, has been impli-
cated in plant resistance to drought (Quarrie 1989, 1993; Pospisilova et al. 
2000). Various studies with crop species and limited work in perennial 
grasses have demonstrated genetic variation in ABA and cytokinin accumu-
lation and/or sensitivity also contributes to genotypic differences in 
drought resistance. 
 
ABA accumulation and regulation of stomata and growth 
 

Stomatal regulation of water loss is a critical factor controlling plant 
survival in dry environments. Excessive water loss through transpiration 
can result in water deficit and desiccation of a plant. Rapid stomatal clo-
sure in response to drought stress may protect plants from being desic-
cated. The traditional belief is that stomatal closure is induced by water 
deficit. Recent studies have confirmed that a chemical signal moving from 
roots to shoots in response to soil drying may induce stomatal closure and 
reduce water loss (Blackman and Davies 1985; Zhang and Davies 1989; 
Davies et al. 2002). In experiments utilizing split-root systems in which 
part of the root system is exposed to drying soil while the remaining roots 
are maintained in moist soil, it has been found that restrictions in stomatal 
conductance and growth occur even though roots in the well-watered soil 
provide sufficient moisture to maintain leaf water relations (Zhang and 
Davies 1989; Gowing et al. 1990).  

Abscisic acid is believed to be the primary chemical signal controlling 
stomatal response to drying soil (Wilkinson and Davies 2002). It is now 
well established that ABA maybe synthesized in roots exposed to drying 
soil and transported to shoots, where the hormone triggers a signal trans-
duction cascade eventually leading to a reduction in guard cell turgor, 
stomatal closure, and an overall decrease in water loss via transpiration 
(McAinsh et al. 1997; Assmann and Shimazaki 1999; Wilkinson and Davies 
2002). ABA may also be involved in plant adaptation to drought stress by 
inhibiting leaf growth or transpirational area (Bacon et al. 1998; Alves and 
Setter 2000), and induction of antioxidant enzymes (Bueno et al. 1998; 
Bellaire et al. 2000; Jiang and Zhang 2002) and genes related to drought 
resistance (Bray et al. 1999; Jin et al. 2000; Campbell et al. 2001; Tammi-
nen et al. 2001).  

The importance of ABA as a metabolic factor in the regulation of plant 
tolerance to stresses has received great attention in recent years in other 
species (Bray 1999; Pekic et al. 1995). However, limited information is  
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available on the association of ABA signaling and drought resistance in 
perennial grasses. Many studies in annual cereal grasses and some in per-
ennial grasses have shown a negative relationship between ABA accumula-
tion, stomatal conductance, and leaf growth; particularly for sorghum 
(Sorghum bicolor (L.) Moench; Auge et al. 1995), maize (Zea mays L.; 
Davies and Zhang 1991; Tardieu et al. 1992), rice (Oryza sativa L.; Bano et 
al. 1993), wheat (Triticum aestivum L.; Blum et al. 1991), barley (Hordeum 
vulgare L.; Borel et al. 1997), tall fescue (Puliga et al. 1996), and Kentucky 
bluegrass (Wang et al. 2003; DaCosta et al. 2004). The combination of 
decreased stomatal conductance and growth rate in many of these species 
is beneficial for plant survival of soil drying due to restriction of leaf tran-
spirational area, which permitted prolonged maintenance of leaf turgor. 
Because modifications in leaf physiological parameters occurred without 
any significant reduction in leaf water status, these studies provided evi-
dence for hormonal or chemical regulation of plant responses to soil dry-
ing. Three forage grasses demonstrating differences in drought sensitivity 
exhibited variation in ABA control on leaf physiological responses to 
drought (Puliga et al. 1996). In tall fescue, increases in ABA concentration 
were associated with inhibition of leaf growth and maintenance of leaf tur-
gor, therefore delaying the detrimental effects of soil drying. In contrast, 
decreases in leaf turgor of Eragrostis curvula and Sporobolus stapfianus 
occurred before any significant increases in ABA were detected. Further-
more, E. curvula exhibited more of a drought tolerance strategy, sustaining 
leaf growth even at low leaf water potential. This study demonstrates that 
not all species exhibit chemical regulation under soil drying, and that vari-
ability in how plants sense and respond to decreases in water availability 
may be related to specific strategies for drought avoidance or drought tol-
erance. In many species modification in leaf growth may be more closely 
related to changes in leaf water status rather than chemical influences 
(Tardieu and Simonneau 1998).  

The relationship between ABA accumulation and drought resistance 
varies with species and genotypes (Blum and Sinmena 1995; Cellier et al. 
1998; Wang and Huang 2003). Some species with high leaf ABA accumula-
tion have been reported to be more drought-tolerant than those with low 
ABA accumulation (Larqué-Saavedra and Wain 1976; Henson et al. 1981). 
In contrast, some studies suggest that low ABA accumulation is positively 
related to drought resistance, such as in cocksfoot (Volaire et al. 1998), 
wheat (Innes et al. 1984; Quarrie 1989), maize (Ilahi and Dorffling 1982), 
and sorghum (Durley et al. 1983). Drought resistance in Kentucky blue-
grass cultivars was associated with slower rates of ABA accumulation in 
leaves compared to drought-sensitive cultivars in response to short-term 
drought stress (Wang et al. 2003). These cultivars were characterized by 
greater leaf water potential, net photosynthesis, stomatal conductance, and 
turfgrass quality during drought stress, suggesting that slower rates of ABA 
accumulation could be beneficial for the maintenance of photosynthesis 
and growth during short-term drought stress.  

Sensitivity of the stomatal complex to ABA accumulation is also an im-
portant factor shown to vary among genotypes and species (Quarrie and  
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Jones 1979; Cellier et al. 1998). Wang and Huang (2003) reported that 
drought-tolerant cultivars of Kentucky bluegrass exhibited higher stomatal 
sensitivity to changes in leaf ABA content compared to drought-sensitive 
cultivars, which led to earlier stomatal closure, less cell membrane damage, 
and overall delay in the decline of overall turfgrass quality. They concluded 
that drought tolerance of Kentucky bluegrass is associated with the sensi-
tivity of stomata to increases in ABA production. Exogenous ABA applica-
tion to tall fescue and Kentucky bluegrass leaves improved drought resis-
tance in both species under controlled environmental conditions by induc-
ing stomatal closure and enhancing osmotic adjustment (Jiang and Huang 
2001b; Wang et al. 2003). 
 
Interaction of cytokinins and ABA in relation to drought resistance 
 

Cytokinins generally have antagonistic physiological effects with ABA, 
especially in stomatal control. Cytokinins maintain stomatal opening, and 
thus increase stomatal conductance and transpiration rates (Jewer and 
Incoll 1980; Blackman and Davies 1985; Incoll and Jewer 1987; Lechowski 
1997). Cytokinins also delay leaf senescence (Catsky et al. 1996; Naqvi 
1999) and enhance photosynthetic protein synthesis and electron transport 
(Synkova et al. 1997). There is typically decreased cytokinin accumulation 
in drought-stressed plants, which can amplify responses of shoots to in-
creasing ABA levels (Goicoechea et al. 1995, 1997; Naqvi 1995). However, it 
was recently suggested that the actual ratio of ABA/cytokinin seems to be 
more important for regulation of gas exchange and water relations than 
absolute changes in concentration of either hormone (Cheikh and Jones 
1994; Goicoechea et al. 1997; Moore-Gordon et al. 1998).  

There is considerably less research on how these hormones may be in-
volved in the recuperative ability of grasses from drought stress. Changes 
in hormonal balance have been reported as important for relief from 
drought stress and facilitating plant recovery (Ivanova et al. 1998; Yorda-
nov et al. 1997, 1999). In Kentucky bluegrass, an increase in cytokinin con-
tent upon relief of drought corresponded with recovery of physiological 
parameters (Wang and Huang unpublished results). 
 
Concluding remarks 
 

Perennial grasses are widely distributed across different climatic re-
gions, and often exposed to drought stress, especially in semi-arid and arid 
areas. Grasses adapted to dry environments exhibit three major mecha-
nisms: drought avoidance, drought tolerance, and drought escape, which 
together are considered as drought resistance. Various physiological traits 
of drought resistance have been identified in perennial grass species, in-
cluding modification of water relations, carbohydrate metabolism, and 
hormone synthesis or sensitivity. However, much more needs to be ex-
plored in drought stress tolerance mechanisms, as drought will continue to 
be the leading factor that limits grass growth in many areas of the world.  
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Increased efforts should be made to better understand the factors con-
trolling root survival in drying soils, proteins/genes associated with the 
accumulation of osmolytes, and also the mechanisms controlling efficient 
carbon utilization and carbon allocation/partitioning under drought stress. 
Such information should provide additional arsenal in the improvement of 
drought tolerance in perennial grasses by using biotechnology or tradi-
tional breeding. Greater insight is needed on the relationships between 
hormone accumulation and physiological characteristics for perennial 
grasses under drought, and how these may be related to drought resistance 
in different species. The capability of exploiting aspects of hormonal signal-
ing, accumulation, and sensitivity in perennial grasses could serve as a 
screening tool for genetic improvement and benefit the development of 
drought-resistant grasses. 
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Introduction 
 
Seasonally dry tropical regions are covered by savannas and dry forests, 
which occupy a greater area worldwide than tropical rainforests (Olivares 
and Medina 1992; Murphy and Lugo 1995).  Tropical dry forests are tree-
dominated ecosystems, while a xeromorphic, fire-tolerant grass layer is an 
important component of savannas. In the Neotropics these two vegetation 
types are floristically and ecologically distinct and their component species 
may react differently to environmental changes (Pennington et al. 2000). 
This chapter addresses the savannas of Central Brazil, known locally as 
"cerrado"1. The cerrados of Central Brazil are the second most extensive 
plant formation in South America and cover 2.0 × 106 km2, an area which is 
approximately the same as that of Western Europe (Eiten 1972; Oliveira-
Filho and Ratter 2002).  

Most of the cerrado occurs in regions with a yearly rainfall that ranges 
from 750-800 mm to 2000 mm (Eiten 1972). Rainfall in isolated savanna 
areas adjacent to contiguous forests in the Amazon region can reach higher 
values (Sanaiotti et al. 2002).  It is subject to regular and predictable an-
nual drought from May to September, which is a major determinant of 
ecosystem structure and function. High irradiances, high air temperatures 
and low relative humidities impose a consistently high evaporative demand 
during the prolonged dry season, when potential evaporation rates greatly 
exceed rainfall. Water in the upper soil layers is severely depleted as evi-
denced by their extremely low soil water potential during this period 
(Franco 1998, 2002), while the deeper soil layers remain moist even after 
several months without rain (Jackson et al. 1999). Because of the large 
inter-annual variations in monthly rainfall patterns, evaporation may even 
exceed rainfall in some months during the wet period as well. Average an-
nual temperature ranges from 20 to 26 °C with diurnal temperature ranges 
of 20 °C being common during the dry season (Eiten 1972). Frost events 
are uncommon and occur only at the southern limit of the cerrado region. 
The nutrient-poor, acid soils with high levels of Aluminum represent an 
additional limiting factor for plant growth. P is particularly limiting in 
these ecosystems (Haridasan 2000, 2001). 

The cerrado contains a remarkably complex community structure rich 
in endemic woody species. About 800 species of trees and large shrubs are 
present in the cerrado region (Oliveira-Filho and Ratter 2002). Individual 
sites may contain 70 or more different species of trees (Felfili and Silva Jr 
1993). The most important families, in terms of species numbers are 
Leguminosae, Myrtaceae, Malpighiaceae, Vochysiaceae, Melastomataceae 
and Rubiaceae (Oliveira-Filho and Ratter 2002). The upper canopy of cer-
rado vegetation typically consists of 6- to 8-m-tall, deciduous and ever-
green trees that display a wide range of root habits, from shallow- to deep- 
 

                                                 
1 The cerrado biome was named after the vernacular term for its predominant 
vegetation type, a woody savanna of sclerophyllous shrubs and small trees (Eiten 
1972; Oliveira-Filho and Ratter 2002). 
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rooted (Table 8.1; Rawitscher 1948; Jackson et al. 1999). Most of the roots 
are contained in the first meter belowground, although a smaller but sig-
nificant proportion of the root biomass is still found to depths of 6 to 8 
meters (Abdala et al. 1998) and even deeper (Rawitscher 1948). 

The emphasis of this chapter will be on plant traits related to carbon 
assimilation and water relations. Carbon acquisition and water balance are 
not only major constraints to plant fitness, but carbon influx and attendant 
processes are coupled to water availability. Moreover, most species showed 
a prolonged midday depression of photosynthetic rates during both the wet 
and dry seasons (Franco 1998; Moraes and Prado 1998; Franco and Lüttge 
2002). Under these circumstances, in addition to a constrain in daily car-
bon gain, the photosynthetic apparatus can be damaged by the absorption 
of excessive light energy, unless photoprotective mechanisms operate to 
alleviate photoinhibition. On the other hand, canopy shading by the grass 
layer can restrict seedling establishment and growth (Nardoto et al. 1998; 
Braz et al. 2000). The effects of canopy shading on CO2 assimilation can 
become critical for tree seedling growth and survival in dense cerrado 
woodlands (Kanegae et al. 2000). Thus, plant performance in savanna 
ecosystems can be greatly affected by small changes in plant size and of 
canopy structure of the overlying vegetation, as it was observed in desert 
ecosystems (Franco and Nobel 1988, 1989).  
 

Soil water extraction, root distribution,  
and hydraulic redistribution of soil water 
 

Models explaining the structure and function of savanna ecosystems 
typically involve water and nutrients as limiting resources and a two-
layered soil-water model of tree-grass coexistence (Walker and Noy-Meir 
1982; Sarmiento 1984; Medina and Silva 1990; Scholes and Walker 1995). 
According to this model, the dense system of shallow roots of grasses make 
them superior competitors for water in the upper part of the soil profile, 
whereas trees are deeply rooted and therefore have exclusive access to a 
deeper, more predictable water source. However, cerrado trees are not 
homogeneous in terms of rooting patterns and they display a wide range of 
rooting habits from shallow-rooted to deep-rooted species (Table 8.1).  

Moreover, neotropical savanna trees can have extended lateral roots at 
depths of 20 to 50 cm in addition to the deep vertical system (Sarmiento 
1984). Thus, Curatella americana, Byrsonima crassifolia, and Bowdichia 
virgiloides have the bulk of their roots directly below the area of main con-
centration of the grass roots, and at the same time reach soil layers several 
times deeper than the herbaceous plants. These tree species are also com-
monly found in the cerrados of Central Brazil (Ratter et al. 1996). The 
presence of a dimorphic root system was also reported for Byrsonima 
crassa and Blepharocalyx salicifolius in a cerrado site in Central Brazil 
(Moreira et al. 2003). These results were extended by Sternberg et al. 
(2005), who used deuterium-enriched water experiments and extensive 
root excavations to confirm the presence of long range lateral roots in sev-
eral cerrado trees. They hypothesized that the extensive lateral root devel-
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opment in these nutrient-poor, acid soils may be an adaptation to better 
exploit the nutrients at the top layer of the soil profile. 

The occurrence of hydraulic lift could be expected in species with a di-
morphic root system. Hydraulic lift is the passive movement of water from 
the lower wetter layers to the upper dryer layers of the soil profile via the 
plant root (Richards and Caldwell 1987; for a review see for instance Jack-
son et al. 2000).  The hydraulic redistribution of water downward (from 
wetter upper layers to dryer lower layers of the soil profile) has also been 
reported and called inverse hydraulic lift (Schulze et al. 1998). Hydraulic 
lift in cerrado trees was first reported by Scholz et al. (2002). Moreira et al. 
(2003) used deuterated water experiments to demonstrate that water 
moves up through the central taproot, to lateral roots, to the soil and into 
neighboring small shrubs and trees in a cerrado site. Their results also 
showed that roots other than the central taproot contribute a major part of 
the water uptake by the plant.  Thus, lateral roots may have sinker root tips 
that penetrate the soil profile deeply.  

The magnitude of this process and its importance for plant water bal-
ance in cerrado ecosystems still needs to be thoroughly evaluated. Hydrau-
lic lift could nearly double the loss of water by evapotranspiration in a 
sugar maple stand (Jackson et al. 2000).  On the other hand, hydraulic lift 
in an Artemisia tridentata stand could increase total transpiration during a 
period of 100 days by only 3.5%, although it could be as high as 20% for 
some days (Ryel et al. 2002). It appears that hydraulic lift makes only a 
relatively small contribution to the water budget of neighboring plants in 
the cerrado (Moreira et al. 2003). Nevertheless, the addition of small 
amounts of water to the superficial soil layers could be enough to prevent 
cavitation of the shallow roots (Brooks et al. 2002) or damage to mutualis-
tic associations with organisms living inside or close to the root surfaces 
(Querejeta et al. 2003).  It could also be important to maintain or enhance 
nutrient uptake by fine roots (Caldwell et al. 1998).  

Thus, the large species-specific differences in rooting depth (Table 8.1), 
the presence of a dimorphic root system in many species and the occur-
rence of hydraulic lift result in a pattern of soil water exploitation that is 
much more complex than it is postulated by the two-layered soil water 
model. Indeed, cerrado trees extract water along the whole soil profile to 
the water table (Jackson et al. 1999). Moreover, the pattern is dynamic and 
it may shift to lower depths during the dry season. On the other hand, soil 
water balance measurements suggest that a significant amount of the an-
nual precipitation remains unexploited by the roots (Silva et al. 2003).  

 
Seasonality of climate and leaf phenology  
 

Despite the pronounced seasonality in rainfall, drought does not syn-
chronize vegetative phenology in tropical dry forests and savannas (Eamus 
and Prior 2001; Rivera et al. 2002). The cerrados of Central Brazil consti-
tute mosaics of trees of different phenological types (Table 8.1; Franco et 
al. 2005; Lenza and Klink 2006). Leaf fall does peak in the dry season, but 
there is considerable inter-specific variation in the timing of bud break and 
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Table 8.8.1. Patterns of leaf phenology and depth of the root system of 12 cerrado 
trees. Evergreen leaf-exchangers simultaneously shed the leaves and produce new 
ones, while the briefly deciduous remain leafless for short periods of time during 
the dry season. Leafless is the period that the trees were without leaves of any type, 
including young and senescent leaves. Depth of the root system was based on com-
parisons of stable hydrogen isotope composition of stem xylem water and soil water 
that was collected at different depths. (Adapted from Franco et al. 2005; for Caryo-
car brasiliense from Maia 1999; for Myrsine guianensis from Lenza and Klink 
2006).  
 
Species Family Leafless Leaf flush Root 

depth 
Evergreen      
Schefflera 
 macrocarpa 

Araliaceae 0 Throughout the 
year 

Shallow 

Miconia ferruginata Melastomata-
ceae 

0 Wet season Shallow 

Roupala montana Proteaceae 0 End of dry season Shallow 
Myrsine guianensis Myrsinaceae 0 Most of the year Deep1 
 
Evergreen leaf-
exchanger 

    

Sclerolobium 
 paniculatum 

Leguminosae– 
Caesalpinioi-
deae 

0 Wet season Shallow 

Vochysia elliptica Vochysiaceae 0 End of dry season Deep 
Ouratea  
 hexasperma 

Ochnaceae 0 End of dry season Shallow 

 
Briefly deciduous 

    

Caryocar brasiliense Caryocaraceae Less than 
3 weeks 

End of dry season Deep1 

Dalbergia miscolo-
bium 

Leguminosae–
Papilionoideae

Less than 
3 weeks 

End of dry season Deep 

Pterodon pubescens Leguminosae–
Papilionoideae

Less than 
3 weeks 

End of dry season Shallow 

 
Deciduous 

    

Kielmeyera coriacea Clusiaceae More than 
3 weeks 

End of dry season Deep 

Qualea grandiflora Vochysiaceae More than 
3 weeks 

End of dry season Deep 

Qualea parviflora Vochysiaceae More than 
3 weeks 

End of dry season Inter-
mediate 

 

1Based on unpublished measurements of stable hydrogen isotope composition. 
 

 



FROM GRASSLANDS TO ALPINE ENVIRONMENTS 196 

 
Figure 8.1. Monthly variation in the number of leaves, pre-dawn and midday 
water potential for Caryocar brasiliense and Myrsine guianensis in a cerrado site 
at Reserva Ecológica do IBGE. In C. brasiliense, the number of leaves was ex-
pressed as % of the number of leaves that were measured in October 1997 (leaf 
cohort of 1997) or November 1998 (leaf cohort of 1998). In M. guianensis, the total 
number of leaves of each month was expressed as a % of the number of leaves that 
were measured in February 1998, while the new leaves were expressed as a % of the 
total number of leaves that were counted at each measurement. Leaf phenology was 
followed in several branches of 10 different individuals, which included five that 
were used for the leaf water potential measurements. Maximum values of stomatal 
conductance (Gwv) for C. brasiliense decreased from 158-219 mmol m-2 s-1 in the 
wet season to 39-59 mmol m-2 s-1 in the dry season whereas Gwv in M. guianensis 
decreased from 165-353 mmol m-2 s-1 to 40-80 mmol m-2 s-1. The dark bars indicate 

the dry season. Adapted from Maia (1999).  
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flushing. Many evergreens flush new leaves continuously throughout  most 
of the year (Fig. 8.1). Leaf-exchanging species simultaneously shed the 
leaves and produce new ones at the end of the dry season. Deciduous spe-
cies flush by the end of the dry season. However, several species are briefly 
deciduous in the sense that they remain leafless for short periods of time of 
less than 3 weeks (Table 8.1; Fig. 8.1; Franco et al. 2005; Lenza and Klink 
2006). 

The cause of the variation in time and intensity of leaf phenophases in 
seasonal dry forests and savannas has been much debated (Reich 1995; 
Wright 1996; Eamus and Prior 2001; Rivera et al. 2002). Although syn-
chronous bud break in spring commonly observed in several species may 
be the result of a photoperiodic response, in other species bud break is 
probably determined mainly by the seasonal variation in tree water status 
at a given site (Reich 1995; Eamus and Prior 2001; Rivera et al. 2002).   

Irrespective of the cause, bud break and leaf expansion in the dry sea-
son can only occur if the tree is fully hydrated. Because seasonal changes 
on osmotic pressure are small (Bucci 2001; also, see section on osmotic 
adjustments) and only the upper soil layers are really depleted of water 
(Franco 2002), the depth of the root system is critical. Most deciduous 
trees have a deep-rooted system (Table 8.1), which allows access to perma-
nently wet soil layers, while the leafless period will greatly reduce water 
loss by the tree. Under these circumstances, the recovery of tree water bal-
ance and bud break may occur, provided that reserves of soil water are 
sufficient to support whole-plant rehydration that precedes leaf flushing in 
the absence of rain. Moreover, several cerrado species have stems with 
thick bark and large internal water storage capacity (Coradin 2000; Scholz 
et al. 2007). Stored water can buffer the impact of seasonal drought and 
enable trees to flower and flush new leaves during the dry season (Borchert 
1994).  

On the other hand, some shallow-rooted evergreens are also able to 
flush before the onset of the rainy season. Therefore, we can expect that 
leaf flushing in cerrado trees is mostly the result of adjustments in the tree-
water supply and demand, driven by a complex interplay of partial 
stomatal closure and partial or total canopy shedding, as well as the depth 
of the root system and the size of internal water reservoirs. Moreover, it 
remains to be studied whether redistribution of soil water by hydraulic lift 
is enough to affect tree rehydration and leaf phenology in cerrado ecosys-
tems.  
 
Tree water relations 
 
Seasonal changes in leaf water potential 
 

Imbalances between water supply and demand result in changes in 
plant water status, generally assessed by measurements of leaf water po-
tential (Ψl). If one assumes negligible or low nocturnal transpiration, plant 
rehydration could occur and a water balance between the plant and the soil 
should be reached by the end of the night. Under these circumstances, pre-
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dawn Ψl would be a measure of the water potential of the soil adjacent to 
the root and therefore, of the maximum water status the plant can achieve. 
This relationship would depend on the root distribution in the soil and root 
water extraction may shift to deeper layers as the dry season progresses 
(Weltzin and McPherson 1997). On the other hand, processes such as 
nighttime transpiration could prevent equilibration along the soil to leaf 
continuum. In this case, predawn Ψl may be significantly more negative 
than the water potential of the soil accessed by the roots (Donovan et al. 
1999, 2001). Thus, seasonal variations in predawn Ψl in evergreen cerrado 
species may partially reflect nocturnal transpiration that would limit plant 
recharge during night-time (Bucci et al. 2004a; 2005). Minimum Ψl is 
generally reached between midday and early afternoon, when the evapora-
tive demand of the atmosphere reaches its peak.  

In the cerrados of Central Brazil, seasonal variations in pre-dawn and 
midday Ψl are relatively small (Fig. 8.1), when compared to trees of Vene-
zuelan dry forests (Sobrado 1986), but similar to evergreen species of Aus-
tralian savannas (Duff et al. 1997; Myers et al. 1997). Pre-dawn Ψl generally 
remains between –0.1 and –0.3 MPa in the wet season, and –0.3 to –0.8 
MPa in the dry season (Mattos et al. 1997; Franco 1998; Mattos 1998; 
Meinzer et al. 1999; Bucci et al. 2005; Franco et al. 2005). These values 
suggest contact with relatively moist soil at depth. Minimum Ψl is in the 
range of –1 to –3 MPa in the dry season (Perez and Moraes 1991; Franco 
1998; Meinzer et al. 1999; Franco et al. 2005; Bucci et al. 2005).  

The small seasonal variations in minimum Ψl are the result of strong 
stomatal control of evaporative losses coupled with a decrease in total leaf 
surface area per tree during the dry season and access to the deep moist 
soil layers. The leaf surface area per unit of sapwood area (LA/SA), an in-
dex of potential architectural constraints on water supply in relation to 
transpirational demand is about 1.5 to 8 times greater in the wet season 
compared to the dry season for most of the species (Bucci et al. 2005). 
Strong stomatal limitation of both daily transpiration rates and total daily 
transpiration was reported to occur during both the wet and the dry sea-
sons (Meinzer et al. 1999; Bucci 2001). In the particular case depicted in 
Fig.1, maximum values of stomatal conductance decreased by about 75% 
from the wet to the dry season.  Thus, the considerable reduction in total 
leaf area and stomatal conductance were enough to induce a recovery of 
pre-dawn Ψl of adult trees of Caryocar brasiliense and Myrsine guianensis 
in the absence of any rainfall at the end of the dry season. 

 

Osmotic adjustment and seasonal changes in elastic modulus (ε) 
 

In many drought-tolerant plants, water stress typically leads to an ac-
cumulation of solutes in the cytoplasm and vacuole, thus maintaining tur-
gor pressure despite the decrease in water potentials. Solute accumulation 
in response to water stress is termed osmotic adjustment and involves an 
increase in the number of solute molecules per cell rather than a decrease 
in the amount of water in the cell. A decrease in osmotic potential at full 



TREE FUNCTIONAL STRATEGIES 199 

turgor in response to drought is evidence of osmotic adjustment and it is 
associated with a decrease in osmotic potential at the turgor loss point, as 
well (Jones and Turner 1978).  

Although cerrado trees are exposed to a 5-month long dry period, large 
drought-induced changes in osmotic potential are not expected, given the 
small seasonal variation in pre-dawn Ψl. Indeed, seasonal changes in os-
motic potentials at full turgor and at the turgor loss point of cerrado trees 
were small (Perez and Moraes 1991; Bucci 2001). Small seasonal changes in 
osmotic potential or no changes were also measured in the Australian sa-
vannas (Eamus and Prior 2001) and in Venezuelan savanna trees (Meinzer 
et al. 1983). In both cases, there was little seasonality in leaf water poten-
tials. Osmotic adjustment is much more common in Venezuelan dry for-
ests, which experienced significantly lower rainfall (900 mm; Sobrado 
1986).  

It is yet to be determined whether osmotic adjustments is an important 
mechanism for drought tolerance in cerrado woody seedlings, which can 
attain pre-dawn Ψl as low as –4 MPa (Hoffmann et al. 2004). Drought-
induced osmotic adjustment was found in saplings of the Australian sa-
vanna trees Eucalyptus tetrodonta and E. ferdinandiana, but not in adult 
plants (Eamus and Prior 2001). 

The elastic properties of plant cell walls, usually measured by the cell’s 
volumetric elastic modulus (ε), must also be considered when analyzing 
plant response to drought. Because ε affects the rate of decrease in turgor 
pressure as the plant tissue loses water, adjustments in ε could also affect 
the turgor maintenance capacity of a plant in response to drought. There 
are few measurements of  ε for cerrado plants, which ranged from 5 to 25 
MPa (Bucci 2001).  Seasonal changes in ε  were relatively small and may be 
more related to leaf senescence and the production of new leaves in the end 
of the dry season than as a response to seasonal drought. 
 
Wood density, water storage, and hydraulic architecture 
 

Variation in wood density is correlated with changes in a suite of char-
acteristics related to stem water storage capacity, the efficiency of xylem 
water transport, regulation of leaf water status, and avoidance of turgor 
loss (Meinzer 2003). This seems to be the case for cerrado trees as well. In 
a study of the water relations of six dominant trees in a cerrado site, they 
all shared the same common negative exponential relationship between 
sapwood saturated water content and wood density, during the peak of the 
dry season (Bucci et al. 2004b). Thus, sapwood water storage, or capaci-
tance, diminished with increasing wood density, as it was found in other 
studies (Borchert 1994; Stratton et al. 2000; Meinzer 2003).  

With respect to hydraulic architecture, specific and leaf-specific hy-
draulic conductivity2 decreased, and the leaf area:sapwood area ratio in- 

                                                 
2 Hydraulic conductivity (kg m s–1 MPa–1) was calculated as kh = Jv / (ΔP/ΔX), 
where Jv was the flow rate through the branch or petiole segment (kg s–1) and 
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creased more than 5-fold as wood density increased from 0.37 to 0.71 g  
cm–3 across all individuals and species (Bucci et al. 2004b). If both sap-
wood water storage capacity and water transport efficiency are negatively 
correlated with wood density, it is reasonable to postulate that species with 
greater wood density would experience larger daily fluctuations in leaf wa-
ter status (Meinzer 2003). Indeed, wood density was a good predictor of 
minimum (midday) Ψl and total daily transpiration, both of which de-
creased linearly with increasing wood density in a similar fashion across all 
individuals and species (Bucci et al. 2004b). Moreover, the time of onset of 
sap flow in the morning and the maximum sap flow tended to occur pro-
gressively earlier in the day as wood density increased. On the other hand, 
stomatal conductance, specific leaf area, and osmotic potential at the tur-
gor loss point, all decreased linearly with increasing wood density. Thus, 
wood density apparently constrained the evolutionary options related to 
plant water economy and hydraulic architecture in cerrado woody species 
(Bucci et al. 2004b).  

 
Hydraulic conductivity, vulnerability curves, and embolism repair 
  

Savanna trees should have an efficient water transport system to keep 
pace with transpiration rates without causing an excessive drop in leaf wa-
ter potential, given the high temperature and high evaporative demand 
throughout the year, coupled with the pronounced seasonality of precipita-
tion (Sarmiento et al. 1985). In cerrado woody species, leaf-specific hy-
draulic conductivity (kl), which is an in-vitro measurement of water trans-
port efficiency obtained with detached sections of terminal stems is 
strongly correlated with apparent soil-to-leaf hydraulic conductance3 (Gt), 
an in vivo estimate of whole-plant water transport efficiency (Bucci et al. 
2004b). Moreover, the diurnal range in leaf water potential was negatively 
related to kl  for six of  the Cerrado tree species, suggesting that higher wa-
ter transport efficiency resulted in smaller variation in leaf water potential 
(Bucci et al. 2004b). Values of kl which ranged from 4 to 26 × 10–4 kg m–1  
s–1 MPa–1 (Bucci et al. 2003, 2004b), were relatively high compared to val-
ues measured in trees of savannas and seasonal tropical forests, but within 

                                                                                                                
ΔP/ΔX is the pressure gradient across the segment (MPa m–1). Specific hydraulic 
conductivity (ks: kg m–1s–1MPa–1) was obtained as the ratio of kh and the cross sec-
tional area of the active xylem. Leaf-specific conductivity (kl: kg m–1s–1MPa–1) was 
obtained as the ratio of kh and the leaf area distal to the branch or petiole segment.  
3 The apparent leaf area-specific hydraulic conductance of the soil/root/leaf path-
way (Gt) was determined as Gt = E/ΔΨ, where ΔΨ is the difference between the 
current Ψl and the Ψ of the soil, and E is the average transpiration rate per unit leaf 
area determined from sap flow measurements at the time of Ψl measurements. 
Ideally, this relationship only applies under steady-state conditions, when transpi-
ration and uptake are equal. In transient conditions, there is also a storage compo-
nent, but is usually considered small compared with water uptake (Tyree et al. 1991; 
Goldstein et al. 1998). Maximum values of Gt in cerrado trees ranged from about 1 
to 16 mmoml m-2 s-1 (Meinzer et al. 1999; Bucci et al. 2005). 
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the range of values reported to tropical rainforest trees (Eamus and Prior 
2001). On the other hand, specific hydraulic conductivity (ks) ranged from 
0. 3 to 1.1 kg m-1 s-1 MPa-1, which is similar to reported values for savanna 
and seasonal tropical trees (Eamus and Prior 2001).  

Blockage of the xylem conduits by air reduces hydraulic conductivity in 
plants, and therefore long distance transport (Holbrook and Zwieniecki 
1999). Xylem conduits are prone to embolism because the xylem sap is 
under tension. Cavitation must be prevented if continuity of the water col-
umn in the xylem is to be maintained. This can be particularly critical un-
der the high evaporative demand conditions that prevail during the long 
dry season in the cerrado.  

Xylem vulnerability curves describe the relationship between loss of 
hydraulic conductivity and the xylem water potential that induced the loss 
of conductivity (Tyree and Ewers 1996). Bucci et al. (2003) constructed 
vulnerability curves for two typical cerrado trees, the shallow-rooted Schef-
flera macrocarpa and the deep-rooted Caryocar brasiliense. Percentage 
loss of conductivity began to increase more rapidly below about –1.0 MPa 
in both species, reached 50% at about –1.7 MPa, while the 100% conductiv-
ity loss point occurred at about –3.5 MPa. Similar values were measured 
for Curatella americana in the llanos of Venezuela, a species that also oc-
curs in the Brazilian cerrados and appears to have access to subsoil water 
reserves (Sobrado 1996). Values were lower for tropical dry forest trees. 
For instance, the 50% conductivity loss point ranged from –1.65 to –3.82 
MPa in six tree species of Venezuelan dry forests (Sobrado 1997) and from 
–1.4 to –5.6 MPa in four coexisting tree species from seasonally dry forest 
of Northen Australia (Choat et al. 2003).  

The regulation of xylem tension by partial stomatal closure and leaf 
area adjustments may limit cavitation, embolism and consequent loss of 
hydraulic conductivity within the plant (Meinzer et al. 1999; Naves-
Barbiero et al. 2000; Bucci 2001). This could be of critical importance in 
the wet season as well; the large increase in the amount of transpiring 
leaves in this time of the year does impose a constraint in the water conduit 
system. Indeed many cerrado trees restrict their transpiration rates both in 
the wet and the dry season and whole-plant transpiration remains rela-
tively constant throughout the year irrespective of the large changes in total 
leaf area (Bucci et al. 2005). 

However, diurnal embolism repair, particularly under high evaporative 
demand conditions, may be also a pre-requisite for maintaining efficient 
long-distance movement of water to the transpiring leaves of cerrado trees. 
Indeed, Bucci et al. (2003) provided strong evidence that these trees are 
capable of repairing embolized vessels while the xylem sap in the non-
embolized vessels was still under tension. In a field study, they reported 
that petiole ks of Schefflera macrocarpa and Caryocar brasiliense de-
creased sharply with increasing transpiration rates and declining leaf water 
potentials during the morning. Petiole ks increased during the afternoon 
while the plants were still transpiring and the water in the non-embolized 
vessels was still under tension. They used dye experiments to confirm that 
these diurnal variations in ks were associated with embolism formation and 
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repair. As a possible mechanism, Bucci et al. (2003) suggested that the rate 
of refilling of the embolized vessels in these two species would be a func-
tion of internal pressure imbalances. An increase in osmotically active sol-
utes in cells outside the vascular bundles at around midday would lead to 
water uptake by these cells. The concurrent increase in tissue volume 
would be partially constrained by the cortex, resulting in a transient pres-
sure imbalance that would drive radial water movement in the direction of 
the embolized vessels, thereby refilling them and restoring water flow. 
Consistent with this, petiole sugar content was highest in earlier afternoon 
and removal of cortex or longitudinal incisions in the cortex prevented 
afternoon recovery of ks and refilling of embolized vessels (Bucci et al. 
2003). Furthermore, Domec et al.  (2006) demonstrated not only that daily 
embolism and refilling was a common occurrence in lateral roots of four 
co-occurring cerrado tree species but that refilling was probably a function 
of internal pressure balances in agreement with the results of Bucci et al. 
(2003) for vessels in petioles.  

 
Stomatal conductance and transpiration 
 

The regulation of stomatal opening plays a major role in the control of 
transpiration, minimizing the effects of increases in the evaporative de-
mand of the atmosphere (increase in vapor pressure deficit) as a force driv-
ing transpiration. Studies of regulation of water use at the plant level with 
sap flow sensors have shown that, despite the potential access to deep soil 
water, cerrado trees exhibited reduced transpiration due to partial stomatal 
closure during both the dry and wet seasons (Meinzer et al. 1999; Naves-
Barbiero et al. 2000; Bucci 2001). For most species, sap flow increased 
sharply in the morning, briefly attained a maximum value by about 09:30 
to 12:00, then decreased sharply, despite steadily increasing solar irradia-
tion and evaporative demand. This decrease was particularly strong in the 
dry season, when high values of vapor pressure deficit prevail during most 
of the daylight hours. In some cases, transpiration rates briefly recovered 
in late afternoon (Naves-Barbiero et al. 2000).  

This rapid decrease in flow rate after an early peak may represent the 
limits of an internal reservoir that is recharged at night, or may be the re-
sult of limited capacity of the root system to absorb water in sufficient 
quantities to sustain high rates of transpiration over a longer period (Bucci 
et al. 2005). Despite a nearly three-fold increase in mean air saturation 
deficit between the wet and dry season, total daily sap flow per plant did 
not differ significantly between seasons for six of the eight study species, 
but daily transpiration per unit leaf area (E) was significantly higher for 
most of the species during the dry season. Thus, reductions in stomatal 
conductance (Gwv) and partial leaf loss acted in parallel to stabilize water 
balance and the decrease in Gwv was greater in species exhibiting only a 
modest decline in leaf area during the dry season. On the other hand, sus-
tained nocturnal transpiration, which ranged from 15 to 22% of daily tran-
spiration during the dry season, prevented the full recharge of internal 
reservoirs (Bucci et al. 2005).  
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The diurnal and seasonal changes in stomatal conductance are mostly 
a response to changes in air saturation deficit (D).  Gwv decreased sharply 
with increasing D, strongly limiting transpiration during the dry season. A 
single function relating Gwv to D accounted for about 80% of the variation 
in Gwv observed across all species (Bucci et al. 2005). However, the re-
sponse function of stomata to increasing leaf-to-air vapour pressure deficit 
in many plants varies with plant water status (Franco et al. 1994; Prior et 
al. 1997; Thomas and Eamus 1999).  Stomatal sensitivity to changes in leaf 
water potential are also expected in cerrado trees, where maximum 
stomatal conductances are lower in the dry season, when pre-dawn Ψl is 
also lower (Franco 1998; Franco et al. 2005; Bucci et al. 2005). Leaf water 
potential at stomatal closure in potted seedlings of cerrado species exposed 
to water withholding ranged from –2.4 to –3.9 MPa (Prado et al. 1994; 
Sassaki et al. 1997; Moraes and Prado 1998).  

There are two possible mechanisms that could couple soil water avail-
ability to stomatal conductance. First, there could be an increased synthe-
sis of ABA in roots that are in direct contact with the drying soil. Its subse-
quent transport in the transpiration stream to leaves would trigger 
stomatal closure (Gowing et al. 1993; Loewenstein and Pallardy 1998; 
Thomas and Eamus 1999). Alternatively, as soil water availability declines, 
the water column in the xylem comes under increasing tension and xylem 
cavitation can occur. Declines in stem hydraulic conductivity as pre-dawn 
Ψl declined have been observed in Eucalyptus tetrodonta, an evergreen 
tree of north Australian savannas (Thomas and Eamus 1999), and in sev-
eral other tree species (Franks et al. 1995; Williams et al. 1997). Thus, 
stomatal closure at earlier stages of leaf desiccation could be an important 
protective mechanism against xylem cavitation, that could deprive leaves of 
water supply and potentially cause leaf death (Tyree and Sperry 1989; 
Sperry and Pockman 1993). Stomatal closure and xylem cavitation were 
closely linked in a group of tropical dry forest trees, as shown by a strong 
linear correlation between the water potential at incipient cavitation (20% 
loss of xylem conductivity) and stomatal closure (50% reduction in 
stomatal conductance; Brodribb et al. 2003). The prevention of cavitation 
by stomatal closure could be particularly critical for seedlings of evergreen 
cerrado species, which are particularly exposed to drought during the first 
years of development. At the seedling stage, the root system is still fairly 
superficial (Rizzini 1965; Moreira and Klink 2000) and the plant does not 
have access to the deeper moist soil layers during the dry season (Hoff-
mann et al. 2004).  
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Photosynthesis 
 
Photoprotective mechanisms and shade tolerance 

 
Plants adjust to changes in the prevailing irradiance levels in an at-

tempt to optimize and preserve the functioning of the photosynthetic appa-
ratus. A precise balance between the use of absorbed light for photosynthe-
sis and the safe dissipation of potentially harmful excess light energy can 
be critical for cerrado plants. The high atmospheric evaporative demand 
and hydraulic constraints result in strong stomatal limitation of transpira-
tion and a prolonged midday depression of photosynthetic rates in sunny 
days in the wet and dry seasons (Franco 1998; Moraes and Prado 1998; 
Meinzer et al. 1999; Naves-Barbiero et al. 2000; Franco and Lüttge 2002). 
In addition to the large effects on daily carbon gain and water loss, this 
may lead to photodamage, unless compensatory mechanisms to alleviate 
photoinhibition are operational. Three pigments of the xanthophyll cycle, 
i.e., violaxanthin, zeaxanthin, and antheraxanthin are thought to play a key 
role in photoprotective thermal energy dissipation (see for instance Gil-
more (1997) and Müller et al. (2001), for reviews on this subject). Adjust-
ments in the partitioning of electron flow between assimilative and non-
assimilative processes such as photorespiration, could also be important. 
Thus, CO2 and phosphoglycerate supplied via photorespiration to the Cal-
vin-Benson cycle could be crucial to maintain electron flow at high irradi-
ance levels when the supply of external CO2 is limited by stomatal closure 
(Valentini et al. 1995; Kozaki and Takeba 1996; Muraoka et al. 2000).  

Franco and Lüttge (2002) investigated the implications to photoprotec-
tion of photochemical and non-photochemical processes in five cerrado 
woody species that differed in photosynthetic capacity and in the duration 
and extension of the midday depression of photosynthesis. Their study 
highlighted the role of diurnal regulation of non-photochemical energy 
dissipation in PSII as a photoprotective mechanism during the midday 
depression period. They also presented some evidence of the importance of 
high levels of photorespiration to maintain electron flow under high irradi-
ance when the supply of external CO2 was limited by stomatal closure. 
However, further studies are needed to assess its contribution as a regula-
tory photoprotective mechanism. 

Mattos (1998) reported diurnal courses of the maximum quantum yield 
of PSII (i.e., the quantum efficiency if all PSII centres were open) in six 
cerrado trees at the peak of the dry season. Notwithstanding the differences 
in the degree of diurnal decline in the maximum efficiency of PSII meas-
ured as quenching of chlorophyll fluorescence signals, this decline was 
completely reversible by the end of the day. However, a photoinactivation 
slowly reversible component of fluorescence quenching was detected in 
some species, as evidenced by the low pre-dawn values of the maximum 
quantum yield of PSII. In a recent study, Franco et al. (2007) reported that 
diurnal adjustments in non-photochemical quenching were tightly corre-
lated with the zeaxanthin levels in two cerrado tree species, underlining the 
significant role of zeaxanthin in the regulation of the energy dissipation 
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processes under the high irradiance levels and high evaporative demand of 
the atmosphere that are typical of the end of the dry season.  They also 
reported that although an efficient co-regulation of photochemical and 
non-photochemical quenching and adjustments in the partitioning of elec-
tron flow between assimilative and non-assimilative processes were operat-
ing, the photoprotective capacity was momentarily surpassed as irradiance 
quickly increased after sunrise. However, both species were able to recover 
and adjust their photoprotective mechanisms to the prevailing irradiances 
in the course of the day. 

In addition to the five-month dry season, rain-free periods are frequent 
within the wet season (Hoffmann 1996; Kanegae et al. 2000), when the 
trees would have a fully developed canopy. Under these conditions, a 
strong stomatal regulation of transpiration is necessary to minimize the 
effects of a combination of high evaporative demand of the atmosphere in 
rainless days coupled with a higher leaf area that can impose a strong de-
mand on the water transport system of the tree (Mattos et al. 2002). There 
is some evidence that cerrado woody species are capable of rapidly respon-
ding to these dry spells, by stomatal regulation of transpiration, coupled 
with reversible adjustments in non-photochemical quenching to divert the 
energy in excess to drive photosynthesis to radiationless dissipation (Mat-
tos et al. 2002). This process was readily reversible, following a single short 
rainfall event.  

Adult cerrado trees are exposed to high irradiances, but canopy shading 
can restrict seedling growth in the initial phases of plant development. 
Leaves of cerrado woody species typically reach 90% of maximum photo-
synthetic values at photosynthetic photon flux densities (PPFD; the flux of 
photons between 400 and 700 nm wavelength) of 600 to 1,200 μmol m–2 
s–1, which is about 30% to 60% of full sunlight (Prado and Moraes 1997). 
Some species saturate at even higher light levels (Franco and Lüttge 2002). 
PPFD compensation point ranges from 10 to 50 μmol m–2 s–1 at leaf tempe-
rature in the range of 25 to 30 °C. Open cerrado vegetation types are cove-
red with a grass layer, typically 40 to 50 cm tall. For instance, PPFD mea-
surements suggested that 5-cm-tall Kielmeyera coriacea and Dalbergia 
miscolobium under a grass canopy would not receive enough sunlight to 
reach even 50% of their photosynthetic capacity during the daylight period 
(Nardoto et al. 1998; Braz et al. 2000). The effects of canopy shading on 
CO2 assimilation would become critical for seedling growth and survival in 
closed-canopy woodland type savannas (Kanegae et al. 2000).  Because of 
shading, species characteristic of open habitats may not be able to grow in 
closed canopy sites, whereas photoinhibition can be an important stress 
factor for young plants in fully–exposed habitats. Shading also affects bio-
mass accumulation and partition to roots (Felfili et al. 2001; Salgado et al. 
2001). Root storage can be critical to survive the drought period or pertur-
bations such as fire (Hoffmann and Franco 2003; Hoffmann et al. 2004). 
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Figure 8.2. Relationship between maximum CO2 assimilation on a mass basis 
(Amass) and specific leaf area (SLA). Solid triangles are deciduous trees and open 
triangles are evergreen trees. Data from Medina and Francisco (1984), Prado and 
Moraes (1997), and Franco et al. (2005). The solid line describes the log-log rela-
tionship of Amass and SLA fitted to the data (log y = 1.083 + 0.963log x; r=0.67; 
P<0.0001). The dotted line describes the log-log relationship fitted to data from six 
biomes (log y = –0.22 + 1.08log x; Reich et al. 1999). 
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Thus, reported differences in the range of several species along a gradi-
ent of increasing tree cover in cerrado ecosystems (Goodland 1971; Good-
land and Ferri 1979) may reflect species difference in shade tolerance and 
acclimation potential. Indeed, integrative studies of spatial distribution 
coupled with physiological measurements of seedling performance and 
potential for acclimation of the photosynthetic apparatus are critically 
needed. 

 
CO2 assimilation, water use efficiency, and leaf phenology 
 

The coexistence of deciduous and evergreen trees in cerrado environ-
ments implies contrasting strategies of resource use and leaf carbon bal-
ance, which would be affected by the strong rainfall seasonality. On a leaf 
area basis, deciduous and evergreen cerrado trees had similar rates of 
maximum CO2 assimilation (ACO2) at the peak of the wet season (Franco et 
al. 2005). Stomatal conductances at maximum ACO2 were also similar be-
tween the two phenological types. Differences in maximum CO2 assimila-
tion per unit leaf area and stomatal conductance between evergreen and 
deciduous trees are frequently small in savannas and dry deciduous forests 
(Goldstein et al. 1989; Sobrado 1991, 1994; Eamus and Cole 1997). How-
ever, deciduous species typically have a higher photosynthetic rate per unit 
leaf mass than evergreen species and higher specific leaf area (Chabot and 
Hicks 1982; Reich et al. 1992; Prado and Moraes 1997), which is also the 
case for cerrado trees (Franco et al. 2005).  

Photosynthesis is strongly affected by nitrogen availability and it is 
well known that photosynthetic capacity increases linearly with leaf N con-
centration (Field and Mooney 1986; Reich et al. 1995, 1998). Indeed, Ea-
mus and Prior (2001) showed that, for a range of tree species from differ-
ent seasonally dry ecosystems, maximum CO2 assimilation rates on a mass 
basis (Amass) increases linearly with increasing leaf N, with no clear distinc-
tion between evergreen and deciduous species. This seems to be the case 
for cerrado trees as well, where deciduous and evergreen trees also shared 
the same linear relationship between Amass and leaf N (Franco et al. 2005). 
Moreover, Amass increases with specific leaf area (SLA) for both evergreen 
and deciduous species (Fig. 8.2). The slope of the relationship describing 
the log-log plot of Amass and SLA (0.96) is similar to the general one fitted 
for data across biomes (1.08; Reich et al. 1999). Lower values of SLA gen-
erally reflect more investment of N in non-photosynthetic components 
(Field and Mooney 1986), with thicker and/or denser leaves having both a 
lower Amass per unit N and a smaller change in Amass per variation in N 
(Reich and Walters 1994). Because SLA and wood density are also strongly 
linearly related (Bucci et al. 2004b), variation in physiological and mor-
phological traits appear to be subjected to similar selective pressures. This 
results in a general functional convergence not only in plant hydraulic ar-
chitecture and water relations but in leaf structure and photosynthetic ca-
pacity, as well.  

The trade-off between carbon gain and water use can be critical for ev-
ergreen and deciduous species in savanna environments, which are sub-
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jected to a prolonged dry season. This trade-off is generally assessed in 
terms of water use efficiency, here defined as the ratio of ACO2/Gwv. There 
are however large uncertainties involved in attempting to integrate instan-
taneous measurements to represent a whole season. Measurements of car-
bon isotopic discrimination (Δ)4 are typically used to assess WUE on a sea-
sonal basis (Ehleringer and Cooper 1988; Ehleringer 1994). Carbon iso-
topic discrimination is largely dependent on the ratio of intercellular to 
ambient CO2 concentrations (pi/pa) prevailing when the leaf carbon is as-
similated (Farquhar et al. 1982, 1989). A seasonal decrease in pi/pa (lower 
values of Δ) should reflect diffusional limitations to CO2 uptake from re-
ductions in stomatal conductance and/or an increase in carboxylation effi-
ciency (higher CO2 assimilation rates; Ehleringer 1994). Thus, a stronger 
stomatal control in a shallow-rooted deciduous species resulted in lower 
foliar values of Δ, in comparison to deep-rooted evergreen species in a 
Venezuelan seasonally tropical dry forest (Sobrado and Ehleringer 1997). 
On the other hand, foliar values of Δ decreased toward the end of the dry 
season in both the evergreen Curatella americana and the deciduous 
Godmania macrocarpa in a Venezuelan savanna (Medina and Francisco 
1994). The authors concluded that the similarity of WUE in both species 
were the result of higher photosynthetic capacity in G. macrocarpa and 
lower stomatal conductances in C. americana. Eleven of the 13 species 
studied by Mattos et al. (1997) in a cerrado area in southern Brazil showed 
a decrease in leaf Δ (higher water use efficiency) that ranged from 0.3 to 
4‰ during the dry season. They related their results to a larger decrease in 
Gwv in comparison to ACO2. However, they based this conclusion on gas 
exchange results for only two of the 13 species. They also did not include 
information on leaf phenology. 

Irrespective of leaf phenoloy, most cerrado woody species showed a 
decline in the maximum CO2 assimilation rates and stomatal conductances 
in the dry season, although the magnitude of the decrease was larger for 
stomatal conductance (Franco 1998; Moraes and Prado 1998; Franco et al. 
2005). However, deciduous cerrado species flush new leaves by the end of 
the dry period (Table 8.1). The highest leaf concentrations of both N and P 
were measured in these newly mature leaves of the deciduous trees (Fig. 
8.3a,b). Given that the effects of drought on stomatal conductance are ap-
parently similar for deciduous and evergreen cerrado trees (Bucci et al. 
2005) and that they share a common linear relationship between Amass and 
leaf N (Franco et al. 2005), the newly mature leaves of deciduous species 
with high N and P concentrations could be able to achieve higher water use 
efficiency, by having higher photosynthetic capacity. Indeed, foliar values 
of Δ were significantly lower for deciduous species in the dry season (Fig. 
8.3c). The differences in terms of leaf N and P and water use efficiency 
between evergreen and deciduous species decreased during the wet season. 

                                                 
4 Carbon isotopic discrimination (Δ) is calculated as (δ13 Cair – δ13 Cplant)/(1 + δ13 

Cplant), where δ13 Cplant is the carbon isotope ratio of the plant material and δ13 Cair is 

that of the air (–8‰), as described by Farquhar and Richards (1984). 
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Figure 8.3. Rainy and dry season values of (a) N and (b) P concentrations, and  
(c) carbon isotopic discrimination (Δ) for leaves of 6 evergreen and 4 deciduous tree 
species growing in a cerrado site at the IBGE reserve. Bars are means + 1 SE. Data 
were adapted from Franco et al. (2005).  A multivariate analysis of variance was 
applied to analyze the effect of leaf phenology and season on leaf N, P, and Δ. Leaf 
phenology (P<0.0001), season (P=0.004) and the interaction season × phenology 
(P=0.007) had a significant effect by the Wilk’s Lambda, Roy’s Greatest Root, Ho-
telling-Lawley Trace, or Pillain Trace tests. The analyses were performed with the 
statistical software StatView 5 (SAS Institute Inc.). 
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 The effects of drought on WUE at the crown level would be substantial 
as regulation of total daily water loss is enough to buffer seasonal changes, 
but not to substantially reduce tree water loss during the dry season. As 
discussed above, deciduous and evergreen species showed little seasonal 
variation in total water loss (Meinzer et al. 1999; Bucci et al. 2005).  Thus, 
one would expect a decrease in WUE at the crown level. This could be criti-
cal for an evergreen tree, as it would not reduce water loss significantly in 
the dry season, but it would fix less carbon. 

One could still expect that carbon return per unit dry mass invested ni-
trogen and carbon should be higher in evergreens because leaves are pho-
tosynthetically active for longer periods (Sobrado 1991) and of lower amor-
tized leaf construction costs to replace the tree crown, provided that the 
leaves are held by more than a year (Givnish 2002). On the other hand, 
maximum carbon return in evergreens is greatly constrained by the com-
bined effects of partial leaf loss and reductions in photosynthetic rates dur-
ing the dry season (Franco 1998) and leaf damage by herbivores and 
pathogens (Marquis et al. 2002). Several evergreens flush leaves before the 
rains begin (Table 8.1), so that the most vulnerable stage of development 
(the new leaf stage) has already passed by the time the herbivorous insect 
activity begins (Marquis et al. 2002). However, leaf damage by pathogen 
attack is much higher than damage by herbivores in cerrado ecosystems 
and fully expanded leaves continued to accrue damage throughout their 
lives (Marquis et al. 2001, 2002). The lower SLA of the evergreen species 
also suggests larger leaf construction and maintenance costs and this 
should also be considered (Sobrado 1991; Eamus and  Prior 2001). Thus, 
evergreens may be greatly constrained in terms of producing leaves with 
long leaf life-span, because of accrued leaf damage by herbivores and 
pathogens and reductions in stomatal conductance and partial leaf loss to 
stabilise water balance during the dry season. Indeed, leaf life-span is 
about one year for leaf-exchangers and 18 months for most other ever-
greens, while it is about 10 to 11 months for the deciduous species. (Maia 
1999; Franco et al. 2005). However, leaf life-span in some species such as 
Miconia ferruginata can be two years or more. 

Deciduous species compensated for their shorter leaf pay back period 
by maintaining lower leaf construction costs (higher SLA), a short leafless 
period and the capacity to resprout by the end of the dry season. They re-
main completely leafless for only short periods (few weeks to two months) 
and leaf flushing occurs primarily in the late dry season (Table 8.1; Maia 
1999; Naves 2000; Rivera et al. 2002). This allows them to quickly achieve 
full crown development and maximal carbon gain when the rains begin. In 
contrast, full crown development in many evergreen trees is achieved only 
in the middle of the rainy season (Table 8.1; Fig. 8.1). Moreover, the higher 
leaf N and P concentrations of the newly developed crown of deciduous 
species would potentially allow higher photosynthetic rates than those of 
evergreen trees at the end of the dry season and during the transition from 
the dry to the wet period (Franco et al. 2005). On the other hand, this ap-
parently requires the maintenance of a well-developed deep-root system 
that characterizes most deciduous species (Table 8.1). The higher cost of 
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maintaining a deep-root system can be minimized by producing long-lived 
roots that have low diameter, low tissue density and low nutrient content 
(Reich et al. 2003). These aspects will have to be addressed in comparative 
studies of root traits in a broad range of cerrado species. Studies on plant 
WUE and on plant respiration are also needed. 

 
Conclusions and future prospects 
 

Most of the work on water relations of cerrado trees was performed in 
adult plants. The effects of drought on seedlings need to be better evalu-
ated. Based on the range of wood density from 0.37 to 0.71 (Bucci et al. 
2004b), their hydraulic architecture was not designed to support very 
negative pressures (Hacke and Sperry 2001). The root system of cerrado 
tree seedlings expands slowly and there is evidence that their roots are 
exposed to the superficial dry soil layers in the first years of life (Hoffmann 
et al. 2004). Thus, studies of the relations between stomatal closure, xylem 
vulnerability and embolism repair mechanisms in seedlings of a range of 
species with differing leaf-loss and lead flushing strategies are critically 
needed. Moreover, the water relations of roots and their impacts on plant 
survival in savannas remain to be investigated. Roots, particularly small 
roots, are more susceptible to drought-induced cavitation than branches, 
which poses them as the weak link in the plant hydraulic continuum under 
drought conditions (Hacke and Sperry 2001).  

Both discrete (e.g., leaf phenology) and continuous (e.g., wood density, 
SLA) plant functional categories have been used with relatively success in 
studies of plant adaptations to the cerrado environment. Despite the high 
diversity of trees in cerrado ecosystems, shared similar functional relation-
ships between leaf- and whole-plant-level traits among species point out 
that selective pressures impose strong constraints on functional trait vari-
ability. However, a limited number of taxa from a restricted number of 
plant families have been studied. Leaf-life span and related leaf traits needs 
to be determined in a larger range of cerrado trees to evaluate how differ-
ences in leaf-life span will impact resource use. In addition to physiological 
constraints, the impacts of leaf herbivory and pathogen attack have to be 
considered in the development of cost-benefit models for leaves of cerrado 
trees with contrasting phenologies. However, they will still be of limited 
application if they are not linked to studies of root traits.  

Studies on constraints to seedling development are critically needed. 
In terms of aboveground biomass, cerrado tree seedlings grow slowly in 
natural conditions (Rizzini 1965; Franco 2002). However, this is probably 
not the result of inherently low growth rates. In a comparative growth 
analysis study, Hoffmann and Franco (2003) showed that cerrado and 
forest wood seedlings had similar growth rates under low and high light or 
nutrient treatments. These results would imply that the slow growth of 
cerrado trees is more a consequence of the larger carbon allocation to roots 
linked to low availability of nutrients in the soil, and light limitation by 
canopy shading. Thus, one can expect that seedlings of woody plants de-
velop a tree canopy layer in the grass matrix through a slow process. The 
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effects of grass root competition for nutrients need to be evaluated, and the 
light regimes along the physiognomic gradient need a better characteriza-
tion. Research is also needed to characterize shade and light acclimatiza-
tion to increased carbon gain for plants growing in different cerrado physi-
ognomies. 
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Introduction 
 
Despite their traditional outward appearance, the nitrogen fixing trees and 
shrubs of the genus Prosopis possess drought and heat tolerance equiva-
lent to more common “desert type” plants such as the cacti. These trees 
currently occur in some of the most impoverished and harshest arid eco-
systems of the world, i.e., in the African Sahel from Senegal to Somalia, in 
the Middle Eastern deserts of Yemen, Saudi Arabia, and the Rajasthan 
desert of India/Pakistan (Pasiecznik et al. 2001). Examples of the various 
forms in Death Valley, Texas and Haiti are shown in Fig. 9.1A-C.  

There are three subfamilies in the family Leguminosae. The Papilion-
oideae contains the common economically important annual legumes such 
as beans (Phaseolus), soybeans (Glycine max), alfalfa (Medicago sativa), 
and a few tree legumes such as black locust (Robinia). The most primitive 
subfamily the Caesalpinioideae contains trees such as redbud (Cercis), 
honey locust (Gleditsia), and paloverde (Parkinsonia and Cercidium; 
Doyle and Luckow 2003). The subfamily Mimosoideae contains many arid 
trees such as the genera Acacia known for its photos of the African savan-
nahs and Prosopis which contains the mesquites of North America and the 
algarrobos of South America. From an economic utility standpoint, the 
major difference between the Prosopis and the Acacias is that there are 
many species of Prosopis that produce highly edible pods (with up to 40% 
sucrose) while almost none of the Acacias produce pods edible by humans.  

Burkart (1976) described 44 species of Prosopis native to four conti-
nents (North and South America, Africa, and Asia) and suggested that the 
species evolved from the primitive P. africana species in Gondwanaland 
some 125 million years ago. Ramírez et al. (1999) examined RAPD profiles 
of species native to all 4 continents and were able to distinguish the species 
native to the individual continents (in the 5 sections of the genus) and re-
vealed a molecular marker common to old and new world species. A more 
recent analysis of evolution in the legume family has suggested that the 
mimosoids and papilonoids evolved later in the Eocene when there was a 
land bridge connecting North America and Europe about 54 million years 
ago (Doyle and Luckow 2003). The hypothesis of Doyle and Luckow 
(2003) notwithstanding, the presence of well adapted native Prosopis in 
harsh deserts of North South America, Africa, the Middle East and In-
dia/Pakistan, and the absence of any Papilionoid genera on all 4 conti-
nents, suggests to this author that Prosopis is an older and more distinct 
genus than the others. The small size of the Prosopis genome (392 to 490 
Mbp) also suggests that it is a primitive species.  

One important asset of Prosopis that sets it apart from many potential 
economic plants of arid regions, is the presence of a rich interbreeding 
gene pool. All of the species have 2n = 28 except for some P. juliflora which 
are 4n (Harris et al. 2003). With the exception of the atypical shrubby P. 
strombulifera, with low gene heterozygosity that spreads by rhizomes 
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Figure 9.1. Growth-forms of Prosopis. Prosopis glandulosa var torreyana in 
Death Valley, California that is the hottest location in the Western hemisphere (A). 
Dense weedy stand of immature Prosopis glandulosa var glandulosa in Texas, see 
man for scale (B). Mature specimen of Prosopis juliflora in Haiti with the author’s 
daughters (C). 
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(Hunziker et al. 1986) all the species studied to date are self-incompatible 
(Simpson 1977; Keys and Smith 1994). Bessega et al. (2000), using isozyme 
data, calculated a 15% selfing rate within most economically important 
North and South American species. Based on cytological grounds, Hun-
ziker et al. (1975) proposed natural hybrids for the Argentine species P. 
alba by P. nigra, P. hassleri by P. ruscifolia, and P. ruscifolia by P. alba. 
Saidman and Vilardi (1987) using isozymes on the 7 most economically 
important arboreal species of Argentina stated that they were so close ge-
netically that each of them should be considered a semi-or sub-species and 
that as a whole these 7 species would be a super-species or syngameon. We 
also have observed in replicated field trials (Felker et al. 1983) that progeny 
of the thornless South American species P. alba growing in proximity to 
North American species P. glandulosa var. torreyana were thorny and 
thornless and had many traits of the North American species. As described 
below, this rich genetic pool, in combination with the potential for inter-
specific hybridization, techniques for rooting trees of elite trees in some 
species, and grafting in almost all the economically important species, 
makes it possible to clonally propagate superior hybrids.  

Probably due to their economic utility, the vast majority of the physio-
logical and genetic studies have been done on members of the Papilion-
oideae subfamily with the implicit assumption that the physiology of the 
other genera would not be radically different. However the evolution of 
common annual legumes such as soybeans, beans, and alfalfa occurred in 
temperate and/or regions with rainfalls considerably greater than semi-
arid regions. In contrast, the evolution of Acacia and Prosopis occurred in 
the world’s hottest (Death Valley, California) and lowest rainfall regions 
(Chilean Atacama Desert) and has lead to vast differences in physiological 
characters such as heat, drought, and salinity tolerance. For example as 
will be discussed in detail later, common legume genera such as Pisum, 
Phaseolus and Glycine very poorly tolerate salinities of 2 to 3 dS m–1

 
while 

both Prosopis and Acacia have been shown to grow in salinities of 45 and 
80 dS m–1 respectively. Due to the great energetic cost, N fixation is very 
sensitive to water stress with nodules abscising or N fixation being greatly 
reduced even at moderate stress levels. Thus while N fixation in soybeans is 
reduced to zero at leaf xylem water potentials of –2.8 MPa (Huang et al. 
1975), N fixation in Prosopis proceeds at high rates with xylem water po-
tentials of –3.5 MPa and air temperatures of 45 °C. 
 
Photosynthesis and water relations 
 

In the 1970s, Stanford University scientists O. Björkman and H. 
Mooney setup a mobile laboratory in Death Valley National Monument in 
California to measure photosynthesis and water relations in phreatophytic 
plants like Prosopis and non phreatophytes such as Larrea (Mooney 1977). 
Prosopis is native to Death Valley and has rather extensive distribution in 
the valley as noted by Mesquite flats on Death Valley maps. This location 
was chosen as Death Valley is the hottest location in the western hemi-
sphere and is close to being the hottest location on earth. The Greenland  
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Ranch meteorological station in Death Valley has a mean daily July maxi-
mum temperature of 46.6 °C (115.8 °F) and an absolute maximum tem-
perature of 56.7 °C (134 °F) (47 years of record; U.S. Department of Com-
merce 1964). Here these workers measured photosynthesis in Prosopis at 
air temperatures of 45 °C and leaf water potentials of –4.5 MPa (Mooney et 
al. 1977). They measured a maximum light saturated photosynthesis rate of 
30 mg CO2/dm2/hr (18 µmol m–2 s–1) that they stated was among the high-
est photosynthetic rates for woody plants.  

De Soyza et al. (1996) measured water stress and net photosynthesis 
for the short shrubby Prosopis glandulosa on 4 sampling dates on the 
northern edge of the Chihuahuan desert in New Mexico. Here the mean 
annual precipitation was 233 mm but unlike Death Valley, the trees did not 
tap into groundwater. While there were considerable differences between 
dates and for small and large shrubs, the daily maximum net photosynthe-
sis was greater than 10 µmol m–2 s–1 and the maximum photosynthesis rate 
of about 22 µmol m–2 s–1 occurred for large shrubs at the end of the sum-
mer.  

On a non-phreatophyte site in Texas with 322 mm annual rainfall, 
Hansen and Dye (1980) measured water stress and photosynthesis on Pro-
sopis. These authors reported that maximum light saturated photosynthe-
sis rates of 19 µmol m–2 s–1 were associated with xylem water potentials of 
–3.3 MPa at the beginning of the season and rates of 7.3 µmol m–2 s–1 were 
associated with leaf water potentials of –3.7 MPa at the end of the season. 
These authors stated that Prosopis net photosynthesis rate was high com-
pared to reported maximum photosynthetic values for most woody decidu-
ous species of 4.3 to 16 µmol m–2 s–1. This is particularly impressive given 
the low annual precipitation and the low xylem water potentials.  

Although photosynthesis was not measured, Nilsen et al. (1981) meas-
ured leaf water potential, stomatal conductance, and leaf osmotic potential 
in Prosopis in a phreatophytic site in the Sonoran Desert of California 
where the mean annual rainfall was about 70 mm yr–1 and the absolute 
July maximum temperatures were about 49 °C (Sharifi et al. 1983). Using 
daily comparisons of leaf conductance and water potential, they observed 
that the leaf stomata stayed open until a leaf water potential of about –4.8 
MPa was reached.  

In a more mesic (662 mm annual rainfall) site in northern Texas, An-
sley et al. (1992) compared Prosopis water relations under rainout and 
irrigated conditions. The root systems were containerized to a 2.5 m depth 
with sheet metal and a plastic vertical barrier. These authors found that, in 
the treatment without rain or irrigation for 2 months in the summer, the 
leaf water potential did not go lower than –3.2 MPa. In spite of this lack of 
water, in the early morning hours the stomatal conductance in rainout 
treatment was still about 70% of that of the surplus water irrigated treat-
ment.  

Flowering and pod production in Prosopis is apparently stimulated by 
stress. Lee and Felker (1992) examined Prosopis flower production, pod 
production, nectar secretion, and xylem water potential in a 450 to 700 
mm rainfall gradient over 5 sites in a normal and a dry year. In the wet  
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year, an average of 70 mm rainfall per month occurred for the first 6 
months of the year which was the period of flowering and fruit production, 
but in the dry year only an average of 19 mm per month occurred as a mean 
for the same sites. Averaged over all 5 sites, the dry year produced a lower 
pre-dawn xylem water potential of –1.3 MPa than the wet year of –1.0 MPa 
and had greater inflorescence and 3 times greater pod production. In con-
trast, in drought tolerant strains of faba bean (Vicia faba) being grown 
under semi-arid conditions (350 mm yr–1) in Australia, the early podding  
stage was very susceptible to drought stress resulting in 50% reduction in 
seed yields and a drop in the photosynthetic rate to about 6 µmol m–2 s–1. 
The well watered control plants had mid-day leaf water potentials less be-
tween –1.0 and –0.6 MPa while the stressed plants were in the –2.0 to –1.5 
MPa range (Mwanamwenge et al. 1999). These results are not directly 
comparable since the –1.3 MPa water potentials measured by Lee and 
Felker (1992) were predawn and would have been much lower at mid-day. 
Thus we see that Prosopis has the interesting physiological trait of having 
its partitioning into reproductive organs, stimulated, rather than inhibited 
by drought stress.  

In summary, in spite of the fact that many of the measurements on 
photosynthesis as a function of leaf water potential are 20 years old, the 
data is impressive. Photosynthesis rates on the order of 10 to 20 µmol m–2 
s–1 measured for Prosopis are high for mesic woody trees. The photosyn-
thesis and stomatal conductance of Prosopis continued until leaf xylem 
water potentials reached about –4.8 MPa which is unusually low. Even 
though the Prosopis in Death Valley are tapping into permanent under-
ground water sources, it is probable that even if the soil around the root 
systems of Papilionoid legumes were maintained at field capacity, most of 
them would not survive under daily maximum temperatures of 46 °C. 
 
Roots and soil relations 
 
Depth of water table 
 

Prosopis roots can reach water at extraordinary depths of 53 m (Phil-
ips 1963). However, it is probable that these roots do not contribute sub-
stantially to the growth of the plants since in a study of Prosopis height as a 
function of ground water in the California desert, Meinzer (1927) found 
that Prosopis glandulosa was 3.6 to 6 m tall when the ground water was 3 
m deep but was only 0.6 to 0.9 cm tall when the depth to the groundwater 
was 14 meters. 
 
N fixation and cross inoculation in Prosopis 
 

Nodulation was first reported for Prosopis by Khudairi (1957) for P. 
stephaniana in Iraq, then by Basak and Goyal (1972) in India, and by the 
Canadian, Bailey (1976), in Texas. Felker and Clark (1980) examined nodu-
lation and nitrogen fixation (acetylene reduction) with a rhizobia strain 
isolated from a Prosopis growing in the greenhouse on soil taken from  
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under Prosopis in the California desert. These authors examined a wide 
range of Prosopis species including the old world P. africana, Peruvian P. 
pallida, P. tamarugo from the Chilean Atacama salt deserts, P. kuntzei 
which only has photosynthetic stems (no leaves), the commercial P. alba 
and P. nigra from Argentina, and various Prosopis species from south-
western U.S.A. All of these species were demonstrated to nodulate, reduce 
acetylene to ethylene, and grow on N free media. However the primitive P. 
africana had the smallest plants, and the lowest N fixation rate. Thus it 
seemed as if one rhizobia strain probably could cross inoculate all Prosopis 
species. This rhizobia strain was later demonstrated to have exceptional 
salt tolerance with significant growth in 0.5 M NaCl (Hua et al. 1982). 
 
Water stress experienced when fixing N 
 

Due to the high energy cost of breaking the triple bond of atmospheric 
nitrogen gas to make ammonia, plants in the nitrogen fixing mode have a 
very high photosynthate requirement. Thus it makes sense that with any 
kind of stress, the N fixation process is halted to prevent the drain on pho-
tosynthate utilization.  

In the common bean (Phaseolus vulgaris) when water was withheld 
for 5 or 8 days in greenhouse studies with 24/16 °C day/night temperatures 
there was a 60% decrease in specific nitrogenase activity (Ramos et al. 
2003) and a change in leaf xylem water potential from about –0.9 to –0.5 
MPa. In a study on the effect of drought stress on soybeans Huang et al. 
(1975) found that the acetylene reduction was completely inhibited a ta leaf 
water potential of –2.8 MPa. For cow peas (Vigna unguiculata), which is 
probably the most drought tolerant of the annual legumes, Figueiredo et al. 
(1998) found that when the plants were grown in a greenhouse with mini-
mum and maximum temperatures of 27 and 35 °C, when the leaf water 
potential reached –1.1 MPa, the nitrogenase activity declined from 10 µmol 
per plant per hour to 1 µmol per plant per hour. In contrast, when Felker 
and Clark (1982) measured Prosopis nitrogen fixation rates of 68 µmol per 
plant per hour in 3-m long soil columns whose tops were close to the roof 
of the greenhouse in California, the air temperatures ranged from 43 to 47 
°C and the leaf water potential from –3.8 to –2.9 MPa. The Prosopis N 
fixation rates in this study compared favorably to values of 40 µmol per 
plant per hour for soybeans (Thibodeau and Jaworski 1975) and 60 µmol 
per plant per hour for alder seedlings (Huss-Daniel 1978). Thus not only 
were the N fixation rates comparable to other plants, but the N fixation 
occurred at leaf air temperatures and xylem water potentials which would 
totally inhibit N fixation in other Papilionoid legumes. 
 
Adaptation to low soil P levels in the field 
 

It is generally acknowledged that phosphorus is the most important 
macronutrient for N fixation in legumes and that addition of P fertilizer 
often stimulates N fixation and protein in the leaves. For arid soils, which 
are often alkaline, the sodium bicarbonate extraction technique of Olsen 
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and Sommers (1982) is most often used. For the forage legumes, alfalfa, 
alsike clover, birdsfoot trefoil, red clover and a grass-legume combination, 
Olsen soil test values of 0-3, 4-7, 8-11, 12-15, and 16+ mg kg–1 were very 
limiting, limiting, medium, high and very high, respectively (Dahnke et al. 
1992).  

In a survey of seven sites in South Texas where Prosopis naturally oc-
curred, Geesing et al. (2000) found that the mean Olsen extractable P level 
was 4.6 mg kg–1 with a 95% confidence interval of 2.1. In spite of these low 
soil P levels, the mean N for all sites was 3.34 % with a 95% confidence 
interval of 0.13. This mean 3.34% N for all sites corresponds to a protein 
concentration of 20.8% which is substantial for this low level of soil P. 
Wightman and Felker (1990) examined various soil and leaf nutrients for 
the same Prosopis alba clone grown on experimental sites with contrasting 
productivity in south Texas. In spite of the fact that the maximum Olsen 
bicarbonate extractable P on the high productivity site was only 1.27 mg  
kg–1 (vs. 2.12 mg kg–1 on the low productivity site), the leaf N on the low 
productivity site ranged from 2.9 to 3.2% on the low productivity site vs. 
3.0 to 4.2% N on the high productivity site (However, 60 kg P ha–1 was side 
dressed at the time of planting). The old work of Drake and Streckel (1955) 
may be relevant in understanding how Prosopis can function under such 
low native soil P levels. These authors found that due to their high cation 
exchange capacity the root systems of legumes were able to extract calcium 
from insoluble calcium-phosphorus complexes in the soil, thus effectively 
solubilizing P. Whatever the mechanism by which Prosopis is able to utilize 
low P containing soils while maintaining leaf protein concentrations of 
20%, it would be valuable to exploit this potential in the field and to con-
duct further studies to determine the mechanism by which Prosopis func-
tions on such low P concentrations. 
 
N fixation in natural stands 
 

In spite of the fact that Prosopis had been demonstrated to nodulate 
and fix N in greenhouse studies, there was doubt that Prosopis actually 
fixed N in field settings since nodules could not be found on the root sys-
tems (Martin 1948). An intensive U.S. National Science Foundation study 
where Prosopis obtained its water from a 3.5- to 5-m deep perched water 
table on a harsh desert site in California with a mean July maximum tem-
perature of 47 °C and 70 mm annual rainfall (Sharifi et al. 1983), was initi-
ated to resolve this issue of N fixation in natural stands. This study used N 
balances and the natural abundance of 15N/14N to unequivocally demon-
strate that Prosopis fixed a minimum of about 30 kg N ha–1 yr–1 (Rundel et 
al. 1982; Shearer et al. 1983; Virginia et al. 1984). Rundel et al. (1982) 
suggested that Prosopis plantations with virtually complete canopy cover 
(vs. 30% on this site) might be able to achieve N fixation rates of 150 kg N 
ha–1 yr–1. Virginia and Jarrell (1983) found that in the top 30 cm of soil 
there were 4,400 kg ha–1 more total N and 790 kg ha–1 more nitrates under 
the canopy than outside the canopy (assuming a bulk density of 1.2kg l–1). 
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The high N fixation rates in the harsh California site notwithstanding, 

there was considerable reticence within the scientific community on 
whether Prosopis fixed N in native range settings since nodules could not 
be located on Prosopis in the field. Given the presence of Prosopis on ap-
proximately 45 million ha of low N and C containing soils in southwestern 
U.S.A. and northwestern Mexico (Johnson and Mayeux 1990), and the 
controversy concerning the encroachment of mesquite (Prosopis glandu-
losa var. glandulosa and P. velutina principally) onto overgrazed ecosys-
tems, resolution of the importance of Prosopis to N cycling in these ecosys-
tems was of considerable importance.  

Johnson and Mayeux (1990) provided a fundamental breakthrough on 
this issue when they examined cores from 65 to 400 cm deep from under 
the canopies of Prosopis and found nodules on 19 trees at five locations in 
the eastern portion of the range of Prosopis. While they were unable to find 
nodules from some individuals on the drier western portion of the range, 
Prosopis seedlings nodulated when grown in soils from almost all of these 
sites. These authors concluded that:  

 
honey mesquite must be a significant contributor to the nitrogen budget of 
range ecosystems in south-western United States and Mexico and the genus 
Prosopis is likely to play an important role on a global scale.  

 
While Johnson and Mayeux (1990) were able to find nodules on most 

of the trees on their sites, they did not measure N fixation on these range-
land sites. Due to the deep and extensive root systems, neither acetylene 
reduction nor 15N enrichment is possible, leaving the only realistic method 
of assessment being natural abundance 15N/14N methods pioneered by 
Shearer and Kohl (Shearer et al. 1983). Villagra-López and Felker (1997) 
attempted to measure N fixation in natural stands as function of P fertiliza-
tion and silvicultural management practices, and while they did not ob-
serve any treatment effect on N fixation in field settings, they made the 
serendipitous discovery that the percentage of N derived from biological 
fixation was inversely proportional to tree size (r2 = 0.90, p = 0.0001). This 
implied that as the trees grew, they built up N under their canopy and then 
this increased soil N repressed biological N fixation. Geesing et al. (2000) 
followed up on this hypothesis by measuring nitrogen fixation using natu-
ral abundance methods on seven native stands of Prosopis each of which 
contained small, medium, and large trees. These workers found highly 
significant correlations between tree diameter and increase in soil C, N and 
P under vs. outside the canopies with maximum increases of 17.7 Mg ha–1 
C, 4.4 Mg ha–1 N, and 13 kg ha–1 P. Moreover they reported highly signifi-
cant negative regressions between percent of N fixed by the trees and the 
soil nitrate under the canopies. This physiological response confirmed that 
the trees were in fact fixing N. These authors reemphasized the classic work 
of Jenny (1940) on the negative relations between mean annual soil tem-
perature and soil N and C. This was important since arid soils, that contain 
low water and thus have low heat capacities, have the highest soil tempera-
tures and lowest soil N and C of the world’s ecosystems. Possibly these low 
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soil C and N contents are what has stimulated the world’s arid ecosystems 
to have evolved such a high frequency of leguminous trees and shrubs of 
Acacia and Prosopis. 
 
Salt tolerance 
 

The negative impact of salinity on growth of plants in irrigated and 
non-irrigated areas of the world’s arid regions continues to be a major 
problem. Within the family Leguminosae, virtually all of the important 
annual legumes that belong to the subfamily Papilonoideae such as soy-
beans, beans, peas, and cowpeas are highly salt sensitive and suffer yield 
reductions from salinities with conductivities as low as 2 to 3 dS m–1 (Rich-
ards et al. 1954; Ayers and Westcott 1985). Alfalfa is the most salt tolerant 
of the commercial legume species showing yield reductions of 50% at sa-
linities of 9.6 dS m–1 (Ayers and Westcott 1985). In contrast, our work 
(Felker et al. 1981; Rhodes and Felker 1987; Velarde et al. 2003), as well as 
others (Ahmad et al. 1994; Baker et al. 1995), has shown that some Pro-
sopis, especially P. pallida, P. juliflora, P. tamarugo, and P. alba have in-
dividual plants with rapid growth at seawater salinity or 45 dS m–1 which is 
nearly 20 times greater than salinities that can be tolerated by annual tem-
perate legumes. Elite Prosopis trees with superior growth in these trials 
have been cloned by rooting of cuttings (Velarde et al. 2003) and estab-
lished in seed orchards at the Universidad Católica de Santiago del Estero, 
Argentina.  

It is to be noted that in the same subfamily as Prosopis, the Mimo-
soideae, some Acacias had 100% survival at 95 dS m–1 which is more than 
double the salinity of ocean water (Craig et al. 1991). The nitrogen-fixing 
woody salt tolerant genus Casuarina also has individual trees and species 
that can grow at salinities of 0.55 M NaCl which is equivalent to seawater 
(El-Lakany and Luard 1982; Ng 1987). Among these woody salt tolerant 
species, only Prosopis has portions that are highly edible and timber suit-
able for high quality furniture.  

Identification and understanding of the mechanism of salt tolerance in 
Prosopis may have relevance to current commercially important legumes. 
The majority of the molecular work characterizing salt tolerance has been 
conducted on Arabidopsis, salt-water algae, and yeast mutants (Bohnert et 
al. 1999; Hasegawa et al. 2000). Although Winicov (1998) has reported a 
transcriptional regulator for gene expression in salt tolerant alfalfa, Pro-
sopis is not a halophyte in that it is not able to grow with facility at 40 to 60 
dS m–1 or to absorb and then secrete sodium salts on the leaves. As clonal 
propagation of Prosopis pallida by stem cuttings is moderately easy, this 
could be a useful model system for salt tolerance in the legume family. It 
would be interesting to search for cDNAs in highly salt tolerant Prosopis 
clones that were not present in the low salt tolerant clones in hopes that 
this information would be relevant to common annual legumes.  
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The tantalizing scenario of growing Prosopis in coastal deserts with 

seawater irrigation as originally suggested by Epstein et al. (1979) for other 
plants appears to be in the realm of possibility since (1) a few P. alba and P. 
pallida grew at seawater salinity, (2) only very limited selections from the 
germplasm base have been examined, and (3) other field management 
techniques (e.g., provision of divalent cations Ca and Mg, P, and critical 
micronutrients) may alleviate the stress. Due to the pressing human needs 
in coastal deserts where P. pallida is adapted, i.e., Mauritania, Somalia, 
Ethiopia, Yemen, India, etc., it seems reasonable to extensively collect P. 
pallida with the objective of finding highly salt tolerant clones also possess-
ing good growth rates and palatable sweet pods as reported by Alban et al. 
(2001). 
 
High pH tolerance 
 

Moderately alkaline soils, from pH 7.5 to 8.2 are common on rain fed 
semi-arid regions of western North America where there is a calcareous 
parent material. Traditional semi-arid crops such as sorghum and cotton 
can be grown on these soils taking care to correct macronutrient deficien-
cies such as phosphorus and trace elements such as Fe, Zn and Cu that 
have limited availability due to insoluble oxides or carbonates. In areas 
where irrigation mismanagement or where natural lack of drainage is com-
bined with high evaporation rates, soil pH levels may reach 9.0 to 10.4. 
Virtually none of the commercial crops and only very few highly adapted 
plant species can survive on soils of these latter pH values.  

Vast areas of the highly alkaline types of soils occur in Argentina 
(Ragonese 1951) and on about 2.5 million ha in India (Singh et al. 1989a, 
b). Installation of tile drainage systems combined with leaching and treat-
ment with gypsum can be used to reclaim these soils, but this is an expen-
sive option. In India the Central Soil Salinity Research Institute (Grewal 
and Abrol 1986; Singh et al. 1988, 1989a, b; Singh 1995, 1996) has been the 
world leader in using combinations of trees and grasses to reclaim these 
high-pH soils. Prosopis juliflora was able to grow satisfactorily without 
amendments up to pH 9.0, but these authors found that when the soil pH 
was 10.4 it was necessary to plant the trees in augerholes with amendments 
of 3 kg of gypsum and 8 kg of farmyard manure per hole (Singh 1996). 
Twenty years after such treatments, the initial soil pH of 10.4 decreased to 
9.18 under Eucalyptus tereticornis, 9.03 under Acacia nilotica, 8.67 under 
Albizia lebbek, 8.15 under Terminalia arjuna, and 8.03 under Prosopis 
juliflora. In Argentina, where P. alba is being used to reclaim these high 
pH soils, surface applications of elemental sulfur, micronutrients and K 
increased growth 42% over the untreated control (Velarde et al. 2005).  

This author is unaware of trials with Papilionoid legumes on soils with 
pH in the 8.5 to 10.0 range. It seems likely that analogous to the much 
higher salinity tolerance of Prosopis than annual legumes, this genus also 
possesses greater tolerance to high pH soils. 
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Figure 9.2. Comparison of shrinkage values of Prosopis lumber to other fine lum-
bers of the world. The corresponding Latin binomials are algarrobo (Prosopis 
alba), black cherry (Prunus serotina), walnut (Junglans nigra), teak (Tectonia 
grandis), white oak (Quercus alba), Honduran mahogany (Swietenia macro-
phylla), and Indian rosewood (Dalbergia laifolia). Values for Prosopis alba are 
from Turc and Cutter (1984) and the others from Chudnoff (1984). 
 
 
 
Economically useful traits 
 

Apart from environmental benefits such as shade, soil improvement 
and ornamental value, the two main economically useful traits of Prosopis 
are the pods, some of which are high in sugar and highly palatable to hu-
mans, and the lumber, which is excellent for flooring and high quality fur-
niture.  

Evidently, during evolution with great seasonal changes in moisture 
availability and thus water content of the conductive tissue, the wood of 
Prosopis developed a very low coefficient of movement with regard to 
moisture content. The values for Prosopis alba and P. glandulosa radial 
and tangential shrinkage of 1.8% and 2.9% (Turc and Cutter 1984) and of 
2.2% and 2.6 % (Weldon 1986), respectively, are lower than all the woods 
listed in the compendium of tropical timbers (Chudnoff 1984), including 
teak (Tectona grandis), mahogany (Swietenia macrophylla), Indian rose-
wood (Dalberghia latifolia), and Brazilian rosewood (Dalberghia nigra; 
Fig. 9.2). Because low shrinkage values, and near equal radial and tangen-
tial shrinkages, are probably the best measure of wood stability, and be-
cause wood stability is one of the most important characteristics in furni-
ture manufacture, Prosopis technically ranks with the world’s best furni- 
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ture species. When this stability is combined with the reddish-brown wood 
color and above average specific gravity (ca. 0.75) and hardness (770 kg 
cm–2 for P. alba and 1,010 kg cm–2 for P. glandulosa var. glandulosa), Pro-
sopis lumber meets all the requisites to be included in the class of the world 
finest indoor furniture species. A simple computer search using mesquite 
and lumber as keywords will illustrate the value and variety of Prosopis 
wood products. (In this search it will be instructive to note that the eco-
nomic analyses of Prosopis plantations for lumber (Felker and Guevara 
2003; see discussion below) assumed a value of $800 per cubic meter 
which is equal to $2 per board ft). Unfortunately in Argentina, virtually 
none of the furniture is made from kiln dried wood or has finish and style 
that would be desirable by U.S. consumers. An example of the logs har-
vested for Prosopis furniture and of quality furniture by the company Fio-
ramonte of Santiago del Estero, Argentina is illustrated in Fig. 9.3A, B.  

Prosopis lumber could provide the basis for substantial value-added 
industries in arid lands that would indirectly contribute to increased food 
security, which is one of FAO’s major objectives. To gauge the scale of this 
potential, it is important to note that North Carolina’s wood furniture in-
dustry grosses about $4 billion annually. Furthermore, China has increased 
its wooden furniture exports to the U.S.A. from zero to almost $4 billion in 
the last 10 years (Buehlmann et al. 2002). The potential economic impact 
of new sustainable industries grossing even $100 million per year from 
countries in Sahelian Africa would be enormous.  

Sweet Prosopis pods were an important component in the diets of in-
digenous people in North America (Felker 1979), South America (D’Antoni 
and Solbrig 1977), and the early people in India (Mann and Saxena 1980). 
A comparison of the protein and sugar content of North and South Ameri-
can species was made for plantation grown trees under various irrigation 
treatments in Riverside, California (Oduol et al. 1986). The mean sugar and 
protein concentration under wet, medium, and dry irrigation treatments is 
presented in Table 9.1 and illustrates great diversity in pod characteristics 
among Prosopis species. There was a negative correlation between pod 
sugar and pod protein concentration (r = –0.63, p = 0.01). This is attribut-
able to the fact that the sugar content is located in the mesocarp while the 
protein is concentrated in the seeds. Thus a thick pod like P. nigra will 
have a high sugar content, while a pod with almost no mesocarp, such as P. 
articulata has very little sugar. Because the seed sizes are similar between 
species, the mass of protein per pod is approximately the same, but pods 
with more mesocarp have a lower percentage protein and vice versa. Given 
P. alba pod sugar concentrations of 37%, it is not surprising that flours 
based on milling the mesocarp portion of the pods have sucrose concentra-
tions of 48 to 59% (Felker et al. 2003). While in the past Prosopis pods 
were a major form of sustenance for indigenous people and their livestock, 
in today’s world economy it will be difficult to compete on a protein basis 
with soybean supplements or on an energy basis with molasses from sugar-
cane. Thus Felker et al. (2003) have proposed that Prosopis mesocarp flour 
will have its greatest potential from the spice type flavor and aroma it lends 
to baked food products.  
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Figure 9.3. Prosopis alba from Argentina. (A) Logs harvested in the Chaco Prov-
ince to be used for furniture and flooring. (B) Furniture constructed by Fioramonte 
in Santiago del Estero. 
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Table 9.1. Concentrations of protein and sugar in the pods of Prosopis 
species grown in the University of California Riverside Agricultural Expe-
riment Station (Oduol et al. 1986). 
 
Species (Accession) Entire pod sucrose 

concentration (%) 
Entire pod protein 
concentration (%) 

P. nigra 133 37.5  A 10.4  E 
P. alba 137 37.3  A 11.0   E 
P. alba 039 35.0  B  9.6   E 
P. velutina 032 25.7  B 18.6  A 
P. velutina 020 25.7  B 16.7  ABC 
P. sp. 080 25.4  B 16.5  ABC 
P. velutina 025 24.2  B  15.0  BCD 
P. sp. 074 22.2  BC 13.0  D 
P. glandulosa var. 
 torreyana 001 20.1  BC  

14.8  CD 

P. glandulosa var. 
 glandulosa 028 17.0  C 

13.4  D 

P. articulata 016  5.3   D 17.0  AB 
P. sp. 080 and P. sp. 074 were collected from a region between P. velutina 
in southern Arizona and P. glandulosa var glandulosa in west Texas and 
were intermediate in morphological characters between these species. 
Means followed by the same letter are not significant at P <0.05. 

 
 
 
 

Unfortunately, a considerable percentage of P. alba trees in Argentina 
(Felker et al. 2001), of P. pallida trees in Peru (Alban et al. 2002), and 
virtually all of the P. juliflora trees in Haiti, Sahelian Africa, the Middle 
East, and the Indian subcontinent, have bitter pods that are not edible. 
Fortunately an intensive search in Yemen has identified one P. pallida tree 
that produced sweet pods (M. Al Nassiri, Director of Agricultural Research, 
Govt. of Yemen personal communication). This tree should be clonally 
multiplied and examined in other similar ecosystems. Preliminary evidence 
in some bitter P. alba suggests that saponins maybe responsible for the 
bitter flavor (G. Fabiani personal communication). From an evolutionary 
perspective it would be reasonable that plants would have evolved some 
anti-insect deterrent compound, such as might be provided by saponins, to 
avoid predation of high sugar content reproductive organs. Thus Prosopis 
utilization/genetic improvement programs must be cognizant of this limi-
tation. 
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Potential opportunities and liabilities with Prosopis 
genetic improvement programs 
 

When the extraordinary physiological properties described above such 
as high levels of photosynthesis and nitrogen fixation at temperatures of  
45 °C, growth at seawater salinity and soil pH higher than 9, are combined 
with economically useful characters such as highly palatable pods with 35% 
sucrose and lumber of low-shrinkage suitable for high quality furniture, it 
would appear that all of the requisite genetic traits exist within Prosopis to 
meet the ideotype leguminous food crop tree proposed some 25 years ago 
(Felker and Bandurski 1979). Unfortunately all of the desirable characters 
do not yet exist within the same genotype.  

Virtually all of the Prosopis that currently exists outside its native 
range was introduced by non-scientists and/or technical officers that evi-
dently were impressed with the vigorous growth of Prosopis in its native 
habitat. These selections were not evaluated in replicated trials in the coun-
try of origin or destination prior to their release. After the initial release in 
the new location, the surviving seedlings were the ones that retained de-
fense and survival components to avoid being eaten by wild and domestic 
stock or from being harvested (principally for fuelwood). Perhaps, this 
selection process inadvertently resulted in increased thorn size and lack of 
single erect stems that would be easy to harvest. As an example to support 
this hypothesis, P. alba almost never survives unprotected in wild in Ar-
gentina since its thorns are small and its foliage is highly palatable to goats 
and sheep, while in Sahelian Africa despite the need for forage, very few 
animals eat the foliage of P. juliflora as the leaves are unpalatable and the 
spines large.  

There is a growing, and very legitimate, worldwide concern against the 
introduction of plants outside their native range which have the potential 
to become weedy in the new location. The indiscriminate worldwide intro-
duction of Prosopis outside its native range without testing has legitimately 
contributed to this concern. However, it must be realized that the past ex-
changes were arranged by political functionaries or casual travelers and not 
by Ph. D. level geneticists under controlled conditions. Due to the pressing 
needs for plant species that produce food and/or provide raw materials for 
manufacturing in harsh arid lands, particularly of Africa, Latin America 
and south Asia, it would seem important to evaluate new Prosopis genetic 
materials. These materials must be evaluated under very controlled quar-
antine conditions in the country of destination and priority should be given 
to genetic materials that have improved characteristics in replicated trials 
in the country of origin. As a minimum safeguard, the following evaluation 
procedure is suggested: (a) evaluation of a limited number of elite clones or 
plants (perhaps 6 to 12 entries) that have resulted from previous field tri-
als, to be compared with about 3 families or clones of the local strain; (b) 
use of about 6 single tree replicates per introduction; (c) with no more than 
about 90 trees total, this trial would occupy less than 0.5 ha; (d) location of 
the trial within the confines of a government or university controlled field 



PHYSIOLOGICAL PROPERTIES OF PROSOPIS  237 
 
site with limited access; (e) within the controlled field site, use of an animal 
proof fence around the trial to prevent the pods, containing the seed, from 
being taken off-site; (f) during the pod production season, weekly collec-
tion of all pods; and (g) quantitative measurements of form, growth, pod 
production pod quality.  

After several years of quantitative data collection and a statistical com-
parison of the characteristics of the proposed new introductions to the 
existing germplasm, a national level review committee, with assistance 
from interested international organizations, would be in the position to 
make a quantitative risk/benefit analysis. At this time a decision could be 
made to destroy all or some of the introduced material (for instance using 
basal triclopyr/clopyralid applications), to release some or all of the mate-
rial to other organizations for additional evaluation, or to continue evalua-
tions with no release.  

In spite of the risks involved with genetic improvement in locations 
where naturalized Prosopis has become a weed, or in locations such as 
Texas, where the existing native genetic material is often considered to be a 
weed, genetic improvement programs should be considered to: (a) incorpo-
rate specific highly desirable characters from known germplasm (such as 
erect form, lack of spines, highly palatable pods, resistance to extreme ed-
aphic conditions) and (b) to provide the economic incentive with an agro-
ecosystem of improved strains capable of generating the revenues neces-
sary to control the weedy, non-useful ones.  

A survey of the major genetic improvement needs for Prosopis around 
the world is presented in Table 9.2. The first region listed is the African 
Sahel and similar climates of eastern Africa. Here, the introduced P. 
juliflora is widely distributed and has been among the species most suc-
cessful in reforestation for dune stabilization in Sudan (Bristow 1996) and 
Somalia (Zollner 1986), for fuelwood provision in Senegal (Diagne 1996), 
and for earlier reforestation efforts in the Sudan (El Houri 1986). In spite 
of the fact that it was used in the majority of CARE’s (www.CARE.org) re-
forestation efforts in Niger, due to its long spines and aggressive spreading 
habit it has not been widely appreciated (Butterfield 1996). These negative 
perceptions have been increasing with the declaration that Prosopis is a 
weed in Sudan and major institutional complaints on its spread in Kenya. 
Thanks to the recent definitive taxonomic work of Harris et al. (2003) it 
has been shown that the naturalized species in the African Sahel is not P. 
chilensis (Molina) Stuntz as it was erroneously known in the Sudan, nor 
the highly valuable, non-weedy P. pallida, but P. juliflora. Field work by 
this author in Yemen has confirmed that P. juliflora is also the species in 
Yemen, which is thorny, aggressive, and has pods which are not palatable 
for human food use.  

The very important recognition has been made that like the pods of P. 
juliflora from India, Pakistan, Haiti, etc., the Prosopis pods in Sahelian 
Africa are bitter and not suitable for the myriad of human use applications 
described for P. pallida in Peru (Grados and Cruz 1996) or for P. alba in 
Argentina (Burkart 1976). Given the extreme poverty in these harsh African  
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countries, it is a tragedy that the pods that are produced so abundantly are, 
unlike their P. pallida and P. alba near relatives, not appropriate for hu-
man food use.  

Thus it would seem appropriate that a major breeding/genetic initia-
tive be made to replace the P. juliflora in Sahelian Africa, which is weedy 
and thorny, with non-palatable pods with types that are erect, have very 
small thorns, and have pods highly desirable for human food. As noted in 
the comparison trials in Haiti (Wojtusik et al. 1993), Cape Verde (Harris et 
al. 1996) and India (Harsh et al. 1996) genotypes in the P. pallida genetic 
pool seem to be able to offer these advantages. After an intensive search for 
Prosopis trees with sweet pods in Yemen, one tree out of 72 was found with 
sweet non-bitter pods (M. Al Nassiri personal communication) and would 
seem to be useful for asexual multiplication.  

In a 1996 visit to South Africa, this author observed an incredible vari-
ety of Prosopis imported from North and South America. The short (height 
not exceeding 3.5 m), shrubby, thorny, multi-stemmed (often more than 3 
stems at ground level), P. velutina accessions formed impenetrable stands 
(often more than 1 stem m–2) in stream bed washes and was, by all stan-
dards, a very important and difficult problem. This particular phenotype 
had high pod production at early ages (as California pod production trials 
had demonstrated; Felker et al. 1984) that greatly contributed to the weedy 
spread. Cankers on the stems of the P. velutina, similar to that reported for 
this species by Lesney and Felker (1995) appeared to further stimulate 
branching and stunt the growth of this phenotype. On the other hand, tall 
(15 m), single stemmed Prosopis alba with trunk diameters exceeding 50 
cm, known as tame mesquite were not reported to spread. The South Afri-
cans clearly have a serious problem. What can be learned from this experi-
ence is that if 3-to 4-year long replicated field trials had been conducted on 
the imported species in South Africa prior to release, the P. velutina acces-
sions would never have been released, while the P. alba tame mesquite 
accessions might have been. The South Africans are legitimately very sensi-
tive about any new introductions. However, perhaps the existing tame non-
invasive Prosopis alba could be grafted onto the weedy ones in a type of 
biocontrol. Perhaps new single-stemmed, erect, non-spiny forms Prosopis 
when cultivated for lumber production would be so valuable (Felker and 
Guevara 2003) that the cost of eradicating the weedy ones could be ab-
sorbed by the new enterprise.  

Prosopis cineraria, a native species to the deserts of India and Paki-
stan, has been revered in ancient writings in Sanskrit (Mann and Saxena 
1980). This species is omnipresent in farmers’ fields in the Thar desert 
where the soil fertility is increased below its canopy, where all of the leaves 
of the trees (up to 10 m tall) are annually harvested for livestock food, and 
where the pods are consumed for human food. Prosopis juliflora a faster 
growing species was introduced to what is currently India and Pakistanin 
the late 1800s and early 1900s and has been a mixed blessing as it provides 
critically needed fuelwood and livestock food on arid, saline, and sodic soils 
(Singh 1996; Varshney 1996). However, its long spines and its aggressive 
growth-form often bring complaints from farmers.  
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Table 9.2. Major genetic improvement needs for Prosopis. 
 
Region Species Genetic  

improvement needs 
Source of mate-
rial 

Senegal, Mau-
ritania, Niger, 
Chad, Burkina 
Faso, Mali,  
Sudan, Ethio-
pia, Somalia, 
Kenya, Yemen, 
Saudi Arabia 

P. juliflora Pods that are edible by 
humans, 
greatly reduced  
spine size, 
erect form 

P. pallida  
clones 
Ref: a 

Southern 
Africa 

P. velutina,  
P. glandulosa 

Non invasive, non shrubby, 
low pod producing, greatly 
reduced spines  

Possibly  
S. African  “Ta-
me mesquite,” 
P. alba 

P. juliflora 
 

Pods that are edible by 
humans  
greatly reduced spine size 
erect form 

P. pallida  
clones 
Refs: a, b 

South Asia 

P cineraria Increased pod production 
and quality  

Native material  
Ref: c 

U.S.A. P. glandulosa More erect form, smaller 
spines, pods with greater 
consumer acceptability 

Native material 
Ref: d 
Cold hardy P. 
alba selections 

Mexico P. glandulosa, 
P. laevigata, 
and related 

More erect form, faster 
growth rate, improved pod 
quality and production 

Native material  
Ref: e 

Haiti  P. juliflora Pods edible by humans. 
Small spines and erect form 

P. pallida  
Ref: f 

Peru P. pallida Increased pod size, flavor 
and production  
more rapid growth 
resistance to leaf eating 
insects 

Native material 

Argentina P. alba,  
P. chilensis, 
P. flexuosa, 
P. nigra 

Straight form for lumber 
rapid growth to achieve 
high internal rate of returns 
for plantations to avoid 
current overharvest 
resistance to leaf chewing 
insects and diseases.  
increased pod size, flavor, 
and production 

Native material 
Ref: g 

Data are from: a) Alban et al. (2002); b) Harsh et al. (1996); c) Central Institute for 
Arid Horticulture, Kibaner (Pareek) and Central Arid Zone Research Institute, 
Jodhpur (Harsh); d) Felker and Ohm (2000); e) Frías Hernández personal com-
munication; f) Wojtusik et al. (1993); g) Felker et al. (2001). 
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Both the Central Arid Zone Research Institute (CAZRI) in Jodhpur and 

the Central Institute for Arid Horticulture (CIAH), in Bikaner have been 
involved in genetic improvement of P. cineraria for some time (L. N. 
Harsh, CAZRI, personal communication; O. P. Pareek, CIAH, personal 
communication). At CIAH in Bikaner, O. P. Pareek has made numerous 
selections from the wild for pod characters and has had success in asexual 
propagation of those superior types.  

For the introduced species Goel et al. (1997) have made selections and 
asexually propagated superior types of P. juliflora for growth rate and 
form. However, as occurs for this species in Sahelian Africa, Haiti, and 
Yemen, the pods of this species are not suitable for human food use due to 
a bitter, non-palatable flavor. Harsh et al. (1996) reported on a trial with 
more than 200 half-sib families of various South American species and 
found that the Peruvian P. pallida had the greatest overall ranking for erect 
form, lack of spines and growth rate (Fig. 9.4). These researchers (L. N. 
Harsh personal communication) also developed mini grafting techniques 
for 2-mm diameter Prosopis capable of converting genetically unimproved 
selections to improved selections by top working of the coppice regrowth. 
At the time of evaluation the trees had not produced pods, but as this spe-
cies has highly palatable pods in Peru (Grados and Cruz 1996) it seems 
likely that some of them would have edible pods. It appears possible to 
develop selections or clones from the Peruvian germplasm for use in India 
that are erect, thornless, fast growing and have highly palatable pods. A 
very significant portion of the 1 billion people in India live in the semi arid 
and arid zones and have limited access to fuelwood (Fig. 9.5) and food for 
humans and livestock. Thus any technique, such as development of P. pal-
lida germplasm, with potential to increase ease of fuelwood procurement 
and livestock and human food supplies needs to be vigorously pursued.  

Despite the 20 million ha of Prosopis in the U.S.A. there has been little 
effort for genetic improvement. Form is not important for the growing 
Texas barbecue industry that harvests unmanaged native stands to produce 
chips and chunks for the nationwide retail market. The growing mesquite 
furniture and flooring industry often selects tall erect trees from river bot-
tom sites but these elite trees are being rapidly depleted. With the goal to 
improve germplasm for trees for the growing mesquite furniture industry 
in Texas, a tall, straight tree contest was organized (Felker and Ohm 2000). 
The winning tree was straight and 5.3 m to the first branch. Seeds from 
these trees were used to establish a seed orchard at Texas A&M University-
Kingsville.  

A series of fast growing P. alba clones were selected for fast growth 
under heat drought conditions for use as biomass for renewable energy 
(Felker et al. 1983) as Prosopis alba was much more rapid growing than 
the native P. glandulosa or P. velutina and often thornless. One of these 
clones (B2V50) had a high productivity of 30 Mg ha–1 in the third year’s 
growth in a non irrigated trial in Texas (Felker et al. 1989). Unfortunately 
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Figure 9.4. Erect three year old Prosopis pallida in progeny trials in Jodhpur, 
India, with Drs. Harsh and Tewari of CAZRI. 
 
 
 

 
 
Figure 5. Woman with load of Prosopis juliflora firewood collected in Jodhpur 
India. Note shrubby, frequently harvested Prosopis in the background. 
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as the Texas winters are more severe than in California and Arizona the P. 
alba types were not adaptable to Texas. Ten year old progeny trials of P. 
glandulosa var. glandulosa found the mean annual basal diameter growth 
rate to vary from 1.45 to 1.81 cm yr–1 but these differences were not signifi-
cant (Duff et al. 1994). In recent years, the U.S. private sector has pro-
moted clones of patented and trademarked Prosopis alba and P. glandu-
losa for use in the ornamental nursery trade that are reputed to have supe-
rior cold tolerance and form for shade and foliage characteristics. The Pro-
sopis Hybrid ‘AZT’ Thornless Hybrid Mesquite was developed by Arid Zone 
Trees (www.aridzonetrees.com), the Prosopis hybrid Phoenix was devel-
oped by Mountain State Wholesale (www.mswn.com) whose scion wood 
was from P. alba clone B2V50 mentioned above. This author patented Pro-
sopis alba ‘Laurie’ (U.S. patent 9,072) and thornless Prosopis glandulosa 
‘Beth’ (U.S. Patent 9,256).  

A recent comparative economic analysis of Prosopis plantations in Ar-
gentina and the U.S.A. suggested the use of clones that would shorten the 
rotation age from 24 to 15 years and would increase the internal rate of 
return from 11.8 to 18.7% (Felker and Guevara 2003). Thus it would seem 
important to continue the work on clonal propagation of elite trees in the 
U.S.A.  

Despite the enormous range, variety of species, and economic impact 
of Prosopis on the rural, poor areas of Mexico (Rodríguez-Franco and 
Maldonado-Aguirre 1996) there are no genetic improvement trials reported 
in the international literature for Prosopis in that country. In northern 
Mexico, extensive harvests continue for local firewood and for charcoal and 
mesquite floring production for export into the U.S.A. Near the city of 
Dolores Hidalgo, State of Guanajuato, this author has observed many small 
carpenter shops making mesquite furniture and trunks of relic Prosopis 
greater than 1 m in diameter in the midst of 7 to 30 cm diameter trees. 
Omnipresent mesquite doors and windows in older structures in this area 
attest to the prior presence of large Prosopis that no longer exist. Evidently, 
since the European arrival there has been an intensive harvest of Prosopis 
for firewood, charcoal, furniture doors, and for use in the mines. With no 
significant plantings, and evidently little investment into natural regenera-
tion/stand management, the Prosopis has been overexploited for centuries. 
This author believes that range-wide germplasm collections for the most 
important species, replicated, half-sib field trials, followed by multi-
purpose selection, cloning of elite individuals, and seed orchard establish-
ment are essential to reverse this decline. Given the low land values and 
growing U.S. demand for mesquite solid wood products, with selected va-
rieties/clones and plantation management, the internal rate of return 
should be sufficiently high to attract investors into commercial plantings 
(Felker and Guevara 2003).  

In Haiti, the poorest country in the western hemisphere, Prosopis has 
been the major source of energy (Lee et al. 1992; Lea 1996). This is due to 
the charcoal energy base of the country and the fact that unlike many trees, 
Prosopis has almost no mortality after repeated harvest of the coppice 
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growth. Unfortunately, the native P. juliflora has large spines, not so good 
form, and the pods are not really palatable for human consumption. Thus a 
range wide collection was made of the Haitian Prosopis resource and com-
pared to a broad range of other species and families in a replicated trial 
(Lee et al. 1992; Wojtusik et al. 1993). Here it was found that Peruvian 
Prosopis (later found to be P. pallida; Harris et al. 2003) was erect, 
thornless, faster growing than the native P. juliflora, and probably pro-
duced sweet pods edible by humans. However the trials were not carried 
out long enough to evaluate this possibility. Clones were made of these elite 
trees (Wojtusik et al. 1993). The same best half-sib families in the Haitian 
trial were also the best in trials in Cape Verde (Harris et al. 1996) and in 
the Rajasthan desert in India (Harsh et al. 1996). Thus there is an immedi-
ate possibility for rapidly improving the multipurpose resource of this, the 
poorest country in the western hemisphere, by genetic improvement based 
on the Peruvian Prosopis genetic material. With the recently described 
multi purpose Peruvian clones that are easily rooted by cuttings (Alban et 
al. 2002), this should make for rapid progress.  

In the northern coastal deserts of Peru, Prosopis pallida is highly re-
vered among the local people for production of 35-40% sucrose pods. A 
significant cottage industry exists in this region for the preparation of a 
boiled down concentrate from the Prosopis pods, not unlike molasses in 
consistency, known as algarrobina (Grados and Cruz 1996; Bravo et al. 
1998). The principal use of the algarrobina is in the preparation of an alco-
holic beverage with pisco sour (a grape brandy), milk, and eggs. However, 
new products are under development based on the aroma and flavor char-
acteristics of the 45% sucrose flour prepared from the pod mesocarp 
(Felker et al. 2003). While the technical properties of the wood of P. pal-
lida are eminently suitable for fine furniture construction (as is done for P. 
alba and P. glandulosa) and while P. pallida has some of the best form and 
growth characteristics of all Prosopis species (Lee et al. 1992; Felker un-
published observations), this use is unknown in Peru.  

A detailed analysis of form, growth rates, pod production and pod fla-
vor on a 10 ha plantation from mixed P. pallida seed on the Universidad de 
Piura campus, Peru, lead to the cloning of 7 individual trees with superior 
performance (Alban et al. 2002). It is to be noted that in the final selection 
which was for pod flavor, 70% of the trees with good form, high pod pro-
duction and fast growth were rejected due to bitter or very bitter pod fla-
vor. Thus it is not surprising that the bitter Prosopis in tropical Africa (as 
described above) was introduced from a source with bitter, non-palatable 
pods. A seed orchard of the 7 elite trees was established. Casual observa-
tions in northern Peru reveal considerable variation in pod flavor, from 
mildly bitter to very sweet with out a bitter taste, and size, from about 20 to 
35 cm in length. To locate trees with greatest potential for human food use 
applications in genetic improvement trials, a recent competition was spon-
sored by the Universidad de Piura and some trees were located that pro-
duced 40 cm long pods (L. Alban, G. Cruz, and N. Grados personal com-
munication).  
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Hydroponic greenhouse trials in Argentina found that Peruvian P. pal-

lida germplasm was the most promising for individual trees that could 
grow rapidly at full seawater (Velarde et al. 2003). It would be most useful 
to conduct new hydroponic screening trials for growth at high salinity us-
ing seeds from the 7 elite clones that were selected for form, growth and 
pod characters. It is fortunate that P. pallida is one of the easiest of the 
Prosopis to root from cuttings, and that when placed on a heated mist 
bench with hormones, over 90% of cuttings from greenhouse-grown stock 
plants have roots passing out of an 8 cm diameter pots in 3 weeks (Felker 
unpublished observations).  

It is this author’s firm conviction that the P. pallida germplasm pool in 
northern Peru will be crucial in the resolution of the weedy issue in Sahe-
lian Africa, the Middle East, India and Pakistan that is centered around 
very thorny P. juliflora with pods that are not palatable for human food 
use. The multi-purpose selection methodology used by Alban et al. (2002) 
for wood and human pod uses will be fundamentally important in this 
work. The seven multi-purpose P. pallida clones selected by Alban et al. 
(2002) should be a good starting point in genetic improvement efforts that 
utilize robust, replicated trials comparing naturalized P. juliflora with P. 
pallida. Due to the strategic worldwide importance of this Peruvian P. pal-
lida germplasm, intensive germplasm collection for economically impor-
tant characters and subsequent field evaluation to select further improved 
clones is urgently needed.  

Argentina with more than 20 Prosopis species is the world center of 
biodiversity for the genus, but not of the origin. The four arboreal species 
P. alba, P. chilensis, P. flexulosa, and P. nigra that occur from about 24 to 
32° S latitude are the most important economically. In contrast to P. pal-
lida that suffers significant damage from temperatures of only –3 °C, these 
species tolerate freezes of several hours duration with minimum tempera-
tures of –10 °C with minimal damage. The major cash flow (as opposed to 
environmental benefits from soil improvement, etc.) is from furniture and 
flooring. Unfortunately the number of Prosopis plantations is minimal 
(probably less than 500 ha in all of Argentina; Government sources of 
Provinces of Chaco and Santiago del Estero). With more than 100,000 tons 
of logs recorded by the Provincial Government of the Chaco as harvested 
annually for furniture, the current situation is not sustainable. Historically, 
the high sugar content pods were important for indigenous peoples 
(Burkart 1976). As of 2003, pressed circular cakes from the ground Pro-
sopis pods, known as Patay, were commonly sold in bus stations in interior 
provinces of Santiago del Estero and Tucuman. More refined ground prod-
ucts of the mesocarp as described by Felker et al. (2003), but without the 
often insect contaminated seeds, were in the process of being developed for 
export.  

Due to the overwhelming rate of harvesting vs. planting, there is an ur-
gent need to make fast growing selections that will have sufficiently high 
productivities to make plantations economically attractive. Felker and 
Guevara (2003) calculated that with good plantation management and 
improved seed, an internal rate of return of 11.8% would be achieved in a 
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rotation age of 24 years. However, if the annual growth rate of 2.5 cm di-
ameter yr–1 obtained by Felker et al. (1989) for clonal plantations in Texas 
could be achieved, the internal rate of return would increase to 22.8%. This 
would probably be sufficient to stimulate considerable forestry investment 
without government subsidies and begin to put Prosopis furniture and 
flooring industries in Argentina on a sustainable basis.  

While Cony (1996) has calculated the heritabilities of various growth 
characteristics of P. flexulosa from half-sibling progeny trials, only Felker 
et al. (2001) have made multipurpose selections based on growth, pod pro-
duction, and pod quality. A clonal seed orchard of these clones has been 
established at the Universidad Católica de Santiago del Estero and some of 
the trees have set pods the second year after planting (M. Ewens personal 
communication).  

This author was continually perplexed at the slow growth rates of P. 
alba in Argentina vs. California and Texas, until Ewens of the Universidad 
Católica de Santiago del Estero more than doubled growth rates of unse-
lected P. alba seedlings, to about 3 cm in diameter per year, with weekly 
applications of insecticides (Ewens personal communication). Evidently in 
its native habitat, a suite of chewing and sucking insects has co-evolved 
with P. alba that greatly impacts its growth. As weekly insecticide applica-
tions are impossible economically, as well as ecologically, resistance to 
these insects must be found in genetic improvement trials.  

In Burkart’s (1976) second monograph of Prosopis, he decried the 
overharvest of Prosopis and especially the harvest of taller, straighter trees 
that were leaving inferior genetically material behind to propagate by 
seeds. Argentina’s economic crisis from 2000 to 2003 has exacerbated the 
over-harvest of Prosopis with poor cash flow landowners selling trees far 
below the cost of production.  

This author’s opinion is that Argentina needs both basic genetic stud-
ies on Prosopis and goal-oriented genetic improvement programs to rap-
idly achieve improved seeds, grafted seedlings or rooted cuttings that can 
make plantations sufficiently attractive to reverse the over harvest of native 
stands. It is important that the basic genetic studies include full-sib inter-
specific crosses, such as between P. alba and P. nigra so that the genetics 
of important characters such as the leaf insect resistance in P. nigra (but 
not P. alba), the stem boring resistance in P. alba (but not P. nigra), form 
and pod flavor traits can be mapped. 
 
Genetics, new clones, and asexual reproduction 
 

There is a critical need for some form of economically viable asexual 
propagation within Prosopis due to the high variability resulting from its 
self incompatible breeding mechanism. Due to this breeding mechanism, a  
“plus tree” in the forest will have at least as much genetic variation as an F1 
seedling. Thus seeds from these superior “plus” trees will have at least as 
much variability as F2 seedlings. This variation manifests itself in the 2-to 
3-fold range in the 95% confidence intervals for biomass production within  
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half-sib families of Prosopis (Felker et al. 2001). Despite numerous at-
tempts, there is no report of a tissue culture system for Prosopis with shoot 
subculture and subsequent multiplication from explants of field grown 
trees. Rooting of cuttings techniques have been reported for Prosopis 
(Leakey et al. 1984; Klass et al. 1990) but really are only viable for large 
scale plantations in Prosopis pallida and P. juliflora due to the much easier 
rooting in these species (Alban et al. 2002). Techniques have been devel-
oped to graft North and South American Prosopis species using moderately 
sized rootstock (Wojtusik and Felker 1993). Following the suggestion of 
L.N. Harsh in Jodhpur, India, we reexamined mini grafting of Prosopis and 
found that we could reliably graft 35-day old, 2-mm diameter seedlings of 
P. alba with about 75% success (Ewens and Felker 2003). At this time this 
is the only commercially viable method to asexually reproduce P. alba 
clones. Unfortunately, this eliminates the possibility of asexually propagat-
ing salt tolerant rootstock. However some research suggests that by con-
tinually regrafting the desired scions on young rootstock, higher rooting of 
cutting percentages can be obtained. Due to this constraint, separate clonal 
seed orchards have been established for highly salt tolerant and for multi-
purpose P. alba clones in Argentina (M. Ewens personal communication) 
and for multipurpose P. pallida clones in Piura, Peru. Hopefully due to the 
self incompatible nature of these clones, the resulting hybrid seed will be 
mixtures of both elite male and female parents. 
 
Potential for combining economic development and 
management of the weediness 
 

With the combination of nitrogen fixation, economically valuable pro-
ducts, heat-, drought-, salinity-tolerance, and genetic diversity, Prosopis 
offers an unparalled opportunity for arid lands. Unfortunately, these prop-
erties, in combination with non-holistic management, also have led to 
weediness. While some genetic combinations in Prosopis have led to very 
weedy strains, there is no reason why the ideotype of a deep rooted N fixing 
tree with edible pods that is resistant to extreme temperatures and edaphic 
conditions is not a useful goal for arid lands.  

It is important to mention three important ecological factors that in-
fluence this weediness (a) the role of Prosopis in the N cycle of overgrazed 
ecosystems; (b) the dynamics of forest stand population/automortality/ 
stem diameter relationships in forest succession; and (c) the natural ten-
dency for some species to be much less weedy than others.  

From a steady state assessment of N fluxes in arid ecosystems, Felker 
(1998) and Geesing et al. (2000) noted that current livestock stocking rates 
were equal to the equilibrium point where the N inputs and outputs bal-
anced. Further, this stocking rate was about 10-fold lower than could be 
supported on the basis of transpiration water use efficiency for C3 or C4 
plants. The nearly 50% ecosystem loss of the N ingested by herbivores, due 
to volatilization from urine and feces, was suggested to be the major N loss 
to the system and the major steady state constraint to sustainable livestock  
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production. Moreover this 50% elimination of the aboveground N in the 
ecosystem with each grazing cycle was probably a major contributor in the 
conversion of grasslands to the encroachment of N fixing Prosopis on arid 
ecosystems (Felker 1998). The management of multiple use, semi-arid 
ecosystems should recognize the drain on the ecosystem from volatilization 
of excreted N from grazing animals and incorporate tree legumes to bal-
ance N input/output ratios.  

It is important to understand the relationships between tree spacing 
and stem diameter that occur as recently colonized dense stands of most 
tree species mature. Both hardwood and conifer stands may initially occur 
as closely spaced (< 1m) small trees (< 2m tall) on recently colonized sites. 
However as natural mortality or self thinning occurs, the stands thin-out 
and the trees achieve the large diameters and heights typical of commer-
cially harvestable forests. When the stands mature and reach large diame-
ters, very rarely do dense stands of small trees reoccur beneath their cano-
pies. This type of self thinning control strategy has been proposed for Pro-
sopis (Felker et al. 1990) to help in both achieving desirable diameters for 
lumber production and in preventing the re-encroachment of dense stands 
impenetrable to livestock or humans.  

There is no doubt that some Prosopis species are much more weedy 
than others. For example P. ruscifolia in Argentina, P. glandulosa and P. 
velutina in some parts of southwestern U.S.A., and P. juliflora in some 
areas of the arid tropics have many undesirable characteristics and stands. 
As mentioned above, fungal pathogens that further stimulated multiple low 
branching in P. velutina in South Africa have made this species worse than 
this author has viewed in its native habitat. On the other hand P. alba 
which is in danger of being over harvested for lumber, has small thorns, 
leaves that are highly palatable to domestic stock and wildlife, and in its 
native Argentina is almost never found in open rangeland unprotected 
from livestock. Thus in addition to ecological considerations of N cycling 
and self thinning, genetics plays a role in the Prosopis weedy issue.  

Typical net returns from arid lands are so low (ca. $5 ha–1 yr–1; Felker 
and Guevara 2003) that it is difficult to finance expenditures necessary for 
out-of-control, weedy dense Prosopis stands. Felker and Guevara (2003) 
made a comparison of the rate of internal return provided by various Pro-
sopis products (logs, lumber, pods), wildlife and grazing. These authors 
found that the only scenario that could provide an internal rate of return 
sufficiently high to attract commercial investors (ca. 10%) was that of 
growing trees for furniture quality Prosopis lumber that is currently valued 
about $850 m–3 ($2 board ft–1). As the trees in this analysis were on 10 m 
by 10 m spacings, this scenario would be compatible with cattle, wildlife, 
and intercropping (in the first few years) and also prevent the encroach-
ment of weedy stands. Thus it would seem important to include a lumber 
component in these ecosystems (1) to provide an attractive return on the 
investment, (2) to provide the financial means to convert weedy stands to a 
productive system, and (3) to provide an economically sustainable agricul-
tural ecosystem on wide spacings compatible with multiple uses such as 
grazing and wildlife. 
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Conclusions 
 

A comparison between the common Papilionoid cultivated legumes, 
such as soybeans, beans, cowpeas, and alfalfa and Prosopis from the Mi-
mosoideae, reveals nearly an order of magnitude greater resistance in most 
of the fundamental physiological processes related to heat/drought and 
salinity in the latter genus. As noted above photosynthetic rates of 18 µmol 
m–2 s–1 at 45 °C, with leaf water potentials of –4.5 MPa, the ability to fix 
nitrogen at leaf air temperatures of 43 °C and water potentials of –3.8 
MPa, the ability to grow in seawater 45 dS m–1 and at pH values of 10.4, all 
place Prosopis in a class apart from the Papilionoid legumes. The small size 
of its diploid genome (392 to 490 Mbp) and the ability to make wide inter-
specific crosses would facilitate the mapping of these traits and the possible 
utilization in more common annual legumes.  

Perhaps no other species has the potential to create economic devel-
opment in the most poverty stricken, and environmentally difficult areas of 
Sahelian Africa, the middle East and the deserts of India and Pakistan. 
These areas are characterized by daily summer maximum temperatures of 
approximately 42 °C, some with 6-month-long dry seasons, yearly poten-
tial evapotranspiration of about 2,000 mm and rainfalls less than 500 mm 
per year. In these areas Prosopis can grow and reproduce if there are fa-
vorable microsites, such as water courses, or permanent underground wa-
ter that is within 4 m of the soil surface. As of this writing, P. juliflora has 
become naturalized to all of these areas where it is sometimes perceived as 
a weed. Thus there is no doubt as to its adaptability.  

Unfortunately, unlike some of the North and South American Prosopis 
that have highly palatable sweet pods, through all this range the introduced 
naturalized species have pods that are not palatable for human use. Genetic 
improvement trials in Haiti, Cape Verde, and India found the same half-
sibling families of Peruvian Prosopis to be more erect, faster growing, with 
much less thorniness than the naturalized P. juliflora. Recent trials in Peru 
found that less than 30% of the trees had pods that could be classified as 
sweet or very sweet, while the remaining 70% of the trees were classified as 
bitter or very bitter.  

No other gene pool in the plant kingdom possesses the combination of:  
 (1) Genes for heat, drought, high pH, and salinity stress to permit rou-
tine active physiological functioning of critical processes such as photosyn-
thesis and nitrogen fixation at temperatures higher than 40 °C typical of 
the African Sahel, India, etc.  
 (2) Many interbreeding species native to two continents capable of 
providing the reservoir of genes for disease and pest resistance.  
 (3) Economically useful traits such as highly edible, high sugar pods, 
and highly dimensionally stable lumber suitable for fine furniture.  

The presence of unselected weedy species of this genus should not pre-
vent scientists from taking a broad perspective of this genus to examine the 
potential of using these genes in conventional legumes and in deliberately 
creating, testing and clonally multiplying elite individuals for the world’s 
harshest arid ecosystems. 
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Introduction 
 
On mountains around the world, individual plant species are commonly 
associated with relatively specific altitudinal limits that vary with latitude 
and longitude, depending primarily on the degree of continental versus 
oceanic influence (see Wardle 1974; Stevens and Fox 1991; Körner 1998 for 
recent reviews). Evidence from paleobotanical sources has also shown 
substantial upward and downward migrations of these altitude limits fo-
llowing major shifts in global climate regimes (e.g., Kienast 1991; Lloyd 
and Graumlich 1997; Ferreyra et al. 1998; Luckman and Kavanagh 2000; 
Meshinev et al. 2000; Daniels and Veblen 2003).  

Many studies of the altitudinal limits of plants have focused on forest 
trees, either the upper timberline where forest-like trees last appear, or the 
treeline, the altitude where stunted and deformed trees are last found be-
yond the timberline (e.g., Smith et al. 2003). There are also predictions of 
future changes in the altitudinal limits of timberlines based on current 
scenarios of global warming and continued increases in atmospheric CO2 
(e.g., Kienast 1991; Romme and Turner 1991).  

Despite this long-term interest in the maximum altitude of occurrence, 
the specific, mechanistic causes of these limits are relatively unknown for 
any species, even timberlines and treelines (e.g., see Körner 1998 and 
Smith et al. 2003, for recent perspectives). However, there has been a con-
tinuing focus on carbon gain and water loss, specifically the possibility that 
photosynthesis is more limited at higher elevation and transpirational wa-
ter loss greater. It has also been proposed that it is not photosynthetic car-
bon gain that is limiting tree growth and survival at higher altitudes, but its 
metabolic processing (Körner 1998). Another perspective has been propo-
sed that identifies the young, establishing seedling as the critical life stage 
for understanding the stability of timberline and treeline altitudes, with a 
strong dependence on ecological facilitation (Smith et al. 2003). Similarly, 
changes in specific abiotic factors with altitude that could limit plant 
growth at higher elevations (temperature, sunlight, water, and nutrients) 
are poorly understood. Although the most obvious limitation to growth and 
survival at higher elevations is seasonally cold temperatures, numerous 
other abiotic factors may also be limiting during summer when growth and 
reproduction are dependent on adequate carbon assimilation and proces-
sing (Tranquillini 1979; Smith and Knapp 1990; Maruta 1996). Thus, the 
interaction between summer and winter stress factors is now recognized as 
a potentially important determinant of timberline and treeline altitude 
(e.g., Vostral et al. 2002; Smith et al. 2003).  

The purpose here is to review current information concerning the abio-
tic, above-ground factors that may limit plant gas exchange as altitude in-
creases, emphasizing photosynthetic CO2 uptake and transpiration. In ad-
dition, simulation studies employing standard gas exchange and energy 
balance equations are combined with field measurements taken on leaf 
models located across an elevation gradient. Abiotic effects of altitude on 
photosynthesis and transpiration are evaluated for different air temperatu- 
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re lapse rates and seasonal temperatures characteristic of temperate and 
tropical mountains. Similar studies have been conducted previously, but 
with more limited objectives (Gale 1972; Smith and Geller 1979; Leuschner 
2000).  
 
Abiotics and altitude 
 

Sunlight, temperature, water, and gas-phase nutrients (e.g., CO2 and 
O2) are primary abiotic factors that most directly influence plant gas ex-
change capabilities, and can vary substantially with altitude, regional cli-
mate, and orographics (e.g., maritime versus continental mountain ran-
ges). In addition, many factors influencing leaf energy balance and tempe-
rature may also vary with elevation, including solar and longwave radia-
tion, wind, and ambient humidity (Smith and Geller 1979; Piazena 1996; 
Saunders and Bailey 1997; Leuschner 2000; Marty et al. 2002). Probably 
the best known abiotic change with increasing elevation is the decline in air 
temperature in response to lower ambient pressure (Figs. 1 and 2). Am-
bient pressure decreases over 20% by 2 km and over 50% at 6 km (Fig. 
10.2A), leading to a maximum, dry adiabatic lapse potential of 1.0 °C/100 
m (Fig. 10.2B). Simulated dry (8.0 °C/km) versus wet (3.0 °C/km) lapse 
conditions resulted in more rapid decline in air temperature with altitude 
for both winter and summer temperatures. Also, dry lapse conditions in 
summer generated similarly cold air temperatures at higher elevations (> 4 
km) that were very near values computed for wet lapse conditions during 
winter (Fig. 10.2B). Similar dry and wet lapse rates of 7.5 °C/km and 5.5 
°C/km, respectively, have been used previously to evaluate transpiration 
potential for plants growing on mountains of temperate and tropical zones 
(Leuscher 2000).  

Another well known change in abiotic factors with altitude is the de-
crease in partial pressure in gas-phase molecules such as CO2 and O2. Be-
cause ambient CO2 concentration can have a strong, direct influence on 
photosynthesis via the leaf-to-air concentration gradient (driving force for 
diffusion), it has often been assumed to be a limiting factor for carbon gain 
and growth at high elevation (e.g., Körner 1988). A lower ambient CO2 
concentration with altitude could result in a corresponding decrease in the 
leaf-to-air gradient, assuming a constant CO2 concentration inside the leaf. 
For this reason, mountain ecosystems have been considered as natural field 
models for evaluating the effects of natural differences in atmospheric CO2 
concentrations. However, because molecular diffusion is more rapid at 
lower ambient pressure, a substantial compensatory effect on CO2 uptake-
potential occurs with greater elevation (e.g., Gale 1972; Smith and Geller 
1979; Körner 1999; Leuschner 2000). Although quantitative evaluations of 
these compensating effects on photosynthetic CO2 uptake exist in the lite-
rature (Smith and Donahue 1991; Terashima et al. 1995), there is no com-
prehensive evaluation of the potentially important factors influencing plant 
gas exchange at higher altitudes. As well, correlations between altitude  
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(lower CO2 concentrations) and other indicators of photosynthetic poten-
tial such as stomatal size, or frequency, have been inconclusive (e.g., Qiang 
et al. 2003).  

A similar concern for the effects of lower O2 concentrations with altitu-
de has also been considered within the context of photosynthetic effects, 
based on the well-known influence of O2 concentrations on photosynthesis 
(Terashima et al. 1995; Matsubara et al. 2002; Qiang et al. 2003). Other 
microclimatic factors such as changes in sunlight, ambient humidity, wind, 
and longwave radiation have been studied less comprehensively, and for 
only a few mountain systems. Only two studies have incorporated most of 
these abiotic factors to predict leaf-to-air water vapor differences and 
transpirational demands at high elevation (Smith and Geller 1979; Leusch-
ner 1997). Thus, although numerous studies have considered changes in 
one, or a few, of the important abiotic factors influencing gas exchange 
physiology (e.g., Friend and Woodward 1990; Barry 1992; Kitayama and 
Mueller-Dumbois 1994; Körner 1999), none have considered their concer-
ted influence.  
 
 
 
 
 

 
 
Figure 10.1. Schematic representation of abiotic factors influencing gas exchange 
(A and E) at high altitudes. Arrows denote increasing or decreasing values with 
greater altitude; acronyms are defined in text. 
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Figure 10.2.  Change in ambient pressure (A) and air temperature (B) with altitu-
de for different lapse rates and seasonal temperatures. Curves represent summer 
wet (●) (35 ºC at sea level, –3 ºC decrease per km), summer dry (○) (35 °C at sea 
level, –8 °C/km), winter wet (■) (5 ºC at sea level, -3 ºC/km), and winter dry (□) (5 
°C at sea level, -8 °C/km) conditions. 
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Microclimate versus altitude 
 
An important message concerning changes in abiotic factors with ele-

vation is the realization that decreasing ambient pressure is the only colli-
gative property associated with changes in abiotics. All others (e.g., tempe-
rature, sunlight, wind, longwave radiation, water, and nutrient relations) 
can be strongly influenced by topography, microsite, and plant form at any 
altitude. Natural variability in these factors can substantially lower, or rai-
se, the effective altitude of a microsite at any given altitude. In the northern 
hemisphere, south-facing, wind-sheltered microsites can effectively match 
conditions at an altitude thousands of meters lower, while similar north-
facing microsites, sheltered from sun but not the cold night sky, could ge-
nerate increases in effective altitude. Even smaller microsites around a 
fallen tree stem or an exposed boulder can result in effectively different 
altitudes based on differences in sunlight exposure and temperatures (Ball 
et al. 1997; Germino et al. 2002). Additionally, changes in leaf orientation 
can create different levels of sky and wind exposure, two primary factors 
influencing microclimate at any altitude (Germino and Smith 2002). Leaf 
and plant aggregation (close spacing) and height patterns can also influen-
ce microclimate due to the potentially strong boundary layer effects on 
temperature and ambient gas concentrations (Smith and Carter 1986). 
Thus, microclimate effects can significantly impact fundamental gas ex-
change processes at any altitude, with the exception of ambient pressure 
effects on molecular diffusion (Sage and Sage 2002). In contrast to the 
potential effects of microsite and plant form on effective altitude, indivi-
dual plants cannot escape the ambient pressure of their respective altitudes 
(only negligible changes in ambient pressure due to weather fronts). Thus, 
lower ambient pressure and more rapid molecular diffusion are the only 
immutable abiotic factors associated with increasing altitude, one that is 
not dependent on microsite/microclimate effects. 
 
Flux calculations 
 

The equations employed in the following analysis follow Fick’s and 
Ohm’s Laws where Flux is proportional to the product of leaf conductance 
(g) and the difference in partial pressure between the air and diffusing 
surface (Nobel 1999). The analysis also incorporates the inverse relations-
hip between g and the molecular diffusion coefficient (diffusivity) in air of 
the molecule in question (e.g., CO2 and water vapor). The equation for the 
change in diffusion coefficient with altitude is the same used in other stu-
dies showing and inverse proportionality between pressure and the diffu-
sion rate, and an exponential relationship with temperature (T1.8) (Gale 
1972; Smith and Geller 1979; Leuschner 2000). 
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Figure 10.3. (A) Change in CO2 partial pressure and (B) the diffusion coefficient 
for CO2 in air (see Nobel 1991 for diffusion coefficient calculations) with altitude. 
Symbols in (B) are the same as in Figure 10.1. Predicted photosynthesis (C), based 
on a constant ci/ca ratio of 0.75 and either constant g (250 µmol m-2 s-1) or g pro-
portional to DC. Curves in (C) represent wet lapse rate (–3 °C/km) and constant g 
(●), dry lapse rate (–8 ºC/km) and constant g (○), wet lapse rate and g proportional 
to DC (■), and dry lapse rate and g proportional to DC (□).  
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Photosynthetic CO2 uptake (A) 
 

As mentioned above, changes in plant CO2 uptake is directly impacted 
by two contrasting properties of diffusion that change predictably in res-
ponse to increasing altitude and lower ambient pressure (Fig. 10.1). Alt-
hough the partial pressure of CO2 declines with altitude, its diffusion rate 
(Diffusion Coefficient of CO2 in air, DC) increases (Fig. 10.3), leading to 
possible offsetting effects on the rate of photosynthetic CO2 uptake through 
stomata. According to Fick’s Law of Diffusion (Nobel 1999), both the leaf 
conductance term (proportional to 1/DC) and the leaf-to-air CO2 difference 
(LACD) are influenced by pressure (altitude), although inversely. The ob-
vious question concerns the relative effects of the change in DC and LACD 
on photosynthetic CO2 uptake (A) in response to higher altitude (Fig. 10.3). 
For the simulations presented here, an increase in altitude from sea level to 
1 km results in a decrease in the partial pressure of CO2 of approximately 
−12% (0.37 to 0.33 kPa) for an approximately equal increase in DC of 11% 
(1.65 to 1.83 m−2 s−1  × 10−5) under summer, wet lapse conditions, compa-
red to approximately 11% under winter, dry lapse conditions (1.42 to 1.57 
kPa) (Fig. 10.3). At an altitude of 4 km, corresponding changes were −38% 
(0.37 to 0.23 kPa) and 44% (1.65 to 2.38 m−2 s−1 × 10−5) for simulated sum-
mer, wet lapse conditions and winter, dry lapse conditions, respectively. 
Much larger increases in both occur at 6 km. Moreover, smaller increases 
in DW with elevation occur under dry lapse conditions regardless of simula-
ted winter or summer conditions. Thus, wet lapse conditions and the sma-
ller temperature changes associated with altitude resulted in more rapid 
increases in DC due to the added effect of warmer temperature on DC, re-
gardless of the seasonal temperatures (cold winter or warm summer) simu-
lated. Significant differences in DC occurred at higher elevations under both 
the wet and dry lapse conditions in summer, and DC under wet lapse condi-
tions in winter equaled simulated values for dry lapse values in summer at 
an altitude of ca. 3,700 m (Fig. 10.2B).  

Comparison of the change in leaf conductance due to altitudinal effects 
on DC, versus the influence of declining ambient CO2 levels on LACD, was 
accomplished by computing altitudinal effects on A with leaf conductance 
(g) either constant or as a function of DC (Fig. 10.3C). Simulating a cons-
tant g (without changes due to lower ambient pressure) versus a greater g 
(due to an increasing DC) resulted in relative small changes in photosynt-
hetic CO2 uptake under wet (<4%) or dry (<13%) lapse conditions (Fig. 
10.3C). In contrast, simulated A values with a constant g (no effect of in-
creasing DC) resulted in an approximate 27% decline at 3 km and a 50% 
decline at 6 km. Thus, changes in LACD resulted in much smaller changes 
in photosyn-thesis with altitude than effects on g due to increasing DC. 
Corroborative findings have also been reported whereby computed CO2 
uptake potential was undiminished with increasing altitude, due apparen-
tly to the compensatory effects of increasing DC (Smith and Donahue 1991; 
Terashima et al. 1995; Sage et al. 1997; Matsubara et al. 2002). 
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Transpiration (E) 
 

Air and plant temperatures can change substantially with altitude, alt-
hough differences in microclimate and plant form characteristics can also 
overshadow altitudinal effects, as discussed above. For example, leaf tem-
peratures of an alpine cushion plant have been measured well above (> 25 
°C) and below (> 8 °C) air temperature due to a combination of plant form, 
boundary air layer effects, and microsite sky exposure (Warren-Wilson 
1957). Microclimatic wind and air temperatures can vary substantially just 
above the ground surface (within ca. 10 cm) where still air and boundary 
layer effects generate steep temperature profiles (e.g., Geiger 1957). Chan-
ges in air temperature can also influence ambient humidity levels around 
the plant, based on the well-known relationship between air temperature 
and evapotranspiration. However, without changes in the local sources for 
water vapor input (e.g., plant biomass, standing water, wet soils), satura-
tion vapor deficits of the air will follow the familiar exponential relations-
hip between air dryness and temperature (influenced by lapse rate in air 
temperature and other microclimatic parameters). Moreover, it is impor-
tant that the leaf-to-air vapor difference (LAVD) determines the driving 
force for transpiration, along with the absolute humidity of the surroun-
ding air. Increases in leaf temperature due to greater incident sunlight at 
high elevations will cause an increase in internal leaf humidity (assumed to 
be near saturation) and, thus, LAVD, without any change in ambient humi-
dity. Transpiration is also possible even under saturated air humidity be-
cause the leaf tends to warm substantially above air temperature, especially 
for low-stature plants under the influence of the soil/air boundary layer. 
However, the decline in air temperature due to the lapse rate would act to 
lower leaf temperatures as well. Thus, the influence of altitude on the leaf-
to-air vapor difference is complex and dependent on numerous microcli-
matic factors affecting leaf energy balance and ambient humidity (Smith 
and Geller 1981). 

Assuming constant sources of water vapor input to the ambient air at a 
given site, lower air temperatures will result in significantly dryer air at 
saturation as altitude increases. Only at saturated values of absolute humi-
dity could lower temperatures act to reduce LAVD (assuming leaf tempera-
ture is above air temperature). As discussed previously, however, actual 
absolute air humidity (vapor pressure) may, or may not, vary with altitude-
because of a strong dependence on water vapor sources. In contrast, if the 
leaf-to-air temperature difference (LATD) increases with altitude due to 
energy balance considerations, as reported in Smith and Geller (1981), then 
increases in LAVD with altitude will result, assuming similar vapor pressu-
res. Because of the substantial rise in diffusion rates at higher altitudes (but 
with the offsetting effects of lower temperatures), these leaf warming ef-
fects on LAVD will compound the demands on transpiration at the same 
degree of stomatal opening. Few studies have provided measurements of 
LAVD across broad elevational gradients characteristic of high mountains 
(e.g., Kitayama and Mueller-Dumbois 1994), and most of these data have 
come from measurements of pan evaporation, not LAVD.  
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Despite the above relationships, the fundamental influence of altitude 
on air and plant temperatures, or water vapor sources and, thus, absolute 
air humidity of a given site is relatively unknown (Fig. 10.1). Data for daily 
or hourly changes in ambient humidity at different microsites, or even 
standard weather box locations (2 m heights), are rare in the literature, and 
should be dependent on the amount of evaporating surface area versus 
altitude, e.g., plant biomass, and soil and standing water (Blanken and 
Rouse 1994; LaFleur and Rouse 1995; Saunders and Bailey 1996; Konzel-
mann et al. 1997; Saunders et al. 1997). In particular, microclimate and 
plant form can cause important effects on ambient humidity, just as for 
surrounding air temperatures. These same factors may also impact photo-
synthesis indirectly via effects on the temperature sensitivity of photosynt-
hesis, or the often strong response of stomata to ambient humidity. 
 
DW 
 

Similar to altitudinal effects on A, the influence of altitude on plant 
transpiration can be compared by computing effects on DW versus the leaf-
to-air vapor difference (LAVD), the driving force for transpiration (Fig. 
10.1). As opposed to CO2 diffusion, not only is gW a function of DW (and 
thus pressure and temperature), but LAVD is directly affected by leaf tem-
perature. For example, warm summer temperatures generated the greatest 
increases in DW, regardless of simulated dry or wet lapse conditions (Fig. 
10.4). Also, the greatest increase in DW occurred under warm summer tem-
peratures and a wet lapse rate, approaching 38% at 3 km elevation (2.6 
versus 3.6 m−2 s−1 × 10−5) and near 100% (2.6 versus 5.2 m−2 s−1 × 10−5) at 6 
km computed under summer/wet lapse conditions (Fig. 10.4A) compared 
to the much smaller difference between the corresponding DC values (Fig. 
10.4B). Also, just as for DC, the percent change in DW with altitude was 
substantially more dependent upon temperature lapse conditions (i.e., dry 
versus wet) rather than typical differences in seasonal temperature regimes 
(Fig. 10.4B). 
 
Air humidity 
 

Does absolute air humidity (mass per unit volume, or partial pressure) 
increase or decrease with altitude, considering both dry and wet lapse con-
ditions in air temperature? Data describing changes in absolute air humidi-
ty with altitude are rare in the literature, while those of LATD comparisons 
may not exist (to our knowledge) (Fig. 10.1). As already mentioned, chan-
ges in the absolute humidity of air with altitude involve a complex array of 
energy balance variables that can impact evaporating surfaces, including 
such landscape features as free-standing waterbodies, soil evaporation, and 
transpiration, as well as other sources such as cloud interception and dew 
deposition. In general, colder temperatures associated with higher altitudes 
(especially for dry lapse conditions), should decrease evaporation from all 
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Figure 10.4. (A) Change in the diffusion coefficient for water vapor (DW) in air 
with altitude and (B) the percent change in DW from sea-level. Simulated conditions 
are as follows: summer wet (●) (35 °C at sea level, –3 °C/km), summer dry (○) (35 
°C at sea level, –8 ºC/km), winter wet (■) (5 °C at sea level, –3 °C/km), and winter 
dry (□) (5 °C at sea level, –8 ºC/km) conditions. 
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sources due to a general reduction in the surface-to-air vapor gradient (see 
section below), although the increase in DW should contribute to higher air 
humidities regardless of the amount of evaporating water sources. Once 
again, microclimate and sun exposure effects on warming of all evaporating 
surfaces (drivers of LATD and LAVD) may have a major, if not dominant, 
effect on ambient humidity levels, regardless of altitude. In addition, the 
contrasting structure between subalpine forest and alpine tundra may con-
tribute substantially to microclimatic and plant form effects on absolute 
airhumidity, LAVD, and, thus, transpiration. Regardless, changes in vapor 
pressure with altitude have been derived empirically for only a few moun-
tain systems, e.g., the temperate zone of Asia (Leuschner 2000). These 
results showed a substantial decline in vapor pressure (ca. 33%, 0.55 to 
0.37 kPa) with increasing altitude between about 2 and 4 km elevations 
under wet lapse conditions. An even greater decline (ca. 48%, 0.21 to 0.11 
kPa) occurred for dry lapse conditions, although values of vapor pressure 
were less than half wet lapse conditions. Thus, this decrease in ambient 
humidity with altitude would lead to a corresponding increase in LAVD, as 
well as DW at higher altitude, and a predicted increase in transpiration cau-
sed by both factors. The following simulations of altitudinal effects emplo-
yed the empirical equation provided in Kuz’min (1972) to compute air-
humidity values according to altitude. 
 
Leaf-model temperatures and LATD 
 

At the same degree of stomatal opening, transpiration will typically in-
crease if the leaf-to-air temperature difference (LATD), and thus LAVD, is 
increased under full sun exposure (Fig. 10.1). If greater levels of incident 
sunlight are characteristic of higher altitudes, as are lower air temperatures 
due to lapse rate, energy balance analysis also reveals that LATD will be 
greater, assuming all other energy exchange factors remain constant 
(Smith and Geller 1979; Gates 1980). However, greater wind movement 
and convective heat exchange, or decreases in longwave radiation from the 
sky and surroundings will result in leaf temperatures closer to air tempera-
ture. Thus, field measurements comparing LATD at different altitudes are 
needed to more clearly elucidate altitudinal effects on LATD and, thus, 
LAVD. Field data for leaf models (non-transpiring) are combined here with 
energy balance equations to provide a more fundamental understanding of 
the quantitative effects of altitude on leaf temperature, LAVD, and, thus, 
transpiration, that are independent of stomatal adjustments.  

Dry leaf models were placed at different altitudes and accompanied by 
adjacent measurements of incident sunlight, wind, and longwave radiation 
to compare measured and computed LATD values without transpirational 
cooling. All models were painted with green paint of known reflectance 
(0.77) to solar irradiance (0.3 to 3 µm wavelengths) and longwave emissivi-
ty (0.96) (OpticalPaints Division, 3M Corporation, Stratford, CT, USA). 
Measurement intervals during mid-summer (clear skies) were selected for  
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Figure 10.5. (A) Changes in measured leaf-to-air temperature differences (LATD) 
for leaf models in the field and (B) the computed leaf-to-air vapor pressure deficit 
(LAVD). Top numbers are mean PAR values during temperature measurements, 
while bottom numbers are mean model temperatures (n = 2). Closed symbols indi-
cate measured LATD, open symbols are computed temperatures using energy ba-
lance equations , and closed triangles are computed model temperatures after in-
cluding a transpiration term and a constant leaf conductance to water vapor (g = 
250 mmol m–2 s–1). (B) Changes in LAVD with altitude were calculated using mea-
sured LATD values for the leaf models and simulated lapse rates representing dry 
(○, –8.0 °C/km), intermediate (▲, –5.5 °C/km), and wet conditions (●, –3.0 
°C/km). Vertical bar in (B) is the maximum 95% Confidence Interval computed 
from all measurements at all four altitudes (field sites). 
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comparison based on similar net longwave radiation exchange values (± 
12%) and wind speed (± 6%). Also, model leaf temperatures were recompu-
ted with a latent heat term representative of typical leaf transpiration. Ac-
curacy in predicting the LATD term for the leaf models without latent heat 
transfer also provides a quantitative basis for adding the effects of transpi-
ration on leaf temperature and, thus, LAVD.  

In the south-central Rocky Mountains of southeastern Wyoming 
(USA), LATD for two identical leaf models (5 cm diameter, circular alumi-
num plates with 0.5 mm thickness; oriented horizontally) increased with 
altitude (four sites ranging from 2,104 m to 3,863 m) under natural condi-
tions (Fig. 10.5A). Increased values of measured solar radiation and de-
creasing air temperatures (ca. 0.79 °C/100 m) with higher altitude (measu-
re within 5 cm of each model) also reflected typical changes with altitude 
measured previously for this relatively dry, continental mountain range. 
Thus, measured values of LATD, under nearly identical energy balance 
conditions (no latent heat loss), corroborate that LATD increases with alti-
tude due to greater insolation and lower air temperatures, under almost 
identical conditions of wind speed and convective heat exchange, net long-
wave radiation exchange, and no latent heat loss. In addition, standard 
energy balance analysis (Foster and Smith 1986; Jordan and Smith 1994) 
predicted mean LATD of each leaf model to within ± 0.6 °C of measured 
values (Fig. 10.5B). Adding the simulated transpiration term to the energy 
balance equation decreased LATD by a maximum of 1.4 °C at the highest 
elevation measured (3,955 m). In contrast, simulated LATD was less than 
measured and computed LATD (with simulated transpiration included) at 
all elevations under wet lapse conditions (Fig. 10.5A). 
 
Leaf-to-air vapor difference (LAVD) 
 

Combining data for LATD with a constant value of air humidity (Fig. 
10.1) shows that computed LAVD increases only slightly (14%, 3.6 to 4.1 
kPa) with altitude (2.2 to 3.9 km) under wet lapse conditions, and decrea-
ses with altitude under dry lapse conditions during summer (Fig. 10.5B). 
Because the measured model temperatures do not include a transpiration 
term, they were considered more indicative of high humidity conditions. 
Likewise, the model temperatures computed with a transpiration term 
were considered more reflective of dry lapse conditions. Much greater per-
cent decreases occurred in LAVD under dry lapse conditions (>50%, 2.1 to 
1.1 kPa) than the increases simulated under wet lapse conditions, although 
at much lower LAVD values (< 2.0 kPa) than wet lapse conditions (>3.5 
kPa) (Fig. 10.5B). However, extrapolation to even higher elevations (6 km) 
resulted in computed increases in LAVD of near 50% (3.6 to 5.4 kPa). 
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Simulated transpiration (E) 
 

Incorporating the measured temperatures of the leaf models (field da-
ta) resulted in significant increases in E with altitude (constant absolute 
humidity with altitude) due to altitudinal increases in LATD (Fig. 10.5A) 
and LAVD (Fig. 10.5B), and even greater increases due to increasing DW 
and, thus, leaf conductance to water vapor (Fig. 10.6). For these measured 
and simulated conditions, the greatest effect on transpiration potential 
with increasing altitude resulted from increases in DW (64% of the increase 
in E), while increases in LATD and LAVD resulted in an estimated increase 
in E of 36% over the same difference in elevation (Fig. 10.6).  

Incorporating all of the interacting variables associated with higher 
elevation (discussed above), results in a substantial rise in simulated trans-
piration (E) with increased elevation (Fig. 10.6) when compared to that 
predicted for photosynthetic CO2 uptake (Fig. 10.3C). Computed E increa-
sed 41% (17.7 to 24.9 mmol m−2 s−1) from 2.2 to 3.9 km elevation, and near-
ly 55% when extrapolating to 6 km. However, the simulations in Figs. 3C 
and 6 assume identical, wind speeds, ambient SVD that declined as a func-
tion of the air temperature lapse rate, and measured net radiation values 
on clear days and nights (Smith and Geller 1979; Jordan and Smith 1994). 
Importantly, few studies have measured, or characterized theoretically, 
these abiotic variables for any mountain ecosystem. Moreover, the impor-
tance of microsite and plant form, and the accompanying microclimate 
generated, cannot be underestimated in their potential for altering the 
results in Figs. 3C and 6. For example, wind speed and sky exposure of leaf 
surfaces (as well as orientation and azimuth) for a given species is crucial 
to any evaluation of effects on SVD, LATD, LAVD, and E at any elevation. 
Thus, microsite and plant form effects could act to lower the effective, func-
tional altitude of a given site at anytime of theyear or day, at least in terms 
of plant gas exchange.  

There are existing data that show substantial increases in clear-sky so-
lar radiation and decreases in longwave sky irradiance with greater altitude 
(Smith and Geller 1979; Bailey et al. 1989; Delacasiniere et al. 1993; Jordan 
and Smith 1994, 1995; Saunders and Bailey 1997; Leuschner 2000; Marty 
et al. 2002; Matzinger et al. 2003; Oliphant et al. 2003), as well as subs-
tantial effects of snow surface albedo on incident sunlight regimes. The lack 
of field data on sunlight incidence as a function of altitude is an example of 
the complexity of understanding altitudinal effects on LATD and transpira-
tion. Increases in sunlight incidence with decreasing air temperatures has 
also been linked to the severe desiccating effects of winter conditions on 
evergreen, conifer trees (Hadley and Smith 1987; Boyce 1995; Lehner and 
Lutz 2003). Winter LATD and LAVD values occur that are even greater 
than summer, leading to high cuticular water loss and death in foliage ex-
posed above the snowpack at high elevations (Anfodillo et al. 2002), plus 
the potential for xylem embolisms and excessive drought stress (Mayr et al. 
2002, 2003). In addition, blowing snow (ice crystals) can also cause severe 
epicuticular wax erosion, exacerbating already high LATD, LAVD, and eva- 
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Figure 10.6. (A) Simulated transpiration (E) with changing altitude, computed as 
the product of LAVD and a constant g (400 mmol m–2 s–1), or g as proportional to a 
changing DW. Curves represent wet lapse rate (–3.0 °C/km) and constant g (●), dry 
lapse rate (–8.0 °C/km) and constant g (○), wet lapse rate and g proportional to DW 
(■) and a dry lapse rate with g proportional to DW (□). (B) Simulated changes in 
water use efficiency (WUE) with altitude for the same conditions simulated in (A). 
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porative demand in the upper canopy of subalpine forest trees (Hadley and 
Smith 1990).  

As in the case for CO2 diffusion at higher altitudes, a strong potential 
for increasing atmospheric evaporative demand is independent of any 
changes in soil water availability. In fact, observations of wilting in subal-
pine and alpine plants of the Southern Rocky Mountains (USA) have 
shown that severe wilting occurs typically on a daily and hourly basis for 
plants exposed to full sunlight and with roots in water saturated soil (as 
well as artificially watered), well above field capacity (Smith 1981). Once 
again, the colligative property of more rapid water vapor diffusion in res-
ponse to lower ambient pressure will contribute to greater transpiration at 
higher altitudes, regardless of microsite effects. However, microclimate 
(generated by differences in microsite, plant form and aggregation) can 
also have a substantial influence on air and leaf temperatures, thus SVD, 
LAVD, and transpiration. 
 
Water use efficiency (WUE) 
 

Both photosynthesis and transpiration are coupled quantitatively wit-
hin the computation of water use efficiency (WUE), the ratio of the amount 
of CO2 uptake to water transpired, the consequence of a common stomatal 
pathway (Fig. 10.1). However, photosynthetic carbon gain can be either 
high or low at the same WUE for a species. Assuming a constant degree of 
stomatal opening and identical configuration on the leaf surface, greater 
elevation could result potentially in a substantial increase in transpiration, 
but little change in photosynthesis (Figs. 3C, 6) and, thus, declines in WUE 
with greater altitude. For example, WUE would decrease by over 50% bet-
ween approximately 2.2 km and 4.0 km altitude when comparing the co-
rresponding ratios of computed A and E values (Fig. 10.6B). Thus, assu-
ming the representative conditions simulated in Figs. 3 and 6, including 
the second-order feedback between leaf temperature and transpiration, 
WUE would show large declines with elevation, indicating a much larger 
moisture requirement in support of the same level of photosynthetic car-
bon gain, due primarily to the increase in diffusion rates at higher altitudes 
(lower ambient pressure).  

Such large declines in predicted WUE with altitude could ellicit stoma-
tal closure or declines in the number of stomata per unit leaf area in order 
to curb high transpiration rates. Although Quiang et al. (2003) reported 
decreases in stomatal density at higher altitudes in larch, other possibilities 
such as leaf orientation and leaf arrangement (aggregation) on stems and 
among adjacent plants could also achieve similar reductions in E via leaf 
temperature and LATD, without sacrificing CO2 uptake. It is these alternate 
solutions to lowering transpiration and increasing WUE that make evalua-
tion of potential plant responses to increasing evaporative demand diffi-
cult, within the context of altitudinal studies, or elsewhere. Investigations 
are needed that employ a much more systematic measurement protocol 
whereby multiple biophysical factors are compared that influence transpi-
ration, suchas LATD, in particular (Fig. 10.1). 
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Oxygen effects 
 

Both photosynthesis and respiration can be influenced by lower O2 
concentrations at higher altitudes. In a similar manner for CO2 uptake, the 
O2 dependency of photosynthesis (under lower partial pressure of O2) is 
compensated by the more rapid diffusion at lower ambient pressures and 
low internal conductance to CO2 (Terashima et al. 1995; Kogami et al. 
2001; Sakata and Yokoi 2002). A detailed analysis of O2 impacts on photo-
synthetic potential at higher altitudes predicted that relatively small effects 
(< 5%) would occur due to a slower supply of O2. However, most evalua-
tions of the influence of altitude on plant gas exchange have assumed that 
the leaf conductance term (g) depends predominantly on stomatal limita-
tions, and not the diffusion of CO2 inside the leaf, i.e., from cell walls (in 
contact with mesophyll air space) to the chloroplasts (Farquhar et al. 
1980). Studies on the effects of altitude have employed this assumption to 
conclude that the internal leaf conductance must increase with altitude, 
disregarding the impacts of more rapid diffusion with altitude (Körner et 
al. 1988, 1991). However, this internal conductance to CO2 is known to be 
strongly influenced by colder temperatures, and, thus, may be particularly 
limiting to photosynthetic carbon uptake at higher altitude, as suggested in 
numerous investigations (Eithier and Livingston 2004). Moreover, internal 
conductance to CO2 can also be influenced strongly by drought, another-
characteristic of high altitude documented here, and elsewhere (e.g., Smith 
and Geller 1979; Terashima et al. 1995; Leuschner 2003). As emphasized 
previously, the diffusion of water vapor is a gas-phase phenomenon and 
not dependent on the liquid-phase, internal conductance. Thus, the poten-
tial impact of altitude is centered here on gas exchange properties, not dif-
fusion in the liquid phase (e.g., cell wall and cytosol) that are virtually un-
changed by changes in ambient pressure (non-compressibility of liquids).  

Because oxygen uptake supports respiratory metabolism, the decrease 
in oxygen concentration with altitude might also limit respiratory activities 
and growth. However, the same principles that apply to CO2 uptake in the 
gas phase (described previously) should also reflect effects on O2 exchange. 
Internal recycling of both CO2 and O2 (e.g., mitochondria, chloroplasts, 
peroxisomes) will involve only liquid-phase diffusion and, thus, not be 
influenced by changes in ambient pressure. Albeit, the potential effects of 
such features as lower air temperatures and greater drought stress with 
greater altitude will still be expected to influence both respiratory and pho-
tosynthetic processes indirectly. 
 
Conclusions and future prospects 
 

As altitude increases, substantial increases in leaf conductance were 
predicted for both CO2 and water vapor, regardless of the given degree of 
stomatal opening, due to increasing molecular diffusion rates at lower am-
bient pressure. In the case of photosynthetic CO2 uptake, this increase in 
diffusivity counters the decrease in ambient CO2 partial pressure and the  
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leaf-to-air CO2 difference, the driving force for diffusion. The same could 
be expected for the O2 diffusion required to satisfy respiratory demands. 
However, these same changes for water vapor diffusion with altitude are 
complementary, increasing leaf transpiration at any given degree of stoma-
tal opening and total stomatal pore area. Thus, much greater increases are 
predicted in transpiration compared to the slight declines predicted for 
photosynthetic CO2 uptake. This is especially true for wet lapse conditions 
where air temperatures do not decrease as rapidly with altitude, generating 
even higher DW and LAVD. However, these first-order comparisons include 
a number of estimated effects on leaf energy balance and temperature, 
including potentially important factors such as wind flow and boundary 
layer exchange properties that could be characteristic of particular altitu-
des. Most of these influencing factors are strongly associated with microto-
pographic and vegetation structure that may also be characteristic of a 
particular elevational zone (e.g., subalpine tree versus alpine tundra), and 
could exert strong influences on vertical and horizontal gradients in these 
abiotic factors. Regardless, the measures and simulated results presented 
here indicate that only small declines in CO2 uptake potential are expected 
with increasing altitude, and, somewhat surprisingly, the greatest increases 
in transpiration are predicted under warmer, wet lapse conditions such as 
might be found in more tropical mountain ecosystems. Mechanistically, 
these increases in transpiration come from increases in molecular diffusion 
rates, with a smaller contribution due to increasing LAVD. In contrast, 
transpiration decreased under the dry lapse rates simulated. These results 
extend those reported in Smith and Geller (1979), Smith and Donahue 
(1991), and Tershima et al. (1995) by simulating different lapse conditions 
and seasonal temperatures, as well as indicate that greater internal conduc-
tance to CO2 and accompanying enzymes may not be necessary at higher 
altitudes as proposed by some investigators (e.g., Körner 1989). Other stu-
dies correlating environmental factors with altitudinal limits of timberlines 
and treelines worldwide have also implicated water stress as a causative 
factor (Rochefort et al. 1994; Leuschner 1996; Maryta 1996; Rada et al. 
1996; Sowell et al. 1996; Anfodillo et al. 1998; Moir et al. 1999; Boyce and 
Saunders 2000; Leuschner 2000; Ishida et al. 2001; Vostrol et al. 2002; 
Mayr et al. 2003; Wesche 2003). Similarly, paleobotanical studies have 
reported associations between declining timberline elevations and colder, 
dryer geological time periods (Innes 1991; Jobbagy and Jackson 1992; Liu 
et al. 2002; Daniels and Veblen 2003).  

There are many abiotic and plant parameters that must be incorpora-
ted and integrated before a more comprehensive and fundamental synt-
hesis of the influence of altitude on plant gas exchange will be possible. For 
example, measurement of standard gas exchange parameters, along with 
stomatal and leaf orientation characteristics, LATD, and microclimate for 
single species growing over a broad elevation span would provide a more 
comprehensive database for evaluating both the effects of altitude and co-
rresponding plant response patterns. More specifically, species endemic to 
mountains with dry versus wet lapse rates could be compared for similari-
ties in life form and phylogeny. Similarly, plant surveys that cross phyloge- 
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netic boundaries could also be compared, providing comparisons among 
many plant types and, thus, tests of possible evolutionary convergence. 
Measurements of factors influencing LATD, ambient humidity, and LAVD 
changes with altitude would be particularly important for understanding 
altitude effects on water stress. For example, leaf size and orientation, as 
well as whole plant form, effects on leaf temperatures are rare in the litera-
ture, although these parameters could have major impacts on LATD and 
LAVD. Use of evaporating leaf models with similar energy balance proper-
ties and under experimentally controlled conditions could provide valuable 
information when used in different mountain systems with varying lapse 
conditions.  
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Introduction 
 
The use of visible-light digital cameras has increased dramatically in recent 
years, including both hand-held, high resolution cameras and Internet-
linked, lower resolution video models.  Most of this increase in use has 
been due to the reduction in cost, size, and the increase in the connectivity 
of digital cameras.  This trend will most likely continue as cameras become 
even less expensive, smaller and more robust, and easier to interface with 
other technology.  The rapid adoption of digital cameras to already existing 
photographic techniques, like the comparisons of digital images with his-
torical photographs to detect changes in forest edges and the substitution 
of digital cameras for film cameras in hemispherical canopy photography, 
reflect the advantages of digital over film.  Because plant canopy and leaf 
reflectance in visible wavelengths (400-700 nm) is predominantly influ-
enced by chlorophyll and photosynthesis-related pigments, it is also possi-
ble to use digital cameras for quantitatively describing vegetation coverage 
and biomass, or nitrogen status and plant stresses.  It is in this area where 
the use of digital cameras in plant sciences is expanding.  Additionally, 
even simple computer-aided image analysis functions like shape recogni-
tion and the automatic counting of objects, as well as Internet-based shar-
ing and storing of image data, will create new opportunities for using cam-
eras for ecological and ecophysiological research.  This brief review of lit-
erature will highlight some of the current work and possible future direc-
tions of such uses of digital, visible-light cameras in plant ecology and eco-
physiology. 
 
Comparing film to a digital sensor 
 

There is a general trend of replacing film with images taken with digi-
tal sensors and stored on digital media. Two of the most understandable 
reasons for this are the elimination of both the cost and the delay associ-
ated with processing the exposed film used in standard cameras.  Addition-
ally, the variability of film stock and of film processing is not an issue when 
using a digital camera.  A great advantage to using digital cameras over film 
cameras is that the images can be viewed immediately in the field, and 
retaken if necessary. Thus, the direct transfer of techniques using film ca-
meras to those using digital cameras is attractive. Comparing the image 
quality of film versus digital is thus a current topic of interest, however 
many aspects of the systems used, such as the resolution of lenses and the 
speed of film, make the comparison of the two complicated. Nevertheless, 
the differences between film and digital cameras, like noise, spectral sensi-
tivity, and resolution can affect the comparison of scientific data collected 
with the different instruments.  

Film is composed of an emulsion of randomly distributed silver halide 
salts of various crystal (grain) sizes and thus can be considered as a con-
tinuous sensor, whereas digital sensors use uniform arrays of photodiodes 
that are of different sizes and spacing depending on the camera.  For easier  
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comparison, film grain size has been compared to the size of the array of 
red, green, and blue light sensors in the charge coupled device (CCD) or 
complimentary metal oxide semiconductor (CMOS) chip that constitutes 
the sensor on a digital camera (Baker 2005).  Noise, or the signal-to-noise 
ration, in a digital signal may also be comparable to the grain size of film, 
because both cause artifacts in the resulting image.  Digital cameras require 
interpolation of the red-, green-, and blue-filtered (RGB) photodiode out-
puts in order to reconstruct an image, which usually introduces color arti-
facts (Muresan et al. 2000; Orava et al. 2004) independent of the lens sys-
tems used (which can introduce additional artifacts; for example, Frazer et 
al. 2001).  Another aspect of the digital chips used in single CCD cameras is 
the usual ratio of two green to one red and one blue sensors per light sens-
ing unit (pixel) in an attempt to match the sensitivity of the chip to that of 
the human eye, which is more sensitive in the green region of the spectrum.  
This skews the output of digital cameras to that which is more pleasing to 
the human eye but does not preclude the partial reconstruction of spectra 
from the images (Marchant and Onyango 2002). 

Dynamic range and resolution are also of concern when comparing 
film to digital imagery.  Dynamic range, or the luminosity range over which 
film or digital sensors are sensitive, is variable depending on the film and 
sensors, however CCD sensors seem to be generally superior to film in this 
regard (Light 1996).  The dynamic range of images taken using both digital 
and film (after digitizing) can also be extended by a technique of fusing 
multiple images taken at different exposures, resulting in high dynamic 
range images (Debevec and Malik 1997; Robertson et al. 1999) that can 
contain more information than single images in either format.  The resolu-
tion of digital cameras compared to that of film, again depends on many 
aspects (Thomson 2004; Baker 2005), however consumer-grade cameras 
are now approaching or can match the resolution of 35 mm film cameras 
(Lenhardt and Kreuznach 2002), although there is still debate when com-
paring the two methods.  The imaging industry standard method of meas-
uring image resolution is by the modulation transfer function (MTF), 
which is based on measuring the contrast in images of test gratings of black 
and white pairs of lines (Baker 2005).  Line pairs per millimeter resolution 
can be determined for any component of the optical system, from the lens 
to the film or digital sensor. An International Organization for Standardiza-
tion document produced in 2000 specifically addresses standards for mea-
suring resolution of digital cameras (ISO 12233:2000) and should result in 
more rigorous investigations into and standardizations of digital camera 
resolution (Williams and Burns 2001). 
 
Limitations of digital cameras 
 

All photographic systems have trade-offs and limitations for image ac-
quisition.  For instance, the depth of field is inversely related to the amount 
of light passing through the iris.  Lens distortion, vignetting (where the 
luminance of the image drops off near the periphery), and chromatic aber-
rations (due to the different refractive properties of different wavelengths  
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of light and which usually occur in the periphery of the image) affect pho-
tography regardless of whether it is film-based or digital.  However there 
are aspects specific to digital photography that can influence their use as 
data collectors.  For instance, on certain CCD sensors an array of mi-
crolenses is placed on top of the photodiode array in order to gather more 
light or reduce the non-sensing space between pixels.  Because lenses tend 
to focus different wavelengths of light onto different focal planes, "purple 
fringing" can occur throughout the image frame in some digital cameras. 

Another limitation to consumer-grade digital cameras is the inclusion 
of integrated infrared filters due to the sensitivity of the CCD or CMOS 
sensor units to the near infrared, limiting the responses of digital cameras 
to the visible spectrum.  Thus, standard remote sensing methods such as 
Normalized Differential Vegetation Index (NDVI) used in aerial or satel-
lite-based phenology and primary productivity studies that incorporate the 
reflection of infrared (790-890 nm) wavelengths cannot be used.  Addi-
tionally, discreet-wavelength measurements such as are used in some can-
opy chlorophyll sensors (e.g., SPAD which measures leaf transmittance at 
650 and 940 nm; Soil Plant Analysis Development; Minolta Camera Co., 
Ltd, Japan), are difficult to make with standard digital cameras without the 
use of special filters.   

The RGB-encoded image captured by a digital camera is also device-
dependent, in that different digital cameras have different RGB responses 
because of different sensitivities and spectral responses of their image sen-
sors (Fig. 11.1).  This has serious consequences when trying to compare 
quantitatively images obtained by different cameras.  However, methods 
for correcting color to correspond to the device-independent tristimulus 
values determined by the CIE standard colorimetric observer (CIE 1986) 
are numerous (e.g., Hong et al. 2001).  Additionally, the use of calibrated 
color charts within images (e.g. Munsell Digital ColorChecker SG, Gretag-
Macbeth LLC, New York, USA) facilitate the color correction necessary for 
image comparisons between different cameras. 

When an image is captured by a digital camera, pixel interpolation and 
color correction algorithms are often applied to the original signal, some-
times irreversibly changing the captured information. Color rendering op-
erations used to transform scene colors to corresponding picture colors 
generally incorporate a dynamic range reduction because most output de-
vices, such as computer monitors or color printers, cannot display the full 
dynamic range of a typical scene (Spaulding et al. 2003). In standard film 
photography when transferring the image to a print, for instance, such data 
is archived on the film negative, but for digital images, such data is usually 
lost. A RAW image file is becoming more commonly available as an op-
tional output format from digital cameras. RAW files contain minimally 
processed data from the image sensors. Although there is no single RAW 
format, data is often available from pixels at 12 or 14 bits rather than the 8 
bits of a processed RGB image and thus more information for data analysis 
is available.  To retrieve a final, usable image from a RAW file, the data 
must be converted into an RGB image by demosaicing or “Digital Devel-
opment.” 
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Figure 11.1. The relative wavelength responses of two digital cameras, (A) a high-
end video camera (data redrawn from brochure) and (B) inexpensive cell-phone 
type camera (Graham unpublished data). Solid line indicates the red pixel re-
sponse, dashed line indicates the green pixel response, and dotted line indicates the 
blue pixel response. Each red, green, and blue response was scaled separately. 
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Additionally, “lossy” compression algorithms used to reduce the 
amount of digital memory required to store images (e.g., JPEG; ITU 1992) 
permanently reduces or distorts the information that may be extracted 
from stored digital images (Paola and Schowengerdt 1995).  When the dy-
namic range of a camera is exceeded, as when parts of an image are over- 
or under-exposed, image information is also lost, and although methods 
exist for reconstructing saturated pixel values, they are limited (Zhang and 
Brainard 2004).  Additionally, because there is only one image sensor per 
camera, damage to the sensor resulting in “hot” (always responding with 
saturated values) or “cold” (unresponsive) pixels will also affect every sub-
sequent image captured by that camera. 
 

Moving from film to digital 
 

Regardless of the additional problems associated with digital imaging, 
the use of digital cameras is still an attractive alternative because of its 
many advantages.  Two examples of techniques where the transition from 
film to digital has been successful are hemispherical canopy photography 
and historical repeat photography. 

Hemispherical photography is an extensively used method for indi-
rectly assessing canopy and understory characteristics such as canopy 
openness, leaf area, and transmittance of light.  A hemispherical photo-
graph is usually taken using a 180° field of view fisheye lens pointed up 
into the canopy near ground level and readily lends itself to the use of digi-
tal cameras (Leblanc et al. 2005).  Several side-by-side comparisons of 
digital versus film have been made for hemispherical photography. 
Englund et al. (2000) noted that canopy openness and total site factor 
estimates were significantly higher in digital images compared with film 
photos (Fig. 11.2).  The authors suggested that the differences between the 
two techniques might be a result of exposure of the film or differences in 
lens optical quality and field of view.  Frazer et al. (2001) used a Nikon 
Coolpix 950 digital camera and noted substantial color blurring towards 
the periphery of the image that was attributed to chromatic aberration 
associated with the camera’s lens, although this is something from which 
even film cameras can suffer from.  Canopy openness measurements made 
with their system were 1.4 times greater than film estimates in most of 
their samples and cloud cover and sky brightness added an unpredictable 
effect on canopy openness.  Hale and Edwards (2002) also compared film 
and digital cameras for hemispherical photography over a wide range of 
canopy openness conditions and had more favorable results.  They found 
no systematic differences between the techniques over the range of canopy 
transmittance from 10 to 70%.  Additionally, the digital camera was slightly 
more sensitive than the film camera to the proportion of diffuse radiation 
transmitted through the canopy.  It was noted, however, that many errors 
can occur during any stage of the process of hemispherical photography 
and neither digital nor film, if used to take replicated photographs at one 
location, would produce exactly the same results.   
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Figure 11.2. The relation between digital and film hemispherical photography for 
the Total Site Factor, a function of the relative contributions of direct and diffuse 
light. Data redrawn from Englund et al. (2000). 
 
 

Other studies have had similar results, indicating that digital photog-
raphy is a useful tool for measuring canopy closure (Guevara-Escobar et al. 
2005), and canopy architectural parameters in boreal forests (Leblanc et 
al. 2005), although attention needs to be paid to effects of image size and 
the camera type for comparisons (Inoue et al. 2004).  Techniques for stan-
dardizing the analysis, such as setting the thresholds based on sky lumi-
nance (Ishida 2004), will aid in the continued conversion from film to digi-
tal for hemispherical canopy photography. 

Repeat and historical-comparison photography is used for the study of 
landscape changes.  Because repeated photographs taken from the same 
position on the ground or from aircraft at different times can be compared 
qualitatively and quantitatively by measuring the differences between 
pairs, analysis of tree lines, vegetation coverage and composition, and 
changes in land use is possible.  Although most studies employ film pho-
tography for comparison to historical film photographs (e.g., Munroe 
2003; Brown et al. 2006), images are usually first digitized and compari-
sons are made using computerized image processing (Okeke and Karnieli 
2006), and computer-based geographical information systems (GIS) tools 
(Kadmon and Harari-Kremer 1999).   This intermediate step of digitizing 
print images is now being replaced by images being captured directly with 
digital cameras to avoid the potential loss or distortion of information dur-
ing the scanning of print photographs.  For example, Booth et al. (2006) 
used an 11 megapixel, aircraft-mounted digital camera to create very large 
scale images having spatial resolutions as fine as 1 millimeter ground area 
per pixel and Nagler et al. (2005) demonstrated a low-cost method for 
creating aerial photo-mosaics for detecting land changes using an auto-
mated digital camera system. 
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Colorimetry and spectral analysis 
 

Plant canopy and leaf reflectance in visible wavelengths (400-700 nm) 
is predominantly influenced by chlorophyll and photosynthesis-related 
pigments (Vogelmann 1993; Blackmer et al. 1994; Gitelson et al. 2003).  It 
is not surprising then that visible-light digital cameras have been used for 
quantitatively describing vegetation coverage and biomass (Lukina et al. 
1999; Yang et al. 2002), nitrogen status and plant stresses (Gamon and 
Surfus 1999; Wang et al. 2004), and, when filters are used, specific nutri-
ent deficiencies (Graeff et al. 2001).  Indeed, even underwater quantifica-
tion of chlorophyll in algae has been determined using color analysis of 
images from a digital camera (Goddijn and White 2006).  The spectral 
composition of natural light in forest environments also has a direct impact 
on many aspects of plant and animal ecology (Théry 2001).  Thus, work 
using digital cameras as spectral sensors of natural light has many applica-
tions and algorithms for daylight spectral estimation using CCDs have been 
moderately successful (Chiao et al. 2000; Hernández-Andrés et al. 2004).  
For more controlled investigations, the spectral-calibration of the camera 
itself (Martínez-Verdú et al. 2002) can directly improve the quality of data 
collected from digital cameras.  Additionally, the use of standard artificial 
light sources while collecting images in the field has also been suggested in 
order to compensate for the variation in the quality and quantitiy of natural 
light (Karcher and Richardson 2003), although care would have to be taken 
to avoid photomorphogenic and photoperiodic responses by plants to the 
artificial light. 

To date, most of the plant studies that have involved the use of color 
analysis from images captured by digital cameras have concentrated on 
agricultural rather than ecological applications.  Of the many studies that 
have examined plant canopy and leaf spectral reflectance, most have used 
hyperspectral or discreet-wavelength techniques.  Of more direct applica-
tion to visible light photography is the study by Gamon and Surfus (1999) 
that examined the red:green ratio of reflectance, where red referred to a 
broad band of wavelengths (600-699 nm) and green to a broad green band 
(500-599 nm).  They compared this reflectance index with extracted pig-
ment levels and found species-specific relationships that were also influ-
enced by leaf structural properties. Indeed, comparisons of total or average 
RGB pixel intensities, the subtraction of images, shifts in the peak frequen-
cies of the RGB channels, as well as color conversions from RGB to Hue, 
Saturation, and Luminance (HSL), Hue, Saturation, Brightness (HSB), and 
Lab color spaces (CIE 1986; Ohno 2000) are all simple techniques that can 
be used for color analysis of images.  HSB and Lab color spaces are non-
linear deformations of the RGB color space that can produce non-
continuous data, although they have been used successfully in some color 
comparison studies (Graeff et al. 2001; Karcher and Richardson 2003). 
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Figure 11.3. Senescence in a wheat canopy detected by the use of images over 1 m2 
areas using a ratio of green to red pixel values compared to NDVI and spot-check 
SPAD measurements. Data redrawn from Adamsen et al. (1999). 
 
 
 
 

 
 
Figure 11.4. Net CO2 uptake of a desiccation-tolerant moss calculated from a 
change in its color due to a 1 mm rain event in the afternoon of 20 August 2003. 
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One such study involving the use of the saturation information con-

tained in a digital image instead of colors or the ratios between colors is 
Souza-Echer and Pereira (2006) who were able to determine cloud cover 
state by use of an upwardly-facing digital camera. 

One of the earliest users of digital cameras was Adamsen et al. (1999) 
who examined color changes due to senescence in a wheat canopy over 1 
m2 areas by using a ratio of green to red pixel values in digital images.  
They compared their camera results to NDVI and SPAD measurements and 
found that each of the indices was capable of quantifying canopy senes-
cence on a near-daily time scale, although day-to-day variation was higher 
for the G/R index (Fig. 11.3).   

The color signals captured by digital cameras have also been used in 
the measurement of yield and nutrient status of wheat (Hafsi et al. 2000; 
Jia et al. 2004a, b) and corn (Daughtry et al. 2000; Graeff et al. 2001) and 
for the measurement of the quality of turf grasses (Karcher and Richardson 
2003). 

Of the few ecological applications of color analysis involving digital 
cameras, Richardson et al. (2001) examined the spectral reflectance of pine 
needles along an elevational gradient, and Hamerlynck et al. (2000) com-
pared total surface reflectance to the chlorophyll fluorescence characteris-
tics of the desiccation tolerant moss, Tortula ruralis.  Soil color has also 
been measured using a digital camera in order to characterize the soil’s 
chemical and physical properties (Levin et al. 2005).  Rather than using the 
standard Munsell color charts, an array of colored plastic chips was used 
within the images in order to standardize colors and make their compari-
sons quantifiable. In the MossCam Project, images of Tortula princeps, a 
desiccation-tolerant moss that changes in color depending on its state of 
hydration, are captured by a networked video camera every fifteen minutes 
in the San Jacinto Mountains of California (www.jamesreserve.edu).  Cor-
relation between the changes in the green:red ratio of images with gas ex-
change measurements made in the lab have allowed a prediction of instan-
taneous photosynthesis of this moss in the field (Graham et al. 2006; Fig. 
11.4). 

Two recent studies demonstrate the scales at which digital cameras can 
be effective for environmental studies.  The first successfully correlated 
above-canopy CO2 flux, measured with an eddy covariance tower, with 
images of the surrounding deciduous forest in the northeastern United 
States (Richardson et al. 2007).  The second compared the HSL and RGB 
color spaces to better detect the occurrence of spring and subsequent total 
leaf area of a rhododendron species in understory microhabitats (Graham 
et al., in press).  Clearly, the color information that can be captured in digi-
tal images at any scale can effectively related to biological activity. 
 
Area measurements and counting 
 

At its most basic, area estimations from images captured with digital 
cameras are useful for determining the extent of species or canopy closure, 
as for repeat photography described above.  Area identification and count- 
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ing techniques also tend to overlap with those used in the colorimetry 
measurements mentioned in the previous section, however extra steps are 
required for these analyses.  For example, Purcel (2000) compared cap-
tured images with under-canopy measurements of light for estimating total 
ground cover of soybean.  Similarly, Boyd and Svejcar (2005) used the 
visual occlusion of a colored surface by willow seedlings to quantify growth 
and biomass accumulation.  Although their results were based only on 
seedlings, they were performed with the intent of minimizing observer bias 
and allow archiving of images for different future analyses. 

Counting is not a difficult task as long as objects can be successfully 
isolated in the image.  Clover leaves were separated from grass leaves in 
images of a field by thresholding and edge detection methods in order to 
determine the percentage of clover cover and how it varies for management 
purposes (Bonesmo et al. 2004).  Pitkänen (2001) tested several locally 
adaptive binarization (thresholding) methods for individual tree detection 
in three field plots of boreal forests in southern Finland using an airborne 
digital camera.  Tree detection was 70-95% successful in stands with a den-
sity of less than 1,500 trees/ha.  As an additional example, Adamsen and 
Coffelt (2005) expanded on the technique devised by Adamsen et al. 
(2000) used to count flowers of cultivated Lesquerella fendleri in order to 
count the flowers of both rape and crambe.  They were able to determine 
not only the timing of the onset of flowering but also to detect differences 
between Brassica species and cultivars and to measure the duration of 
flowering because each species had a distinctive flowering pattern. 
 
Internet image databases 
 

The Internet allows the rapid exchange of digital data and thus has fa-
cilitated many distance-learning projects, including those involving the 
exchange of plant images taken with digital cameras.  The Internet-based 
Distance Diagnostic and Identification System (DDIS) allows users to sub-
mit digital images captured in the field using hand-held digital cameras or 
those used in conjunction with a microscope for rapid diagnosis and identi-
fication of plants, diseases, insects, and animals (Xin et al. 2001; 
http://www.ddis.ifas.ufl.edu/).  DDIS provides an avenue for specialists to 
share information based on digital images and maintains a digital image 
library that can be used in educational programs, assisted diagnosis, and 
data mining.  Similarly, the Center for Internet Imaging and Database Sys-
tems (http://www.ciids.org) is involved in creating methods for people to 
share information via the Internet and supports Distance Diagnostics 
Through Digital Imaging programs where experts can diagnose agricultural 
problems via exchanged digital images (Brown et al., 1998). Regionally 
pertinent information is exchanged in accordance with the National Plant 
Diagnostic Network (http://www.npdn.org), a multi-state network which is 
set up to quickly detect introduced pests and pathogens.  Work on the au-
tomatic classification of images, such as that by Saber and Tekalp (1998), 
who demonstrated algorithms for automatically classifying images based 
on object- or region-based color, shape, and texture features, have direct 
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applicability to species recognition and the correct placement into and 
retrieval from Internet-based databases. On a mobile level, Nam et al. 
(2005) used a hand-held personal data assistant (PDA) equipped with a 
digital camera to allow users to sketch or photograph a leaf and then to 
send this information wirelessly to a server in order to identify the plant in 
question.  Their work was based on a shape retrieval system using only a 
few points in the image and demonstrated the power that wireless systems 
can have in education when combined with digital imagery. 

The ecological analysis of globally-available digital images is increasing 
with the large number of biologically-related, Internet-based cameras that 
are online.  For example, at the date of this manuscript, almost 2000 In-
ternet sites were returned when "forest webcam" was searched for using a 
popular internet search tool (Google Inc., Mountain View, CA).  More so-
phisticated image processing techniques, however, will be required to ana-
lyze remote images because the quality of such images may not be con-
trolled or other parameters known. 
 
New methods for digital cameras in ecology 
 

The methods employed by most of the ecological studies cited in the 
above sections tend to be based on relatively simple ratios of colors or on 
pixel counting.  However, more creative and sophisticated algorithms and 
statistical techniques are available and the power of these methods has 
only recently been recognized by those in the field of ecological digital im-
aging.  Many methods familiar to statisticians are widely used in areas out-
side of ecology, such as polynomial modeling (Hong et al. 2000), principal 
components analysis (Tzeng and Berns 2005), and improved spectral re-
covery algorithms (Sharma and Wang 2002).  Currently, advanced com-
puter models using digital image data as inputs, such as neural networks 
and fuzzy logic, are being employed in agricultural situations (Yang et al. 
2003; Kavdir 2004; Meyer et al. 2004), often for the real-time application 
of herbicides.  Such techniques could easily aid in ecological investigations. 

On the more creative side of the use of digital cameras, Cox et al. 
(2003) used a digital camera to record time lapse images of a submer-
gence-tolerant plant that responds to flooding with petiole elongation.  By 
taking images as frequently as every ten minutes, they were able to quanti-
tatively demonstrate the kinetics of both hyponastic growth and petiole 
elongation.  Haraguchi et al. (2001) investigated methods for determining 
the areas of mung bean leaves determined from stereo images taken by two 
digital cameras separated in space.  Although difficulties were encountered, 
if four points on a leaflet were clearly photographed in stereo, then the area 
could be calculated. 
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Conclusions 
 

As technology advances and prices drop, digital cameras will replace 
film cameras in more and more ecological applications.  The advantages to 
digital imagery, such as the quality control aspects of taking images in the 
field as well as the computer-assisted data analysis tools that are readily 
available, need to be weighed against the limitations of digital imaging, 
such as color inconsistencies and resolution limitations.  With the option of 
having RAW file outputs from many newer digital cameras, even these 
limitations are becoming reduced.  As ecologists increasingly embrace mo-
re sophisticated techniques, the digital camera will no doubt gain an even 
greater importance as a sensor in the tool kit for biological investigation. 
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Introduction 
 
Plant ecophysiology has advanced substantially over the last three decades 
allowing, for instance, the prediction of plant performance in the field and 
the development of ecophysiological techniques that can be used used as 
tools for establishing policies and making land management decisions in 
conservation, agricultural, and forestry contexts, as well as for dealing with 
important environmental issues such as global climate change (De la 
Barrera and Andrade 2005; Wikelski and Cooke 2006). However, a gap in 
our understanding of plant responses to environmental factors remains 
dealing with reproductive development, despite the fact that both vegeta-
tive and reproductive phenophases have shown to be sensitive to global 
warming (Bazzaz and Fajer 1992; Wang and Smith 2002). Reproduction is 
a costly process that consumes substantial amounts of water and carbon 
from plants in order to ensure the establishment of successive generations 
of reproducing individuals. This chapter considers plant ecophysiological 
responses during some stages of the reproductive cycle of angiosperms in 
order to present a brief survey of current knowledge of the processes in-
volved (Fig. 12.1).  
 The first aspect that is considered is the importance of phenological 
studies. Plant development responds to predictable seasonal changes in 
light, air temperature, and water availability (Larcher 2003). However, 
anthropogenic alterations of climate might pose threats for plant reproduc-
tion. For instance, for perennial woody species that have a chilling re-
quirement for bud break, milder winters will cause asynchronous repro-
ductive development. In other cases, when plants respond to changes in 
daylength, the reduction of the period of low air temperatures could result 
in an early proliferation of insect pollinators that would reduce reproduc-
tive success. 
 Plants monitor the prevailing environment and their sexual reproduc-
tion is initiated when specific favorable conditions occur. In this respect, 
floral evocation, the series of physiological changes occurring in plant mer-
istems that drive flowering, is externally regulated by light, air tempera-
ture, and water, but a physiological maturity of plants is also needed, e.g., 
individuals must reach certain size before the onset of reproduction (García 
de Cortázar and Nobel 1992; Srivastava 2002; Oh and Lee 2007).  

Although flowers evolved from leaves, recent research has revealed 
that their physiology, especially in terms of water and carbon relations 
during development, has some particularities. For instance, these develop-
ing reproductive organs demand substantial quantities of water and photo-
synthates from the plant in order to drive cell growth once fertilization has 
occurred. Another interesting feature is that such water is supplied by the 
phloem and not the xylem (De la Barrera and Nobel 2004a; Chapotin et al. 
2003). 

The accumulation of such photosynthates is a consequence of the 
phloem supply of water and high transpiration rates (De la Barrera and 
Nobel 2004a). The physiological mechanism for nectar secretion is de-
scribed along with two possible mechanisms by which this energy reward 
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for pollinators could have originated. In this respect, the evolutionary and 
ecological success of angiosperms stems from their interaction with ani-
mals. Therefore, the role of animals as gene dispersors is also considered. 
However, beyond the description of pollination syndromes, the discussion 
focuses on the energetic and digestive constraints of nectarivorous animals. 
A special consideration is made for the digestive limitations of certain pas-
serines, which apparently exert selective pressures on nectar composition. 

Following an effective pollination, fruit development can ensue. Be-
cause fruit development is hormonally regulated, the roles of various phy-
tohormones are considered in the present chapter. The production of ma-
ture viable seeds marks the end of the reproductive development for plants. 
However, because seedlings usually exhibit high mortality rates, the actual 
causes and some physiological strategies for mortality reduction are also 
discussed. 

As a result of human activity, global climate change poses a great 
threat to plant biodiversity (De la Barrera and Andrade 2005). Because 
plant reproduction depends on timely interactions with the environment 
and with certain animals that may also be affected by climate change, such 
considerations are discussed whenever appropriate (Cotton 2008). 
 
Phenology 

 
Plant phenological data includes the tracking of the periods of vegeta-

tive (leaf growth, leaf fall, shoot growth) and reproductive (flowering and 
fruiting) phenophases, including structural and physiological plant traits, 
related with the environmental changes that occur periodically throughout 
the year, and recently with global climate changes (Pimienta et al. 2002; 
Cotton 2008; Marcati et al. 2008). The importance of understanding 
phenology, which can be considered as the primigenial environmental bi-
ology, has been recognized throughout human history. The migrations of 
early hunter-gatherer human groups responded to the phenology of edible 
plants (Diamond 1997, 2002). A progressive accumulation of knowledge 
about phenology could have led to the eventual rise of sedentary communi-
ties, as suggested by archaeological evidence of edible plant parts pre-
dating the origin of agriculture (Diamond 2002). More recently, phenologi-
cal observations have been recorded for at least one thousand years in 
China and Japan and for about three hundred years in England, while most 
countries maintain records of the phenology of cultivated species along 
with the prevailing weather, especially when dealing with the occurrence of 
agricultural disasters, and the seasonality of agricultural pests (Billings 
1985; Larcher 2003; García Acosta et al. 2004). For instance, in Denmark a 
database of crop phenology, climate, and pests permits a centralized agri-
cultural management system that has practically rid this country of the use 
of chemical supplies for fertilization and pest control (Rasmussen et al. 
2006).  

The seasonality of weather is the main driver of phenological changes. 
Such environmental predictability has enabled plant adaptation to extreme 
temperatures ranging from below the freezing point, as is the case for 
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Opuntia humifusa in Canada and the northern United States, to those 
above 50 °C, as is the case for Agave deserti and Ferocactus acanthodes 
from the Sonoran Desert (Nobel 1988). Phenological patterns can also re-
spond to the amount and regularity of rainfall as is illustrated by various 
drought-coping strategies found in nature (see for example Chapters 4, 7, 
and 8 in this volume). Additionally, plant phenology can respond to light, 
day length in particular, or to a combination of environmental factors.  For 
instance, Opuntia ficus-indica, a cactus with an ample distribution pro-
duces new cladodes and flower buds during the spring, following the period 
of low winter temperatures (Fig. 12.2A, C). During the summer the avail-
ability of water drives fruit growth and maturation and cladode expansion. 
Contrasting is the case for Stenocereus queretaroensis, a cactus from west-
central Mexico for which flowering occurs during the late winter and fruits 
are produced during the dry and warm spring (Fig. 12.2B, C). Reproductive 
development for this species is supported by water and sugars that were 
stored in its succulent stems during the summer when rain is available 
(Pimienta-Barrios and Nobel 1995). Moreover, both species differ in their 
germination strategies. In particular, the hard testa for seeds of O. ficus-
indica, which can be released during the late-spring and throughout the 
summer, prevents germination until some scarification occurs one or more 
years later (Pimienta Barrios  1990; Pimienta et al. 2004). In contrast, 
seeds of S. queretaroensis are released towards the end of the dry spring, 
readily germinating during the summer of the same year at the time when 
the rainy season begins (De la Barrera and Nobel 2003). In fact, the tem-
perature optimum for germination in this species coincides with the preva-
lent summer temperatures in its native habitat. Moreover, while adequate 
soil water potentials may be available during the winter, lower tempera-
tures inhibit their germination. 

Flowering for temperate trees that require a period of chilling is trig-
gered by mild spring temperatures (Larcher 2003). In this respect, the time 
of ripening for Prunus avium from the eastern Alps can be delayed up to 
two months for individuals growing at an altitude of 1600 m compared to 
those at sea level (Larcher 2003). Similar can be the temperature-driven 
delay of flowering for Salix smithiana and vegetative growth for Picea 
abies between plants from northern Spain or Portugal and those from 
higher latitude from northern Norway (Larcher 2003). In addition, while 
global warming is not caused by urban activity (Parker 2004), local warm-
ing in cities can cause early flowering for trees as it has been documented 
in cities of China and Europe (Roetzer et al. 2000; Larcher 2003; Lu et al. 
2006). 
  Light, specifically changes in day length or photoperiod, can also be an 
important driver of phenological changes even at low latitudes (Borchert 
1983). Such has been found to be the case for various species from Gua-
nacaste, Costa Rica, where photoperiod merely changes one hour through-
out the year, from 11.5 h in the winter to 12.5 h in the summer (Rivera and 
Borchert 2001). However, triggering of reproductive development for ever-
green and stem-succulent species is more frequent between December and 
February (Rivera and Borchert 2001). 
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Figure 12.1. Plant lifecycle highlighting various stages of reproductive develop-
ment. The shaded area indicates the stages of vegetative development that link the 
reproductive cycles of successive generations. 
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Figure 12.2. Phenology for the cacti (A) Opuntia ficus-indica and (B) Stenocereus 
queretaroensis from semi-arid regions of west-central Mexico. Plant developmental 
stages are contrasted with (C) a typical climate from the neotropical dry forests 
where these species are native. Data are from Pimienta Barrios et al. (2000) and 
Nobel and De la Barrera (2004). 
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  The relation between phenology and climate is not as clear in tropical 
regions as it is in higher latitudes. For instance, species of the temperate 
genera Fagus and Quercus can grow in tropical highland regions where the 
winter minimum temperature ranges between –10 and 12 °C, and tree eco-
types change from deciduous, to leaf exchanging, to evergreen (Borchert et 
al. 2005). These differences in the timing of vegetative and reproductive 
phases for tropical dry forest species are often associated with soil moisture 
and rainfal patterns. For a majority of temperate deciduous trees, the re-
productive phases occur in the wet season (Holbrook et al. 1995). However, 
for species as Spondias purpurea, bud break of vegetative shoots and 
flower development occur during the dry season, showing a simliar pattern 
to other species of tropical dry regions, whose flowering and fruiting coin-
cide with the dry season and whose vegetative growth is not initiated until 
flowering ceases (Janzen 1967; Pimienta-Barrios and Ramírez-Hernández 
2003). These observations suggest that various environmental factors, 
including temperature, can act as environmental cues (Frankie et al. 1974). 
For tree species studied in Mexico, Borchert et al. (2005) found that the 
extreme seasonality of water availability, rather than temperature, is the 
main factor driving phenology (contrast, for instance, the variability of 
precipitation versus the stability of mean air temperature from Fig. 12.2C). 
Although some evidence exists underscoring the importance of pollinators, 
as opposed to the physical environment, as drivers of plant phenology 
(Lobo et al. 2003), in many cases water availability, which can be highly 
unpredictable in many tropical forests, may be the overriding environ-
mental factor that drives phenology in seasonal tropical forests, as has been 
documented for tropical dry forests from Costa Rica to Sonora, Mexico 
(Borchert 1994; Borchert et al. 2004), and during drier El Niño Southern 
Oscillation events in Panama (Wright et al. 1999).  

The close interaction between plant phenology and climate has enabled 
an accurate estimation of past climate based on phenological records in 
temperate regions (Borchert 1998; Chuine et al. 2004). However, as dis-
cussed above, climate is not such an accurate predictor of phenology in 
tropical regions, mainly because of the difficulty of predicting water avail-
ability, which depends on air temperature, precipitation, and soil proper-
ties (Young and Nobel 1986; Mendoza et al. 2002; Larcher 2003; Nobel 
2005). General circulation models predict a greater impact of changes in 
water regimes than in temperatures for tropical regions, so a better under-
standing of the drivers of tropical plant phenology is in need (Garduño 
1997; Magaña et al. 1997; Borchert 1998; Adem et al. 2000; Menzel 2002). 
A possible approach for bridging the phenology of individual trees with 
studies and simulations at large geographic scales could be the use of re-
mote sensing tools. Technological improvements have enabled the estima-
tion of primary productivity by oceanic phytoplankton and by terrestrial 
plants and have allowed the determination of various physiological pa-
rameters such as water stress in leaves (Hunt Jr. et al. 1987; Álvarez-
Añorve et al. 2008). The selection of very narrow wavelength bands is now 
possible with current remote sensing technology a feature that is already 
being used to detect flowering (Frey 2007; Smith et al. 2008). 
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Floral evocation 
 

The evolution of flowers, some 100 million years ago was determinant 
in the success of angiosperms, allowing their rapid diversification (Cron-
quist 1977; Theissen and Meizer 2007). In turn, flower initiation and dif-
ferentiation involves defined developmental programs that control the 
growth of reproductive organs, following changes in plant meristems (Fos-
ket 1994; Meyerowitz 1994; Taiz and Zeiger 2002). In this respect, two 
distinct developmental programs have been described: 1) the conversion of 
a vegetative meristem into a reproductive meristem that will lead to the 
production of flower buds; or 2) the conversion of the vegetative meristem 
into one that produces an inflorescence which will, in turn, give origin to 
flowers (Fosket 1994). In many cases, especially for long lived species, 
plants need to reach a certain age or size to a stage termed maturity, before 
reproduction can occur. For instance, cladodes of Opuntia ficus-indica 
only flower after their dry mass to surface area ratio reaches certain 
threshold (García de Cortázar and Nobel 1992). In other cases, reproduc-
tive development is triggered by air temperature and light acting as envi-
ronmental cues. The response of plant reproduction to light is mediated by 
phytochrome in close relation with a plant’s circadian clock (Taiz and 
Zeiger 2002; Oh and Lee 2007). Until recently, evidence of the existence of 
a flowering hormone, florigen, was only indirect and mostly speculative 
(Chailakhyan and Krikorian 1975; Fosket 1994; Taiz and Zeiger 2002). 
However, current research on Arabidopsis has partially unraveled the mo-
lecular mechanisms of flowering (Oh and Lee 2007). In this respect, four 
independent genetic pathways have been identified that lead to reproduc-
tive development: 1) cold induced flowering, 2) light induced flowering, 3) 
a so called autonomous flowering that results from endogenous signals, 
and 4) gibberellic acid mediated flowering (Oh and Lee 2007). A major 
breakthrough in this field of research was the discovery that flowering, 
driven by either pathway, is actually controlled by a mere three genes (Oh 
and Lee 2007; Turk et al. 2008). Further studies of one of them, Floral 
Locus T (FT), have revealed that this protein is highly mobile and that it is 
found systemically prior to flowering, suggesting that this is an important 
component of the elusive florigen (Corbesier et al. 2007; Turk et al. 2008). 
Although recent evidence strongly supports the molecular control, i.e., 
endogenous, of flowering, as illustrated by the very early flowering of 
Arabidopsis mutants that over-express FT, these developmental changes 
do not occur unless adequate environmental signals are available (Corbe-
sier and Coupland 2006).  

Many spring-flowering species, especially those from high latitudes, 
require a period of low air temperatures, before the differentiation of floral 
buds during warm air temperatures and longer days can occur, a process 
known as vernalization (Byrne and Bacon 1992; Larcher 2002; Sung and 
Amasino 2004; Oh and Lee 2007). The recurring example of Opuntia fi-
cus-indica clearly illustrates this fact. As discussed above, both floral bud 
differentiation and the initiation of new cladodes occurs simultaneously 
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during the dry spring (Fig. 12.2A). Interestingly, like for the olive (Olea 
europea), floral differentiation for various species of Opuntia occurs at the 
end of the winter during a relatively short period of time (50 to 60 days) in 
the same year that the fruit develop (Pimienta-Barrios 1990). In contrast, 
for temperate fruit crops such as peach, apple, and almond, floral initiation 
and differentiation start during the summer, one year before fruit devel-
opment (Ryugo 1986). The differentiation of floral buds for O. ficus-indica 
is favored by a lower air temperature than the one favoring the production 
of new vegetative organs for mature detached cladodes kept under con-
trolled environmental conditions (Nobel and Castañeda 1998). Similarly to 
the case for temperate fruit trees, a substantial decrease in flower forma-
tion is observed for O. ficus-indica when mild winters are experienced 
(Badeck et al. 2004; Avitia García and Castillo González 2007). While mild 
winters can lead to floral differentiation for peach trees, high rates of fruit 
abortion are often observed (Zegbe Domínguez 2005). In some cases, the 
effect of mild winter temperatures can be ameliorated by nitrogen fertiliza-
tion (Nobel 1983; Pimienta Barrios et al. 1990). The horticultural literature 
and practice have been aware of the need of cold accumulation for several 
years and have, in fact, developed methods for measuring such cold accu-
mulation in terms of a Chill Units index (CU; Byrne and Bacon 1992). 
Briefly, a chill unit is summed hourly with value of 1 when air temperatures 
are below 7 to 8 °C. The CU value drops to zero when air temperature 
drops below 1° or when they exceed 14 °C. In turn, higher temperatures will 
yield negative CU index values.  

Vernalization has an adaptive importance because, by being able to 
sense a prolonged period of cold, plants can avoid flowering after brief 
periods of low air temperature that can occur during the fall. Otherwise if 
flowers/fruits were present during the winter, they would be susceptible to 
frost- or cold-damage because developing fruits are unable to cold-
acclimate and tend to tolerate milder temperatures than underlying stems 
(Nobel and De la Barrera 2003). At the genetic level, vernalization involves 
epigenetic changes in the meristem that are different from the effects of 
cold hardening (Sung and Amasino 2004). In particular, the accumulation 
of cold leads to the repression of the Floral Locus C (FLC), a gene that is a 
repressor of flowering (Sung and Amasino 2004; Oh and Lee 2007). Thus, 
vernalization is a necessary condition for reproductive development for 
certain species, but an additional environmental cue might be necessary to 
actually trigger flowering. 

Leaf-bound phytochrome allows plants to sense day length enabling 
them to “decide” when to flower (Taiz and Zeiger 2002; Oh and Lee 2007). 
For instance, coffee and strawberry only flower during short days, while oat 
and ryegrass require long days to trigger reproduction (Fosket 1994). Flow-
ering for bean, cucumber, and tomato, in turn, is considered to be a day 
neutral process because day length does not influence reproduction. Be-
cause day length is very predictable between years, flowering by light-
sensitive species is also highly predictable. Examples of this are the blos-
soming of cherries in Japan, of tulips in Holland, and the synchronous 
flowering of various deciduous trees from tropical dry forests in Costa Rica 
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and Mexico (Borchert and Rivera 2001; Rivera and Borchert 2001; Lobo et 
al. 2003; Larcher 2005; Oh and Lee 2007). Also, flower production for 
autumn cultivated plants of Cucurbita pepo ranged from 5 to 30 flowers 
per plant in a dose-response experiment of nutrient availability (Orozco-
Martínez and De la Barrera unpublished observations). However, flower 
production peaked at 60 days after sowing regardless of treatment, when 
the photoperiod amounted to 11 h for this herbaceous crop. 

Global climate change poses potential threats for the reproductive de-
velopment of various plant species. For instance, for plants that require 
vernalization, an increase in winter temperatures might result in the reduc-
tion or inhibition of a plant’s reproductive effort. In other cases, when re-
productive development is triggered by warmer, spring-like, temperatures 
a hastening of floral bud initiation might occur, as has been observed for 
some urban trees from China and northern Europe (Larcher 2003; Lu et al. 
2006). Global warming might not be an obvious threat for the reproduc-
tion of species that respond to photoperiod rather than to air temperature. 
However, the story could become complicated when the role of pollinators 
is considered (Bazzaz and Fajer 1992). Indeed, owing to global warming, 
mild spring temperatures can occur earlier in the year triggering the prolif-
eration of insect pollinators before flowers are available (Bradshaw and 
Holzapfel 2007). In this case a two-fold disruption of the plant-animal 
interaction may occur. First, the lack of food for pollinators might result in 
a reduction in their population size, with an expected reduction in the pol-
lination effort the following season. And, second, the lack or shortage of 
pollinators during flowering, as a result of the air temperature/photoperiod 
decoupling, would result in a reduced fruit set and consequently in a re-
duced recruitment for affected species. 
 
The peculiar water relations of flowers 
 

Floral structures evolved from leaves, but physiological attributes 
greatly differ between these organs. Such differences stem from the fact 
that flowers are not self-sufficient photosynthetic organs that substantially 
contribute to dry mass accumulation. On the contrary, flowers and fruits 
are strong sinks demanding substantial quantities of water and photosyn-
thates from the plant. 

The xylem is the main conductor of water in plants (Fig. 12.3). Because 
this vascular tissue is constituted by dead water-conducting cells and ligni-
fied fibers, i.e., no energy input can be performed by the plant to drive the 
movement of water, flow must occur spontaneously from regions of higher 
water potential to regions of lower water potential (Fig. 12.3). Indeed, long- 
distance water movement in the xylem can be explained by the cohesion-
tension theory, by which a water potential gradient is created by transpira-
tion at the leaf surface (Fig. 12.3; Taiz and Zeiger 2002; Nobel 2005).  

Water is needed to maintain turgor in plant cells which is the driver of 
cell growth and, in some cases, of flower opening and other floral move-
ments (van Doorn and van Meeteren 2003; Nobel 2005; Azad et al. 2007). 
Also, flowering often involves the rapid expansion of reproductive and ac-
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cessory structures, so that the mobilization of substantial amounts of water 
is required to drive cell growth. For example, the reproductive structures 
and tepals of the columnar cactus Stenocereus stellatus undergo a substan-
tial growth during the single night that flowers are open (Casas et al. 1999). 
Also, the petals of the yellow alder (Turnera ulmifolia) triple their length at 
24 h before anthesis (Ball 1933), and floral structures fully expand within 5 
days from anthesis for some agaves (Molina-Freaner and Eguiarte 2003). 
However, a most dramatic example of the massive consumption of water is 
the flowering of Agave deserti. The inflorescences of this semelparous 
monocot from the Sonoran Desert can exceed a height of 3.5 m and grow 
approximately 10 cm per day (Nobel 1977a). Such growth consumes 18 kg 
of water that are supplied by the leaves. While 4 kg of such remobilized 
water are incorporated into the inflorescence structures to maintain cell 
turgor, nearly 80% of the water is lost via transpiration. Similarly, the mas-
sive flowers of Opuntia ficus-indica transpire 3 g of water per day, or 15% 
of their mass, at the time of anthesis (De la Barrera and Nobel 2004a, b). 

Because substantial amounts of water are needed to drive the expan-
sion of cells of developing organs and water only flows from regions of 
higher water potential to regions of lower water potential, a water potential 
gradient needs to be created to drive water towards developing reproduc-
tive organs. One way that such a gradient can be attained is by the accumu-
lation of hygroscopic mucilage, which has been related to the maintenance 
of cell turgor during periods of water shortage, including for developing 
flowers (Goldstein and Nobel 1991; Chapotin et al. 2003). In addition, 
transpiration by flowers can be aided by the relatively thin cuticle of petals 
(Nobel 1988; Bughart and Riederer 2003) or by the presence of non-
functional stomates, as is the case for Ferocactus acanthodes. Petal 
stomates for this barrel cactus always remain partially open (Nobel 1977b). 
While only 44 g of water are required during the three month-long fruit 
development, 60% of such water is transpired during the three days that 
flowers remain open. However, in dry environments where soil water can 
be limiting, morphological changes can occur that reduce water loss, as is 
the case for the skypilot, Palemonium viscosum (Galen et al. 1999). Indi-
viduals of this species occurring at dryer sites tend to present smaller corol-
las than counterparts from moister sites, so that halving of the surface area 
of the corolla leads to resulting in a 30% reduction of transpiration, al-
though a reduction in the plants’ photosynthetic capacity is also observed. 
 As stated above, flow in the xylem occurs spontaneously from regions 
of higher water potential to regions with a lower water potential (Nobel 
2005; Fig. 12.3). However, for many species, the water potential of repro-
ductive organs is higher than that for underlying vegetative organs (Fig. 
12.3; Table 12.1). In addition, for some species, such as Vitis vinifera, an 
anatomical restriction also occurs. For this plant, xylem function is reduced 
and eventually ceases as fruit development progresses (Bondada et al. 
2005). If the  water potential for reproductive organs is higher (less nega-
tive) than for underlying vegetative organs, the supply of water is not 
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Figure 12.3. The xylem transports the water taken up by the roots upward 
through the stem to the leaves, where it is transpired (solid lines). The driving force 
for such a flow is a gradient in the water potential of the xylem solution. Consider-
ing the example portrayed, water potential can be –0.1 MPa for wet soil, –0.6 MPa 
in a stem, and about –100 MPa for air at 50% relative humidity. Such differences 
permit a spontaneous flow of water from higher to lower water potentials from the 
soil through the xylem to the surrounding air. However, the water potential of flow-
ers is greater (less negative) than for adjacent stems, so water flow into the repro-
ductive organs goes against the energy gradient for water. In this case, the phloem, 
which has live cells, is the supplier of water, along with solutes, to developing re-
productive organs. Figure was redrawn from De la Barrera and Nobel (2004a). 
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thermodynamically feasible through the xylem (Fig. 12.3; Nobel 2005). 
Thus, the phloem must be the sole supplier of water to developing repro-
ductive organs (Goldstein and Nobel 1991; Nobel and De la Barrera 2000; 
De la Barrera and Nobel 2004a). 

Phloem, the second vascular tissue of plants, has living cells that use 
energy to drive the flow of a solution of photosynthates as explained by the 
Münch pressure-flow hypothesis (Taiz and Zeiger 2002; De la Barrera and 
Nobel 2004a; Nobel 2005). Briefly, the phloem uses active transport to 
load photosynthates through its cell membranes causing a large enough 
concentration difference with the apoplast that drives water into the 
phloem’s lumen. In turn, the added water volume locally increases the hy-
drostatic pressure producing a flow towards so called sink regions. Cer-
tainly, phloem hydrostatic pressures are very high, often exceeding 2 MPa 
(a pressure comparable to that exerted by a 200 m-tall column of water; 
Fisher and Cash-Clark 2000). In some cases droplets of phloem solution 
can be observed on developing organs of species such as Hylocereus unda-
tus (Nerd and Neuman 2004) and certain species of the genus Eucalyptus 
(Pate et al. 1998), illustrating the mechanical weakness of developing plant 
tissues that are unable to withstand the elevated hydrostatic pressures of 
the phloem (De la Barrera and Nobel 2004a). In this respect, in addition to 
reproductive organs, the phloem is the main supplier of water for young 
roots of maize and young stems of O. ficus-indica (Nobel et al. 1994; Prich-
ard et al. 2000). 
 
Nectar 
 
 A consequence of the evolution of flowers that has probably triggered 
the rapid and abundant speciation of angiosperms is their close relation 
with animals, because dispersal opportunities for plants are largely re-
stricted to the pollen and the seed stage (Wang and Smith 2002). In addi-
tion to the large amounts of water allocated to flowering, plants invest con-
siderable amounts of carbon in reproduction. Underscoring the magnitude 
of such resource investment in favoring pollen dispersal is, for instance, the 
increased floral respiration for Datura stramonium, which releases CO2 
eddies that attract their moth pollinator, Manduca sexta (Guerenstein et 
al. 2004). Similarly, an increased metabolic activity by philodendron re-
sults in an elevated plant temperature and the release of volatile com-
pounds that lure pollinators (Nagy et al. 1973). More frequenly studied is 
the production of nectar, which can consume a high proportion of photo-
synthates. For instance, nectar production by Medicago sativa and Ascle-
pias syriaca respectively amount to 20 and 35% of the fixed carbon of an 
entire growing season (Southwick 1984). 
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Secretion 
 

Nectar, which originates from the phloem solution, is secreted through 
the nectaries, superficial glands generally occurring near the inside base of 
flowers (Elias et al. 1975; Nepi et al. 1996; Razem and Davis 1999). Some 
species have extrafloral nectaries, which could reduce pollen predation 
(Elias et al. 1975; Cuautle and Rico-Gray 2003; Rogers et al. 2003). Such 
glands are usually vascularized only by phloem (Elias et al. 1975; Razem 
and Davis 1999). The nectaries of pea (Pisum sativum) have a specialized 
nectar-secreting parenchyma that occurs between the phloem and an epi-
dermis with modified stomata that lack subsidiary cells and become per-
manently closed as the nectary matures (Razem and Davis 1999). At anthe-
sis, the starch granules in the parenchyma are broken down and nectar is 
secreted. Unlike the case for the phloem solution, which is mainly consti-
tuted by sucrose (ca. 500 mM; De la Barrera and Nobel 2004a), nectars 
can present various concentrations of the hexoses fructose and glucose, 
constituents of sucrose (De la Barrera and Nobel 2004a; Lotz and Schon-
dube 2006). The amount and activity of the enzyme acid invertase deter-
mine the relative nectar concentration of sucrose versus its hexose compo-
nents (Nicolson 2002). Plants with high activity of this enzyme have hexose 
rich nectars, whereas plants with low levels of the enzyme have sucrose rich 
ones (Yelle et al. 1991; Chetelat et al. 1993; Nicolson 2002). In this respect, 
for fruits the activity of the invertase is regulated by one gene that follows 
simple Mendelian inheritance rules, although no information is available 
regarding the nectar (Muller-Rober et al. 1992; Chetelat et al. 1993; Nicol-
son 2002; De la Barrera and Nobel 2004a; Lotz and Schondube 2006). 
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Evolution 
 
PHYSIOLOGICAL CONSIDERATIONS—Even though it is amply recognized 
that the prevalence of nectar in extant angiosperms was been driven by 
ecological interactions (Darwin 1862; Pacini and Nicolson 2007), it most 
likely originated as a physiological by-product (Lorch 1978). In this respect, 
considering the particularities of floral water relations, two physiologically 
plausible mechanisms for the origin of nectar have recently been proposed 
(De la Barrera and Nobel 2004a). 

First, the “leaky phloem” hypothesis takes in consideration that water 
input to flowers occurs via the phloem and not the xylem. In this respect, 
the vascular tissues of developing reproductive organs would be mechani-
cally weak and would not be able to withstand the elevated hydrostatic 
pressures that occur in the phloem. As a result, the phloem solution could 
leak as nectar through pathways of low resistance, such as nectaries. In 
support of this hypothesis are the aforementioned observations of phloem 
leakage in various developing organs. 

Second, the “sugar excretion” hypothesis also considers that water in-
put to flowers occurs through the phloem. In this case, because solutes are 
supplied in addition to water, and because a considerable volume of water 
is transpired by the developing reproductive organs, a solute accumulation 
might ensue that could potentially interfere with floral physiological func-
tions. In this case, excess solutes would have to be compartmentalized, as 
occurs for starch and mucilage, or excreted as nectar. 

In either case, a strong selection by pollinators of nectar producing 
flowers might have fixed such a trait, enabling the various extant special-
ized plant-pollinator associations. 
 
SELECTION BY POLLINATORS—To determine the importance of pollinators 
on the evolution of nectar composition, it is necessary to figure out the 
ancestral state of nectar composition and the identity of the original polli-
nators on a clade by clade basis (Lotz and Schondube 2006). In this re-
spect, beetles were early animal pollinators, as has been determined for 
extinct plant species and as is the current case for basal angiosperms 
(Thien et al. 2000; Endress 2001). Bees are pollinators for many species, 
including the predominantly nocturnal flowers of Hylocereus undatus, a 
hemiepiphytic cactus whose flowers are open during only one night and for 
a few hours of the following day when bee pollination occurs (Ortiz 1999; 
Valiente-Banuet et al. 2007). In addition, very specialized plant-pollinator 
interactions have evolved, leading to mutualistic associations in which both 
the animal and the plant may undergo special adaptations, as do some 
wasps whose entire lifecycle occurs inside developing fruits of certain Ficus 
species (Molbo et al. 2003), the long bill of hummingbirds or the proboscis 
of butterflies and moths that feed from tubular flowers (Temeles and Kress 
2003; Guerenstein et al. 2004), or the floral physiognomy of the insect 
mimic Gillesia graminea (Alliaceae; Rudall et al. 2002). In other cases the 
benefits of an association with nectarivorous animals, such as ants, are 
indirect. While ants are not polinators, they visit the flowers of some cacti 
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in the genera Coryphanta, Ferocactus, Opuntia and Stenocereus, and can 
be associated with species of the legume Acacia that have extrafloral nec-
taries. The protection from herbivores that ants can convey result in in-
creased fruit set and reduced fruit abortion (Pimienta-Barrios and del Cas-
tillo 2002; Wagner and Kay 2002). 

While moths are considered specialists in terms of plant morphology, 
usually feeding from tubular flowers, the nectar composition for plants 
pollinated by these sphingids ranges from only hexoses to solely sucrose 
(Fig. 12.4A). Nevertheless, although nectar composition for plants that are 
pollinated by bees also ranges amply, about 60% of 72 of such species have 
sucrose concentrations below 50% (Fig. 12.4A). The case for plants polli-
nated by birds is very interesting (Fig. 12.4B). Specifically, for nearly 90% 
of 140 hummingbird-pollinated plants, nectar contains higher proportions 
of sucrose than of hexoses. In contrast, only 2 of 75 species of passerine-
pollinated flowers produce nectar with more than 50% sucrose. This pat-
tern of nectar-sugar composition seems to be closely related to the sugar 
preferences by these two groups of birds (Martínez del Rio et al. 1992; Lotz 
and Schondube 2006).  

The sugar composition of nectar was thought to be a conservative trait 
in contrast with the rapid changes of floral morphology observed in re-
sponse to pollinators (vanWyk 1993; Baker et al. 1998; Perret et al. 2001). 
However, hybridization experiments with tomatoes (Lycopersicon esculen-
tum, rich in hexoses, and the sucrose accumulating L. chmielewskii and L. 
hisutum that have a low invertase activity) reveal that segregation for su-
crose accumulation is consistent with the action of a single recessive gene, 
suggesting that the sugar composition of fruit is an evolutionarily labile 
trait (Chetelat et al. 1993). Although explicit experiments regarding the 
genetics of nectar composition are lacking, recent phylogenetic studies 
sugest that sugar composition of nectar is also labile. For instance, the pan-
tropical legume genus Erythrina has more than 100 species that are exclu-
sivelly pollinated by either passerines or hummingbirds (Galetto et al. 
2000; Etcheverry and Trucco Alemán 2005). Contrasting pollinator type 
with nectar composition over a phylogeny for this genus has revealed that 
every shift of pollinator from passerine to hummingbird was accompanied 
with a chage of nectar composition from hexose-rich to sucrose-rich (Brun-
eau 1997). In addition, for 23 species of plants from the Canary Islands 
representing seven lineages, insect pollinated plants produce sucrose-rich 
nectar, while passerine pollinated plants produce hexose-rich nectar (Du-
pont et al. 2004). For these plants, the ancestral nectars contained sucrose, 
so it appears that the evolution of hexose-rich nectars was a response to 
visits by opportunistic nectarivorous birds (Dupont et al. 2004). The genus 
Erythrina and the Canarian plant lineages offer an unparalleled opportu-
nity to investigate the biochemical bases that accompany pollinator shifts 
in plants. 

 Two hypotheses have recently been proposed regarding evolutionary 
changes of nectar composition as responses to selective pressure exerted by 
different pollinator type (Lotz and Schondube 2006). First, that non-
specialized passerine birds act as a selective pressure for plants to produce 
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hexose rich nectar. In this respect, the monophyletic asucrotic, i.e., lacking 
sucrase, Sturnid-Muscicapid group of the Passeriformes is extremely spe-
ciose and its members could have played an important role in selecting 
against sucrose rich nectar and fruit pulp. Also, because hexoses are readily 
assimilated while sucrose is not, birds with intermediate abilities to digest 
sucrose should present higher energy intakes while feeding on glucose-
fructose mixtures than when feeding on a sucrose rich diet. Such is the case 
for the nectarivorous Cinnamon-bellied Flowerpiercer (Diglossa baritula) 
that ingests 10% less energy when feeding on sucrose than when feeding on 
a glucose-fructose diet (Schondube and Martínez del Rio 2003). The sec-
ond hypothesis considers that most nectarivorous passerines would show 
lower food intake rates when feeding on sucrose than when feeding on 
hexoses. However, sunbirds are an exception to this prediction as they have 
sucrase activity levels similar to those of hummingbirds (McWhorter and 
Schondube unpublished observations). If the second hypothesis is correct, 
birds with intermediate sucrase activity levels should act as selective agents 
for hexose rich nectar. 

 
The pollinators’ perspective 
 
NECTAR DIGESTION BY BIRDS—While hummingbirds consistently display 
behavioral preferences for sucrose over hexoses (Hainsworth and Wolf 
1976; Stiles 1976; Martínez del Rio 1990a, Martínez del Rio et al. 1992), 
several fruit-eating passerines display marked preferences for hexoses over 
sucrose, or even complete aversion to sucrose (Martínez del Rio et al. 1988; 
Martínez del Rio and Stevens 1989; Martínez del Rio et al. 1989, Martínez 
del Rio 1990a; Brugger and Nelms 1991; Martínez del Rio et al. 1992; Brug-
ger et al. 1993). These bird preferences attractively fit an early notion of a 
distinct dichotomy in the composition of floral nectar between humming-
bird- and passerine-pollinated plants (Fig. 12.4B; Baker and Baker 1983; 
Martínez del Rio et al. 1992; Schondube and Martínez del Rio 2003). How-
ever, it turns out that there is no such passerine-hummingbird dichotomy. 
Indeed, the aforementioned Sturnid-Musciapid clade is the only one within 
the Passeriformes lacking the enzyme sucrase and thus cannot assimilate 
sucrose at all (Lotz and Schondube 2006). In this respect, high frequencies 
of sucrose-dominant nectar in South African passerine-pollinated flowers 
have been observed (Barnes et al. 1995) and several South African passer-
ines either show no preference for hexoses over sucrose or actually prefer 
sucrose (Lotz and Nicolson 1996; Franke et al. 1998; Jackson et al. 1998), 
while other species show a reversal from hexose preference at low concen-
trations to sucrose preference at higher concentrations (Schondube and 
Martínez del Rio 2003; Fleming et al. 2007). Outside of the Passeriformes, 
not only the hummingbirds, but also two nectar-feeding parrots assimilate 
sucrose with 90 to 100% efficiency (Karasov and Cork 1996; Downs 1997).  
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Figure 12.4. Sugar composition of nectar for (A) 238 plant species pollinated by 
insects and (B) 369 plant species pollinated by vertebrates. When the composition 
for an individual species could not be determined, an average composition of nectar 
was plotted for a particular type of pollinator. Such was the case for beetles (A; solid 
triangle). For these primitive pollinators, the graph can be interpreted by drawing a 
line parallel to the left axis intercepting the Sucrose axis at 72.1%. The Glucose 
concentration can be found to be 13.95% by drawing a line parallel to the right axis. 
The average Fructose content (13.95%), which can also be calculated as 100–
[Glucose+Fructose], can be found by drawing a line parallel to the bottom axis. 
Data were compiled from Baker et al. (1998), Perret et al. (2001), Galetto and Ber-
nardello (2003), Chalcoff et al. (2006), and Wolf (2006). 
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So, are the observed behavioral preferences and aversions of birds for 
different sugar compositions caused by physiological limitations or by 
more superficial taste preferences? Aversion, at least, appears to be caused 
by an inability to assimilate particular sugars, as is the case for the fruit-
eating European starling (Sturnus vulgaris) that completely lacks the en-
zyme sucrase (Martínez del Rio and Stevens 1989). These birds suffer from 
osmotic diarrhea when fed sucrose solutions, owing to an accumulation of 
high concentrations of unabsorbed sugar in the intestine, and develop an 
intense behavioral aversion to this sugar. Hummingbirds, on the other 
hand, digest and absorb sucrose with almost 100% efficiency (Martínez del 
Rio 1990a, 1990b). Less clear from a physiological standpoint is why hum-
mingbirds and other nectar-feeding birds display a preference for sucrose 
over the sugars that it is hydrolyzed into, glucose and fructose. Lotz and 
Schondube (2006) hypothesized that in most cases specialized nectar feed-
ing birds do not act as a selective pressure for sucrose rich nectars. Sup-
porting this hypothesis is the fact that the sucrase activity levels of hum-
mingbirds and sunbirds, which are ten times higher than those of other 
birds, seem to be the result of a physiological adaptation to their sucrose 
rich diets (Schondube and Martínez del Rio 2004; McWhorter and Schon-
dube unpublished observations). Thus, it has been proposed that the pres-
ence of sucrose rich nectars in bird pollinated plants could be the result of 
plant physiological processes and/or selective pressures exerted by insects 
before the plants were pollinated by birds (Lotz and Schondube 2006).  In 
this case, species of nectar-eating birds with a high capacity to digest su-
crose, could have released the selective pressure of non-specialized nec-
tarivorous birds for hexoses, allowing some clades of plants to produce 
sucrose rich nectars.  Plants that secrete hexose-rich nectars avoid the cost 
of synthesizing invertase and may be selected for if the pollinators do not 
prefer hexoses. 

  
NECTAR DIGESTION BY BATS— If the Lotz and Schondube (2006) hypothe-
sis that specialized nectar-eating birds with a high capacity to digest su-
crose could have released the selective pressure of non-specialized nec-
tarivorous birds for hexoses is true, nectar from plants pollinated by other 
groups of specialized pollinators should present sucrose-rich nectars, or a 
wide array of sugar nectar compositions. Specialized pollinators, with the 
capacity to digest sucrose, can use nectars with all possible sugar composi-
tions with the same digestive efficiency (Schondube and Martínez del Rio 
2003; Fleming et al. 2004). As a result, in the absence of generalist pollina-
tors, the plants visited by these animals could have nectars with any possi-
ble mixtures of sucrose, glucose or fructose. So this hypothesis can be 
tested by analyzing the sugar composition of plants visited by other groups 
of specialized pollinators, like phyllostomid bats, which should not present 
a clear pattern of sugar composition. 

The family Phyllostomidae, endemic to the New World, includes two 
clades of specialized nectar-feeding bats (Wetterer et al. 2000). These bats 
have high levels of sucrase activity (Hernandez and Martínez del Rio 1992; 
Schondube et al. 2001) and do not show preferences for nectars made out 
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of sucrose or hexoses (Rodríguez-Peña et al. 2007). In addition, they as-
similate both sucrose- or hexose-rich nectars with the same efficiency 
(Ayala-Berdon et al. 2008).  Also, by being nocturnal, these bats do not 
compete with other pollinators for the nectar of the flowers they visit. 
Analyses of the floral nectar of plants pollinated by phyllostomid bats, in-
dependently of their phylogenetic origin, show a wide diversity in their 
sugar composition (Fig. 12.4B; Baker at al. 1998, Rodriguez-Peña et al. 
2007). This suggests that bats are not acting as a selective pressure for 
nectar composition, and that for plants visited by these animals, nectar 
composition seems to be solely determined by plant physiology. 
 The behavioral preferences of pollinators for the different sugars pre-
sent in floral nectar show highly diverse patterns.  Some of this behavioral 
variation can be explained by known physiological constraints of animals, 
although much of the variation remains mysterious. It is clear that plant 
physiology, by determining the sucrose content of floral nectar, plays a 
central role in controlling the behavior of pollinators, and affects which 
organisms can use the energy present in nectar. However, the role that 
pollinators play in shaping the sugar composition and concentration of 
floral nectar is just beginning to be understood. 
 
Fruit development 
 

An effective pollination can lead to the development of seeds and, con-
sequently, of fruits. Given that many plant species also rely on animal vec-
tors for seed dispersal, fruits have evolved that provide sugars and, in some 
cases, water. Further, the germination for some species requires acid scari-
fication that mimics passage through a digestive tract, illustrating a close 
coevolution of plants and animals (Baskin and Baskin 1998; Wang and 
Smith 2002). However, because developing fruits are strong sinks of pho-
tosynthates, tradeoffs between the number and size of fruits per plant and 
between the number and size of seeds per fruit have been amply docu-
mented (Stephenson 1981). Indeed, this fact has been translated into the 
horticultural practice of fruit or flower thinning in order to yield larger 
fruits (e.g., Avitia García and Castillo Martínez 2007; Chapter 6). 
 Competition for maternal resources between seeds within a fruit and 
between fruits within a branch is mediated by phytohormones (Srivastava 
2002; Taiz and Zeiger 2002). In this respect, the levels of all such plant 
growth regulators fluctuates during fruit development as it has been de-
scribed in detail for tomato (Gillaspy et al. 1993; Fig. 12.5). For instance, 
cytokinins, which are known to promote cell division, peak at the time of 
fertilization and their levels decrease as fruit growth progresses (Fig. 12.5; 
Gillaspy et al. 1993; Taiz and Zeiger 2002). In turn, the levels of the cell 
growth mediator auxin peak during the time of fruit expansion for tomato 
(Fig. 12.5). Fertilization can induce a rapid cell division for various fruits 
(Avitia García and Castillo González 2007). However, the actual fruit ex-
pansion depends on the sink strength of fruits, competition with neighbor-
ing sib fruits, and the availability of resources (Lee 1988). For instance, 
fertilized fruits of Opuntia ficus-indica, whose seeds—the source of the 
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sink signal—are aborted, yield fruits that accumulate 30% less dry mass 
than fruits from a control group (Nobel and De la Barrera 2004b). More-
over, the effect of resource limitation can be illustrated by fertilized fruits 
growing on detached cladodes, i.e., they are water-limited, which accumu-
late 60% less dry mass than fruits growing on intact plants (Nobel and De 
la Barrera 2004b).  
 As mentioned above, gibberellins regulate one of the four known ge-
netic pathways for flowering (Oh and Lee 2007). In this respect, levels of 
gibberellins have been detected to increase at the time of fertilization or 
shortly after for Opuntia ficus-indica (Inglese et al. 1998), grape (Agüero et 
al. 2000), and tomato (Gillaspy et al. 1993; Fig. 12.5), and play an impor-
tant role in fertilization and seed formation for Arabidopsis, pea and grape 
(Swain et al. 1997; Agüero et al. 2000; Singh et al. 2002). However, the 
application of exogenous gibberellins causes seed abortion for developing 
fruits of grape, pea, and Opuntia ficus-indica (García-Martínez and Hed-
den 1997; Agüero et al. 2000; De la Barrera and Nobel 2004b). Indeed, 
seed-produced gibberellic acid seems to act as an inhibitor of further fruit 
development in trees, which is believed to mediate competition for mater-
nal resources in plants (Haig and Westoby 1988). For tomato, the levels of 
gibberellins have a second peak at the time of seed formation and decrease 
at the time of fruit expansion, concomitant with a second peak of auxin 
levels (Fig. 12.5). Another well documented role of gibberellic acid is the 
induction of seed germination (Srivastava 2002; Taiz and Zeiger 2002). In 
this case, viviparous germination of seeds in developing fruits may be in-
hibited during the second peak of auxins which have an antagonistic effect 
to that of gibberellins in germination (Fig. 12.5; Baskin and Baskin 1998; 
Taiz and Zeiger 2002; De la Barrera and Nobel 2004b).  
 

 
 
Figure 12.5. Changes in phytohormone levels throughout fruit development for 
tomato. Copyright by the American Society of Plant Biologists, modified from Gil-
laspy et al. (1993) with permission. 
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 Abscisic acid can be detected in developing fruits of tomato from the 
onset of fruit expansion to the time of color break (Fig. 12.5). This hormone 
is a regulator of stomatal opening (Taiz and Zeiger 2002). As discussed 
above, plant reproduction is a costly process in terms of water. For the case 
of developing fruits, water is required to drive the cell expansion leading to 
plant organ growth. In many cases, young fruits are able to conduct CO2 
uptake until the time of color break with an inevitable transpirational water 
loss. For instance, fruits of Opuntia ficus-indica have a daily transpiration  
of about 0.6 g of water (half of their daily supply) at 20 days after anthesis, 
when stomatal conductance reaches 15% of that at the time of fertilization 
(De la Barrera and Nobel 2004b). Here, the presence of abscisic acid could 
reduce transpirational water loss in favor of fruit growth. 
 Ethylene is the last phytohormone involved in fruit development (Fig. 
12.5).  The discovery of the regulatory function of this gas was serendipi-
tous, stemming from the observation of off-season leafless urban trees that 
grew in the vicinity of the ethylene lamps that were used for city illumina-
tion (Srivastava 2002; Taiz and Zeiger 2002). Research about the trans-
duction cascade of ethylene mediated ripening has revealed reciprocal 
regulation of developmental processes between the gas and auxin 
(Srivastava 2002; Taiz and Zeiger 2002; Trainotti et al. 2007). Currently 
the ethylene mediated ripening of so called climacteric fruits is used to 
manage shelf-life, as is the case for the year-round available banana. 
 Once a fruit has reached its final size, ripening involves changes in fruit 
color, a de-polymerization of storage carbohydrates, and the degradation of 
cell walls that entices its ingestion by animal dispersers (Gillaspy et al. 
1993; Agüero et al. 2000; Taiz and Zeiger 2002; De la Barrera and Nobel 
2004b). 
 
Germination and establishment 
 

While germination and establishment are not per se stages in the re-
productive cycle of a plant, successful germination and eventual establish-
ment contribute to the fitness of an individual. They can be considered as 
the link between the reproductive cycles of successive plant generations 
(Fig. 12.1). Because the environmental biology of seed germination has 
been extensively reviewed (Baskin and Baskin 1998; Rojas-Aréchiga and 
Vázquez-Yanes 2000), especially for cacti, the focus of this section is the 
survival and performance of very young seedlings. In this respect, the seed-
ling stage constitutes the bottleneck for the recruitment of most long-lived 
plants and mortality is especially high for very young individuals. 
 A straightforward way to assess the magnitude of maternal investment 
in seedling survival is by measuring the amount of resources that are allo-
cated to seeds as seed mass. This parameter ranges over ten orders of mag-
nitude from a few micrograms for certain orchids to more than 20 kg for 
the double coconut (Moles et al. 2005). Ecological studies suggest that 
parental investment in seed mass can decrease seedling mortality. In this 
respect, a so called “reserve effect” has been proposed as a mechanism ex-
plaining maternal investment in seedling development with implications in 
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survival (Westoby et al. 1996). In particular, smaller seeds have to invest a 
larger proportion of their cotyledon reserves in the construction of vegeta-
tive organs than do their larger counterparts. This can be observed as 
greater relative growth rates for seedlings originated from smaller seeds 
than their counterparts from larger seeds (Paz et al. 2005). For instance, a 
meta-analysis of about thirty different species (Moles and Westoby 2004a) 
revealed that small seeds (0.02 mg in mass) had an expected 40% mortality 
one week after emergence and 95% after six weeks of emergence, while the 
mortality for larger seeds (3, 500 mg) was substantially lower, 0.8% after 
one week of emergence and 4.7% after six weeks. A similar trend is ob-
served for seeds from eight species of the tropical rainforest genus Psy-
chotria for which seedling survival and size for one-year-old seedlings are 
generally greater for individuals originated from larger seeds than those 
from smaller seeds (Paz and Martínez-Ramos 2003). 
 Seedling mortality can be very high and have multiple causes. Never-
theless, the most prevailing causes for such mortality are, in decreasing 
order, drought, herbivory, and pathogen attack (Moles and Westoby 
2004b). In either case the reserve effect can explain, at least in part, an 
increased survival for seedlings from larger seeds. For the case of drought, 
it has been observed that tolerance increases for seedlings of Stenocereus 
benecki from heavier seeds (Ayala-Cordero et al. 2006). Solutes from coty-
ledons could be mobilized into seedling cells to osmotically control turgor. 
In other cases, the effect of increased cotyledon reserves can be morpho-
logical, as has been observed for seedlings of Stenocereus beneckei and S. 
queretaroensis whose volume to surface area ratio is positively correlated 
with cotyledon reserves. By altering their morphology, seedlings are able to 
increase the storage of water while decreasing the surface area available for 
water loss (Ayala-Cordero et al. 2004; Gallardo-Vásquez and De la Barrera 
2007). 
 Regarding herbivory, the reserve effect hypothesis predicts that be-
cause larger seeds allocate a smaller proportion of their reserves to the 
production of vegetative organs, they are able to resprout following an at-
tack by herbivores, as has been observed for various species (Foster 1986; 
Bonfil 1998; Green and Juniper 2004). However, seeds with larger cotyle-
dons are more prone to predation than their smaller counterparts (Baskin 
and Baskin 1998; Alexander et al. 2001; Moles and Westoby 200b).  
 Plant responses to patogens are complex and costly. For instance, the 
systemic acquired resistance (SAR) consists of a plant-wide accumulation 
of chitinases and other hydrolitic enzimes in a process that is apparently 
induced by salicylic acid (Taiz and Zeiger 2002). Another resource de-
manding feature of SAR is the involvement of the enzyme phenylalanine 
ammonia-lyase (PAL) that mediates the synthesis of phenolic compounds 
that aid in protection against pathogen and herbivore attack (Camm and 
Towers 1973; Fosket 1994). (Actually, PAL also plays a major role in plant 
carbohydrate metabolism, including the synthesis of cell walls and certain 
responses to drought, so its involvement should also be considered when 
studying seedling drought tolerance; Camm and Towers 1973; Hura et al. 
2007; Hura et al. 2008). Thus, it makes sense that seedlings that origi-
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nated from larger seeds will be better suited for powering the carbohydrate 
demanding SAR metabolic machinery. 
 Cotyledons, however, are not mere reservoirs for carbohydrates and 
mineral nutrients that maintain seedling physiological functions until 
reaching autotrophy (but see Kitajima 2002; Lamont and Groom 2002; 
Kennedy et al. 2004; Moles et al. 2005). Recent studies, mainly about her-
bivory, have shown that in addition to an impact on seedling survival, coty-
ledon integrity during early development for seedlings has repercussions 
that only become evident at the reproductive stage (Kitajima 2003; Green 
and Juniper 2004; Hanley and May 2006; Hanley and Fegan 2007). In this 
respect, the influence of cotyledons on seedling performance can be indi-
rectly observed by studies of very young seedlings. Further, for some spe-
cies, tolerance to drought and high irradiation, as well as resistance to her-
bivory, decrease as the reliance of seedlings on cotyledon reserves de-
creases resulting in an enhanced survival of younger individuals (del-Val 
and Crawley 2005; Gallardo-Vásquez and De la Barrera 2007).  
 While germination can occur under relatively ample environmental 
conditions, the eventual emergence and survival of seedlings can, in some 
cases, require specific and relatively stable microenvironments (Harper et 
al. 1961; Harper et al. 1965; Baskin and Baskin 1998; De la Barrera and 
Nobel 2003). For instance, seedlings are very infrequently observed in the 
field for many species from arid or semi-arid environments, as is the case 
for the North American succulents Agave deserti, Carnegia gigantea, Fe-
rocactus acanthodes, Stenocereus queretaroensis (Turner et al. 1966; Jor-
dan and Nobel 1979; Nobel 1988; Gallardo-Vásquez and De la Barrera 
2007). For these species a close association with nurse plants or other 
nurse objects can increase survival, through the amelioration of the physi-
cal microenvironment to which seedlings are exposed and, in many cases, 
provide shelter against predation (Schupp 1988; Franco and Nobel 1988, 
1989; Nobel 1989; Valiente-Banuet and Ezcurra 1991; Nobel et al. 1992; 
Leirana Alcocer and Parra-Tabla 1999; Ibáñez and Schupp 2001; Munguía-
Rosas and Sosa 2007; Peters et al. 2008). In this case, a tradeoff between a 
temperature and herbivory “safe” environment and a vigorous photosyn-
thesis (although many species that frequently use nurse plants/objects 
inherently have very slow growth rates) is caused by low light availability 
under the canopy of nurse plants and might favor the survival of larger 
seeds, as is the case for seedlings of rainforest species growing in the un-
derstory (Kitajima 2002; Paz and Martínez-Ramos 2003; Myers and Kita-
jima 2007). Although the environmental and herbivory-avoiding advan-
tages of interactions with nurse plants have been amply documented to be 
beneficial, recent phylogenetic studies of nurse-protegee interactions reveal 
that not all nurse plants are created equal (Valiente-Banuet et al. 2006; 
Valiente-Banuet and Verdú 2008). While any seed can germinate under 
any nurse species, as seedlings grow, a shift from facilitation to competition 
(where the younger interactor inevitably dies) can occur when the interact-
ing species are taxonomically related. In this case, further studies of 
mechanisms of plant-plant interactions are in need. 
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Concluding remarks 
 

The scientific career of Park Nobel has been most influential in the de-
velopment of plant ecophysiology. Although reproductive aspects of plants 
were not the main focus of his research program, his contributions to the 
field are substantial. Whenever available examples from work conducted in 
his laboratory bodies were used throughout this chapter preferentially over 
other examples from the literature. 

Plant reproduction is a costly process for which resources are invested 
in order to increase the chances of the recruitment of a new generation of 
reproductive individuals. This process is greatly influenced by enviromen-
tal cues complexly interacting with endogenous signals, such as phytohor-
mones. A thorough revision of all processes and interactions involved 
would require at least an entire book and was not the focus of this chapter. 
However, the main aspects of plant-environment interactions during re-
productive development were considered. Of particular importance are 
light and air temperature that control phenology, although water limita-
tions can also play an important and sometimes disruptive role. 

An issue of major concern for natural scientists in general is the im-
pending global climate change. Expected climate alterations in prevailing 
air temperature and rainfall regimes will most likely affect plant reproduc-
tion and present a two-fold challenge for plant ecophysiologists. First, 
studies of plant reproductive ecophysiology will allow the assessment of the 
vulnerability of plants to various scenarios of climate change. Such assess-
ments could even enable the implementation of management practices 
leading to the conservation of biodiversity. The second challenge is more 
complex. Food supply for humans is largely dependant of successful plant 
reproduction, as is the case for cereals and fruits. In addition to climate 
alterations, a dramatic increase of the human population, particularly in 
developing countries, is expected, so the contributions of ecophysiology in 
aiding sufficient food production are of paramount importance. 
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Introduction 
 
Water availability is the principal factor controlling population, communi-
ty, and ecosystem dynamics in arid and semi-arid environments (Schwin-
ning et al. 2004). Precipitation in these water-limited environments comes 
in discreet pulses varying in size, frequency and intensity (Loik et al. 
2004), thereby producing unique hydrological patterns that constrain the 
location and residence time of soil water available for plant uptake (Noy-
Meir 1973). Due to high rates of evapotranspiration, the residence time of 
soil water during the growing season is short. Yet, these moisture pulses 
can trigger a suite of short-lived, but very active biological processes that, 
integrated through time, can shape many aspects of plant physiology, eco-
system function, and biogeochemistry (Smith and Nobel 1986; Austin et al. 
2004; Huxman et al. 2004c). The ecological sensitivity to pulsed inputs of 
moisture varies tremendously among different ecosystem components and 
across different levels of biological organization (Schwinning and Sala 
2004). Further complicating these patterns is that the short-term dynamics 
of soil water availability in the landscape varies along gradients of vegeta-
tion cover (Breshears et al. 1998; Midwood et al. 1998) and soil texture and 
topography (McAuliffe 2003). At a local scale, rainfall interception and 
alteration of microclimate by plant canopies (Carlyle-Moses 2004), biotic 
modification of soil hydraulic characteristics (Johnson-Maynard et al. 
2002) and root water uptake and redistribution (Hultine et al. 2004) en-
hance spatial and temporal variability of soil water. 

Variation of soil moisture availability in space and time promotes coe-
xistence of plant species that differ in their modes of water use and uptake 
(Burgess 1995). Plant photosynthetic carbon assimilation (A) leads to an 
inevitable loss of water via transpiration (T) through stomatal pores (Nobel 
1999). Thus, attributes that increase plant water-use efficiency (WUE; A/T) 
also may impose limitations on carbon gain. Consequently, plants conti-
nuously adjust WUE in response to changing evaporative demand by the 
atmosphere and availability of resources in the soil (Nobel 1999). The way 
in which plants optimize this photosynthesis to transpiration tradeoff illus-
trates key mechanisms of adaptation and survival in semi-arid environ-
ments (Schwinning and Ehleringer 2001). Water-use efficiency is also a 
useful concept when applied to the productivity potential of an entire eco-
system (Ponton et al. 2006). But at the ecosystem scale, temporal dyna-
mics of net carbon gain and water exchange are considerably more complex 
because soil organisms and other biophysical processes also contribute to 
ecosystem gas exchange (Huxman et al. 2004c).   

At large spatial scales, the synthetic parameter rain-use efficiency 
(RUE = annual net primary production/mean annual precipitation; Le 
Houerou 1984) is widely used as an integrator of processes and constraints 
on net biological productivity (Lauenroth and Sala 1992; Prince et al. 1998; 
Paruelo et al. 1999; Huxman et al. 2004b). RUE declines across different 
major biomes as mean annual precipitation rises, but is fairly constant and 
high across most arid and semi-arid ecosystems (Lieth 1975; Huxman et al.  
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2004b).  Such patterns imply the existence of a universal constraint impo-
sed by water scarcity at low precipitation averages and more complex, mul-
tiple limiting factors (e.g., light, nutrient availability) when water is abun-
dant (Huxman et al. 2004b). Variation in RUE among different sites within 
water-limited arid and semi-arid environments is related to contrasting 
plant functional types (Lauenroth and Sala 1992), lags in physiological 
recovery following drought (Ogle and Reynolds 2004), interactions with 
other organisms nutrient cycles that respond to intra- and interannual 
variability of precipitation (Austin et al. 2004) and the level of ecosystem 
degradation (Ehleringer 2001).  

In this chapter we provide an overview of ecophysiological processes 
that interact at the ecosystem scale to shape patterns of carbon and water 
exchange in semi-arid environments. The emphasis is on the short-term 
response of whole ecosystems to pulsed inputs of precipitation and the 
need to understand the dynamics of gas exchange fluxes associated with 
different ecosystem components. We then present some examples showing 
how stable isotope ratio measurements are used to trace component sour-
ces of ecosystem fluxes to provide insights into processes controlling eco-
system water-carbon interactions. 

 
Vegetation responses to pulsed precipitation 

 
Plants influence the ecosystem carbon and water cycles through phy-

siological regulation of photosynthesis, respiration and transpiration and 
by their effects in modulating macroclimate. Furthermore, patterns of soil 
water uptake and use by plants in semi-arid ecosystems has influence in 
life form coexistence and therefore in ecosystem carbon and water rela-
tions. Plant effects on ecosystem carbon-water interactions are greatest 
soon after precipitation pulses when resource availability and metabolic 
activity is high. However, plants in arid and semi-arid regions are not al-
ways in an optimal state to take advantage of water and associated resour-
ces when they first become available (Schwinning and Sala 2004). Follo-
wing rainfall inputs, plants can continue to function in a down-regulated 
state or invest internal resources to enhance root and leaf activity to exploit 
the new resources (Schwinning et al. 2003). Species-specific responses to 
threshold sizes of precipitation input determine variation in physiological 
dynamics within plant communities. Below these thresholds, plants res-
pond passively (e.g., opening stomata without energy investments) or do 
not respond at all to increased water availability, and above the threshold 
plants respond actively to acquire more resources (e.g., root construction, 
enzyme production; Schwinning et al. 2002; Williams and Snyder 2003). 
Following optimization theory, plants that do not respond to pulses of pre-
cipitation incur no metabolic cost, but benefits for the plant are also mar-
ginal. However, energy investments necessary to fully exploit a pulse are 
risky since the return on the investment depends on soil moisture duration, 
which in semi-arid environments is highly variable and largely unpredicta-
ble (Schwinning et al. 2003; Williams and Snyder 2003; Loik et al. 2004). 
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Different plant lifeforms of semi-arid environments have evolved spe-
cialized spatial and temporal patterns of water uptake. Shallow rooted 
grasses and herbaceous dicots are capable of using frequent and short-
duration water pulses, while extensively rooted woody plants generally use 
deep and more stable sources of water (Sala et al. 1989; Ehleringer 1991). 
This niche separation is found in several regions of the world (Scholes and 
Archer 1997), but may not apply to early developmental stages of woody 
plants (Weltzin and McPherson 1997). In general, the response of trees and 
shrubs to pulsed inputs of precipitation is more variable but overall less 
pronounced than in herbaceous species, since deeper soil horizons main-
tain more stable sources of water (Sala and Lauenroth 1982; Loik et al. 
2004). Additionally, the way plants partition and use water resources vary 
according to the size of precipitation events (Schwinning et al. 2003). 
Small rainfall events (<5 mm) may favor shallow-rooted herbaceous spe-
cies (Sala and Lauenroth 1982) and deeper-rooted plants likely are favored 
only by large events that wet deeper layers in the soil. Golluscio et al. 
(1998) observed that shrubs were responsive to large precipitation events 
only when precipitation was preceded by drought conditions, thus high-
lighting the relevance of moisture conditions preceding rainfall.   

The extent of the response in trees or shrubs to precipitation pulses al-
so varies according to particular ecophysiological characteristics. For 
example, rooting depths and functionality (Nobel 1994), size/age hydraulic 
constraints inherent to different stages of development (e.g., Magnani et al. 
2000; Eamus 2003) and canopy characteristics (e.g., roughness; Tuzet et 
al. 1997) all affect the speed of recovery following rain events. A threshold-
like response in size/age may trigger a transition from a precipitation pul-
se-driven ecosystem to one partially decupled from rain (Williams and 
Ehleringer 2000). In fact, in mature stages, trees may have the ability to 
avoid drought by accessing deeper sources of water (e.g., phreatophytes) 
and thus decoupling tree function from inputs of rain (Scott et al. 2003).  

In general, the ecophysiological responses of plants to infrequent inputs 
of water are variable and to a large extent controlled by antecedent condi-
tions and lag effects (Ogle and Reynolds 2004). In their long-term analysis 
Lauenroth and Sala (1992) observed that annual NPP of the shortgrass 
steppe in North America had a coefficient of variation of 44%, and recovery 
of NPP took up to 4 years following drought. Yan et al. (2000) observed 
that patterns of water status and leaf-level gas exchange in shrubs from the 
Chihuahuan desert were a function of the length of the period preceding 
rainfall rather than to the pulse size when precipitation occurred. Similarly, 
shrubs and grasses from the Colorado Plateau did not respond equally to 
spring and summer pulse events due to conditions prior to the pulse and 
the physiological controls on gas exchange when the stress was released 
(Schwinning et al. 2002). Although not fully understood, it appears that 
the physiological and morphological condition of dominant vegetation in 
arid and semi-arid environments underlie thresholds and lags in ecosystem 
recovery following precipitation events (Schwinning and Sala 2004). 
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Ecosystem response to pulsed precipitation 
 

General circulation models predict that precipitation intensity may in-
crease during this century due to intensification of the hydrological cycle 
under warmer climates (Karl and Trenberth 2003). Such changes, in com-
bination with regional and local climatic features and topographies, may 
result in modified precipitation regimes characterized by fewer precipita-
tion days, longer periods between precipitation events and higher temporal 
variation. These changes will directly impact the structure and function of 
terrestrial ecosystems. In a mesic grassland Knapp et al. (2002) observed 
that altered precipitation frequencies (but not amount totals) affected key 
ecosystem processes to a degree comparable to that observed in experi-
ments with elevated CO2. Accordingly, arid and semi-arid ecosystems are 
likely to be more sensitive to changes in precipitation than to other global 
changes (Weltzin et al. 2003). The present and future trends of precipita-
tion variability underscore the urgent need to understand ecosystem and 
component responses to moisture variability at an appropriate scale of 
integration. In order to understand how arid and semi-arid ecosystems 
respond to inputs of precipitation within the context of ecosystem science 
and global change studies, knowledge is needed on how plants and other 
organisms respond to such environmental controls as an integrated sys-
tem.  

Annual rain-use efficiency (RUE; Le Houerou 1984) is an important 
index relating carbon and water cycles at the ecosystem scale. However, 
this index lacks resolution on the contributing processes that occur over 
the course of individual wetting and drying cycles. Dynamics of carbon and 
water exchange at the ecosystem level following pulsed inputs of rain is an 
integration of several soil and plant metabolic reactions and biophysical 
constraints whose rates and magnitudes of response are shaped by multi-
ple factors interacting at different scales (Huxman et al. 2004c). Recent 
measurements of ecosystem-scale gas exchange following pulsed precipita-
tion show that species-specific plant and soil processes are independently 
influenced by pulse frequency/magnitude and inter-pulse duration but, as 
a whole, produced unique patterns of ecosystem gas exchange (Huxman et 
al. 2004a; Scott et al. 2006a). For example, carbon exchange following a 
pulse has two phases. Soon after the pulse, CO2 is lost to the atmosphere 
because the net flux is dominated by a high CO2 efflux from the soil asso-
ciated with CO2 mass displacement from soil pores and rapid metabolic up 
regulation of soil microbial populations (Xu et al. 2004; Jarvis et al. 2007). 
While, at some point thereafter, plants may recover their photosynthetic 
capacity and the net carbon flux of the ecosystem reflects a net carbon gain. 
Therefore, ecosystem responses to precipitation pulses are better described 
by the instantaneous patterns of net ecosystem carbon exchange (NEE) 
and evapotranspiration (ET; Hastings et al. 2005; Scott et al. 2006a). NEE 
is the balance of gross photosynthesis and plant and microbial respiration 
fluxes, expressed as:   

microbialplantgross R-R-PNEE =    (Eq. 13.1) 
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where Pgross is the gross carbon gain of photosynthesis in the light, Rplant is 
the total respiratory CO2 loss from the plant (about half of Pgross) and Rmicro-

bial is the carbon loss through respiration by the soil microbiota. Evapo-
transpiration is the sum of plant transpiration (T) and soil evaporation (E) 
and may equal or exceed annual precipitation in arid and semi-arid envi-
ronments (e.g., when groundwater is accessed). Furthermore, similar to 
the functional adaptations at the organismal level (Smith and Nobel 1986; 
Schwinning and Ehleringer 2001), the tradeoff of water for carbon at the 
ecosystem level (an ecosystem water-use efficiency index, EWUE = 
NEE/ET) may provide the basis for linking ecological and hydrological 
mechanisms to the productivity potential of a site. Although these parame-
ters are integrative, they provide resolution on seasonal and short-term 
biological processes controlled by resource supply and climatic constraints 
(Chapin et al. 2002). However, further understanding of the controls on 
individual component fluxes at the appropriate spatial and temporal scales 
is needed to advance theory on ecosystem function. For example, assuming 
that run on and run off are minor components of the ecosystem water bud-
get (likely in semi-arid basins; Wilcox et al. 2003), the short-term rain-use 
efficiency of a particular ecosystem can be interpreted as the product of 
three interrelated variables: the proportion of precipitation that is transpi-
red by the plant community, the precipitation fraction that is lost as evapo-
rated water from the soil (without stimulating photosynthetic activity but 
rapidly driying the surface) and the water-use efficiency of the vegetation 
(e.g., productivity per unit of water transpired; Noy-Meir 1985).  

Transpiration usually explains a significant proportion of the ET flux in 
semi-arid environments (Table 13.1) and is strongly related to Pgross because 
of the common pathway of water vapor and CO2 exchange through stoma-
tal pores (Nobel 1999). Thus, the T/ET ratio reflects ecosystem level res-
ponses to precipitation in a synthetic way. Estimates in the literature of 
T/ET for semi-arid ecosystems vary widely, in part due to a lack of stan-
dardization of measurement approaches (Wilson et al. 2001) and the diffi-
culties of directly measuring T/ET under field conditions (Table 13.1). Rey-
nolds et al. (2000) argued that some reconciliation among disparate esti-
mates of T/ET might be reached by determining the T/ET trend over long-
term periods relying on models of ecosystem water balance (Paruelo and 
Sala 1995; Kemp et al. 1997). Such an approach provides relevant informa-
tion for understanding the year-to-year variability controlling ecosystem 
water balance, but still lacks resolution on the dynamics of single infre-
quent precipitation pulses. Nevertheless, observations of T/ET illustrate 
key mechanistic constraints that are likely to control NEE, since these pa-
rameters are interconnected by temporal and spatial dynamics of soil mois-
ture availability.  

Following a precipitation event (or a cluster of significant events), arid 
and semi-arid ecosystems experience a very dynamic period of soil moistu-
re conditions and canopy resistances (Fig. 13.1a; Schlesinger et al. 1987; 
Scott et al. 2006a). In the absence of new events, this wetting and drying 
period lasts just a few days allowing only a short-duration window for bio- 
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Table 13.1. Estimations of water loss indicated as the ratio of transpiration to 
evapotranspiration (T/ET) in various arid and semi-arid ecosystems. 
 

Location 
Vegetation 
type 

T/ET % 
(mean) Method Ref. 

Sonoran desert  Mixed  27 to 41 Modeling 2 

Sonoran desert  Mixed  5 to 25 
Soil water budget  
  (SWB) 3 

Sonoran desert  Shrubland 7 Lisymeter  4 

Sonoran desert  Shrubland 80 Stable isotopes  5 

Chihuahuan desert Shrubland  72 
Hygrometers in bare  
  and vegetated 6 

Chihuahuan desert Shrubland  6-60 (34) Long-term modeling  1 

Chihuahuan desert Grassland 1-54 (34) Long-term modeling  1 

Chihuahuan desert Shrubland 58 to70 
Eddy covariance and  
  sap flow 7 

Chihuahuan-Sonoran 
  transition 

Mesquite    
  woodland 

65 to100  
  (90) 

Eddy covariance and  
  stable isotopes 8 

Mojave desert Mixed shrub 35 
Integrated leaf transp. 
  and soil evap. 9 

Mojave desert Mixed shrub 15 to 37 Water balance  10 

Death valley  Mixed shrub 53 
Separated leaf transp. 
  and soil evap. 11 

Great basin Atriplex  54 
Integrated leaf transp. 
  and SWB 12 

Great basin Sagebrush 55 to 77 Modeling  13 

Central Plains 
Shortgrass  
  steppe 68 to 78 

Stable isotopes and  
  SWB 14 

Central Plains 
Shortgrass  
  steppe 40 to 75 (51) Modeling 15 

Patagonian steppe Mixed  38 
Modeling, Remote  
  sensing   16 

Californian chaparral  Chaparral 8 to 59 Modeling  17 

Mediterranean grassland Grassland 31 to 60 Modeling  18 

Morocco 
Olive  
  orchard 72 to 86 

Eddy covariance and  
  stable isotopes 19 

Sahel 
Fallow  
  woodland 20 Stable isotopes  20 

Numbers in parenthesis are average values. Table was expanded from 1) Reynolds 
et al. 2000, with data from: 2) Young and Nobel 1986; 3) Evans et al. 1981; 4) 
Sammings and Gay 1979; 5) Liu et al. 1995; 6) Schlessinger et al. 1987; 7) Scott et 
al. 2006; 8) Yepez et al. 2007; 9) Smith et al. 1995; 10) Lane et al. 1984; 11) Stark 
1970; 12) Caldwell et al. 1977; 13) Campbell and Harris 1977; 14) Ferreti et al. 
2003; 15) Lauenroth and Bradford 2006; 16) Pauelo et al. 2000; 17) De Jong and 
Hayhoe 1984; 18) Floret et al. 1982; 19) Williams et al. 2004; and 20) Brunel et 
al. 1997. 
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Figure 13.1. Hypothetical short-term response of CO2 exchange and ecosystem 
water-use efficiency over a wetting event and subsequent drying cycle. a) Precipita-
tion (vertical bars) and soil moisture content in shallow and deep layers. b) Net 
ecosystem carbon exchange (NEE), gross photosynthesis (Pgross) and ecosystem CO2 
efflux, autotrophic and heterotrophic respiration (Re) and CO2 mass displacement 
(MD) from the soil pores. c) Ecosystem water-use efficiency (NEE/ET) and the 
transpiration to evapotranspiration ratio (T/ET). 
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logical activity to occur (Noy-Meir 1973; Austin et al. 2004). Consequently, 
if water circulates in the transpiration stream (e.g., higher T/ET), precipi-
tation pulses may contribute to gross photosynthesis and a larger fraction 
of available precipitation would be used for production. The extent of the 
response depends on the pre-pulse conditions, microclimate, the orga-
nisms present, the phenological phase and the canopy and root structure of 
the dominant vegetation. Thus, a more mechanistic explanation for the 
dynamic interaction between biogeochemical and ecophysiological controls 
on ET and NEE in semi-arid ecosystems can be provided by measuring flux 
of ecosystem components during individual wetting and drying cycles. For 
example, transpiration during photosynthetic carbon gain and the physical 
process of soil evaporation and soil CO2 efflux produce unique patterns of 
EWUE in pulse-driven ecosystems (Fig. 13.1c). Soon after the pulse, EWUE 
is low because of high soil evaporation rate (e.g., low T/ET), low photo-
synthetic carbon gain and a substantial soil CO2 efflux (Fig. 13.1b). In the 
initial stage of the pulse cycle water is lost without participation in pho-
toautotrophic processes. Later in the pulse dynamic the soil surface dries, 
limiting microbial activity and reducing soil evaporation as photosynthesis 
compensates. At this stage, if the magnitude of the pulse and speed of pho-
tosynthetic recovery is high, NEE will reflect a net carbon gain for the eco-
system (Huxman et al. 2004c). During the inter-pulse period, T/ET is high 
(although rates are low) and EWUE may be more a function of physiologi-
cal limitations imposed by drought (e.g., limited photosynthetic capacity, 
low stomatal conductance, or leaf shedding). Such a trend was recently 
demonstrated in stands dominated by two different grass species in semi-
arid grassland after an experimental irrigation event (Huxman et al. 
2004a), where ET and T/ET followed species-specific patterns through 
time but correlated with physiological activity and LAI. Water was lost 
primarily via soil evaporation in the first day or two following the irriga-
tion, but T/ET, carbon uptake and leaf growth increased thereafter. The 
differences between the responses of the two species reflected differing 
patterns of ecophysiological up-regulation to the pulse. To illustrate these 
patterns with experimental data, Fig. 13.2 shows the response of Eragros-
tis lehmanniana stands to a 39 mm irrigation event early in the growing 
season of 2003. In this case, during the first week following the moisture 
pulse the principal component of ET was soil evaporation with T/ET var-
ying from 0.2 to 0.40 as the pulse dynamic progressed (Fig. 13.2d). Nota-
bly, as the transpiration flux increased, NEE also reflected a net CO2 gain of 
the ecosystem which suggested a rapid physiological up-regulation in res-
ponse to the pulse.  

A strong response to the moisture pulse was also reflected in the pat-
tern of EWUE which remained low during periods of poor photosynthetic 
carbon gain (day-1) and high CO2 losses (day 1), but was at maximum later 
in the pulse dynamic when respiratory and evaporation fluxes decreased 
and NEE peaked for carbon gain to the ecosystem (Fig. 13.2b, e). As in the 
Huxman et al. (2004c) study, stands that had higher T/ET ratios through 
out the pulse showed a higher EWUE and gained more carbon resulting 
from pulse (not shown).  
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Figure 13.2. Stand-level measurements of water (a; ET and T) and CO2 exchange 
(b; NEE) in experimental stand of the C4 grass Eragrostis lehmanniana following 
an irrigation of 39 mm. Volumetric water content in the soil (c) was measured with 
reflectrometers. Fluxes of CO2 and water were measured with an infrared-gas ana-
lyzer arranged in a close loop with the headspace of 4000 l chamber placed and 
sealed above the grass stand.  The T/ET ratio (d) was calculated based on the isoto-
pic composition of water vapor withdrawn from the chamber at different time in-
tervals to produce Keeling plots (see Box 13.1, Fig. 13.4 and Yepez et al. 2005 for 
details). Transpiration rates were calculated by multiplying T/ET by ET. The eco-
system water-use efficiency was calculated as NEE/ET and multiplied by –1. Error 
bars are 1 standard error of the mean (n=3).   
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Figure 13.3. Isotopic composition of the principal pools and fluxes of the ecosys-
tem water cycle of a semi-arid mesquite woodland late in the summer growing 
season of 2001. Notice the large isotopic ratio differences between the tree and 
understory transpiration fluxes in relation to soil evaporation as a result of equili-
brium and kinetic fractionations during the process of evaporation (Box 13.1). Such 
differences form the basis for an isotopic mass balance partitioning to calculate 
T/ET as described in the text (Eq. 13.2). Data source: Yepez et al. 2003. 
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Variation from the trends depicted in Fig. 13.1 may be found in more 
complex communities composed of multiple life forms (e.g., savannas or 
shrublands). Woody plants alter the structure and function of the ecosys-
tem through spatial resource concentration (Reynolds 1999), modification 
of the microclimate (Breshears et al. 1998) and access to more extensive 
water sources (Scott et al. 2003).  These effects establish a mosaic of envi-
ronmental and physiological stress conditions prior to a precipitation pulse 
that produce unique dynamics of net ecosystem fluxes (Eamus 2003).  

Across a shrub encroachment gradient within a semi-arid riparian 
area, Scott et al. (2006b) illustrated important differences in ET and NEE 
responding to precipitation as the encroaching vegetation increasingly 
accessed ground water. In that study, the trends depicted in Fig. 13.1 where 
generally similar in grassland, scrubland and woodland but the magnitude 
of the fluxes and the sustainability of the rates varied widely. Prior to mon-
soonal precipitation (in late spring and early summer), all sites showed a 
net carbon gain as the canopies greened out, but soon after the first pre-
cipitation events of the summer NEE approached zero and in some cases 
(e.g., shrubland and woodland) the system was a net CO2 source to the 
atmosphere (see also Yepez et al. 2007). Remarkably, later in the rainy 
season, NEE in all ecosystems suggested a strong CO2 sink. Clearly, the 
contrasting sensitivities of different ecosystem components made neces-
sary that individual fluxes to be accounted for. To explain the sudden and 
sustained decreases in CO2 gain following early season rains, the authors 
separated NEE into Pgross and ecosystem respiration (Rplant + Rmicrobial) and 
invoked mechanisms similar to the ones described for Fig. 13.1 to explain 
the patterns of CO2 exchange observed throughout the growing season. 
However, the authors also argued that and additional factor contributing to 
the high respiratory rates early in the season are in part exacerbated by 
copious amounts of litter produced the previous year in disequilibrium 
with the rainfall inputs due to the access to ground water. It was suggested 
that this litter was prevented from decomposition due to dry and cold tem-
perate during the non-growing season and therefore was readily available 
for decomposing when temperature was optimal and moisture arrived with 
the first rains (McLain and Martens 2006). From this and other similar 
studies in arid and semi-arid ecosystems (Huxman et al. 2004; Xu et al. 
2004; Hastings et al. 2005; Scott et al. 2006a, b; Jarvis et al. 2007; Yepez 
et al. 2007), it appears that the strong and sudden CO2 losses to the atmos-
phere following early season precipitation is a defining characteristic of 
seasonally dry ecosystems (see also Saleska et al. 2003). 
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Box 13.1. Isotopic composition of water vapor sources. 
 
 
Evapotranspiration vapor, δET 

 
Determination of the isotopic composition of the evapotranspiration flux (δET) 

is possible using “Keeling plots” of water vapor, mass balance mixing relationships 
similar to those used in studies of CO2 research (Keeling 1961; Pataki et al. 2003), 
where: 

                        

ETeblETpblpblebl δ)(1/C)δ(δCδ +⋅−=                  (Eq. B1) 

 
In this case, δebl is the isotopic composition of water vapor from the ecosystem 

boundary layer, Cpbl, and δpbl are the vapor concentration and the isotopic composi-
tion of the background atmosphere (planetary boundary layer), Cebl is the vapor 
concentration within the mixed ecosystem boundary layer, and δET is isotopic com-
position of the evapotranspiration vapor flux.  This expression is linear with a slope 
of Cpbl(δpbl-δET) and a y-intercept of δET (Yakir and Sternberg 2000).  

 
Vapor from soil evaporation, δE 

 
During the process of evaporation the isotopic composition of water is modi-

fied. By diffusing through boundary layers, fractionation processes act against the 
heavy isotopes resulting in an evaporation water flux depleted in heavy isotopes 
relative to the water at the evaporating surface in the soil (Gat 1996).  

The intensity of such depletion is a function of the isotopic composition of the 
vapor in the atmosphere, relative humidity and equilibrium and kinetic fractiona-
tions associated with a phase change and diffusion (Craig and Gordon 1965). Assu-
ming similar temperatures in the soil surface and the surrounding atmosphere and 
that no further isotopic fractionation occurs during fully turbulent transport away 
from the surface, a simple expression of the overall fractionation is provided in 
Moreira et al. (1997): 

 

( )
h

hα
α −
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E                                (Eq. B2) 

 
where RE is isotopic composition of  water evaporated from the soil and thus, 
equals δE (18O) by (RE/0.0020052-1)*1000 and  δE (2H) by (RE/0.00015576-
1)*1000, Rs is the molar ratio from the liquid water at the evaporating surface, and 
Ra is the ratio of the atmospheric vapor.  δ* is the temperature dependent equili-
brium fractionation factor (18O δ* = (1.137(106/Tsoil2) – 0.4156 (103/ Tsoil) - 2.0667) 
/ 1000 +1 and 2H δ* = (24.844(106/Tsoil2) – 76.248 (103/ Tsoil) + 52.612) / 1000 +1; 
with T in Kelvin units; Majoube 1971), δk is the Kinetic fractionation factor for mo-
lecular diffusion in air, 1.0285 and 1.025 for oxygen and hydrogen respectively 
(Merlivat 1978) or 1.0189 (~19 ‰) for oxygen and 1.017 (~17 ‰) for hydrogen in a 
turbulent boundary layer (Flanagan et al. 1991; Wang and Yakir 2000; see also 
Cappa et al. 2003) and h is the relative humidity of the air. 
 

continues on following page 
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Box 13.1 (continued) 
 
Isotopic composition of the transpiration vapor sources, δT 
 

During transpiration an isotopic steady state (ISS) can be attained, in which 
the vapor leaving the leaf has the same isotopic composition of water moving into 
the leaves from the xylem (Flanagan et al. 1991; but see Hardwood et al. 1999). This 
condition may occur despite the common enrichment of heavy isotopes in the leaf 
water as a product of kinetic and equilibrium fractionations (see above). Because 
there is no isotopic fractionation during water uptake by roots and transport to sites 
of evaporation in leaves (Ehleringer and Dawson 1992; Brunel et al. 1995; but see 
Ellsworth and Williams 2007), under ISS, the net effect on the isotopic composition 
of water used by the plant and then transpired is null and therefore the isotopic 
composition of the stem water could a reliable surrogate for δT (Yakir and Sternberg 
2000).  However, field and laboratory experiments investigating factors controlling 
the isotopic composition of leaf water suggest that, during typical diurnal regimes 
of atmospheric humidity, leaf water is not always at ISS and that transpiration at 
ISS occurs only after ambient conditions are relatively stable (Flanagan et al. 1991; 
Harwood et al. 1998; Farquhar and Cernusak 2005). A careful consideration of 
potential deviations from ISS is necessary when using the isotopic mass balance 
depicted in Eq. (2) because failure to account for deviations from ISS can translate 
in significant errors in the final estimates of T/ET under certain circumstances 
(Yepez et al. 2005, 2007; Lai et al. 2006). 

 
 
 

Ecosystem flux partitioning using stable isotopes 
 
  We highlighted the importance of understanding the short-term and 

seasonal dynamics of net ecosystem fluxes and their components at con-
gruent scales of integration. We now present examples illustrating the ap-
plication of stable isotopes to estimate the relative contribution of compo-
nent ecosystem fluxes.  

The stable isotopes of water are useful for tracing sources of ET becau-
se water vapor from plant transpiration and soil evaporation each have 
unique isotopic signatures (Fig. 13.3; Wang and Yakir 2000). Thus, by kno-
wing the isotopic signature of each ET source we can separate the relative 
contributions of T and E at the ecosystem scale. This is done using a mixing 
equation: 

ET

EET

δδ
δδT/ET

−
−

=    (Eq. 13.2) 

 
where δET is the isotopic composition of evapotranspiration, δE is the isoto-
pic composition of soil evaporation and δT is the isotopic composition of 
transpiration. δET is estimated using the ‘Keeling plot’ approach (Box 13.1; 
Yakir and Sternberg 2000).  

Figures 13.4 and 13.5 illustrate the application of the Keeling plot ap-
proach for partitioning ET in three semi-arid ecosystems of contrasting 
physiognomies. In the first case (Fig. 13.4) we collected vapor samples for 
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Keeling plots from a large (4000 liter) gas exchange chamber placed over 
experimental plots dominated by a perennial Eragrostis lehmanniana 
following an experimental irrigation with δ2H-labeled water (see above). 
Results from the Keeling plot analysis several days after the watering pulse 
revealed that early in the pulse dynamic soil evaporation was high (~70 %) 
and that it represented the largest fraction of ET throughout the duration 
of the pulse (Fig. 13.2d; Yepez et al. 2005). In contrast, water vapor to fit 
Keeling plots was collected from five heights (0.1 to 9 m) above the ground 
surface in an olive orchard six days after a large (100 mm) irrigation event 
(Williams et al. 2004). An estimate of δET of –8.5 ‰ was determined by 
regressing the δ18O composition of water vapor on the reciprocal of the 
vapor concentration collected from each height (Fig. 13.5a; Table 13.2). 
T/ET was 0.73 in this case, indicating that transpiration from olive trees 
dominated evapotranspiration even when the soil surface was moist (Wi-
lliams et al. 2004). Similarly, six days after a large natural rainfall event in 
a fairly dense mesquite (Prosopis velutina) woodland in Arizona, the T/ET 
ratio was quite high (0.85). But in this case, the authors were able to analy-
ze the vapor profile from underneath the mesquite canopy separately from 
the above canopy profile. Upper and lower profiles yielded unique estima-
tes of δET (Fig. 13.5b, c). These differences were used to partition ET from 
the whole ecosystem separately from that of the understory layer. Together 
with overstory and understory eddy covariance measurements of ET (Scott 
et al. 2003), the ET flux was partitioned into soil evaporation, understory 
transpiration and tree-canopy transpiration (Table 13.3; Yepez et al. 2003). 
In a later study, Yepez et al. (2007) used the same approach to assess the 
seasonal variably of T/ET at the mesquite woodland and combined the 
results with measurements of carbon exchange to elucidate the mecha-
nisms controlling the intraseasonal rain-use efficiency. From that study it 
was concluded that T/ET was as low as 0.65 during wet periods immediate-
ly after rain events but was generally above 0.80 trough most of the gro-
wing season (with a seasonal mean of 0.90; Table 13.1). In relation to the 
amount of rain received during that 6-month growing season (253 mm) the 
isotopic ET partitioning further suggested that the soil E flux amounted 78 
mm (31% of the precipitation received) while the mesquite trees and the C4 
grassy understory represented 38 and 31% of the precipitation input res-
pectively.  The ability to estimate T/ET and combine such estimates with 
scale-congruent measurements of ET and NEE allowed to calculate stand-
level T an after relating this flux with an estimate of Pgross an ecosystem-
level vegetation water-use efficiency (T/Pgross). Notably, early in the season, 
this index reflected the WUE of mesquite trees as the trees leafed out, but 
was higher during the peak growing season when the C4 component was 
fully developed.  
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Table 13.2. Summary of parameters for the isotopic partitioning of ET on three 
semi-arid ecosystems (mean ± SEM), δT is the isotopic composition of the transpi-
ration flux assuming isotopic steady state (e.g., based on xylem water), δE is the 
modeled isotopic composition of evaporation vapor based on Eq. B2 and the statis-
tical parameters of “Keeling plots,” y-intercepts (bold) correspond to δET (Box 13.1). 
 

   
Parameter  

δT   

   

Olive orchard  δ18O      –3.1 ± 0.2 

Mesquite Woodland  δ18O  

δT Mesquite Trees                       –6.4 ± 0.5 

δT Bulk Understory                       –5.3 ± 2 

δT Bulk Vegetation                       –6.3 ± 1 

Desert grassland  δ2H                       121 ± 2 

     

δE   

   

Olive orchard  δ18O                    –23.3 ± 0.6 

Mesquite Woodland  δ18O                       –30 ± 0.3 

Desert grassland  δ2H                         78 ± 2 

     

δET   Regression  

   

Olive orchard    

Total ET δ18O y=(–29.78 ± 3.47) – 8.49 ±0.97 

Mesquite Woodland    

   

Total ET   δ18O y=(–97.64 ± 9.41) – 9.16 ± 1.06 

Understory   δ18O y=(–40.76 ± 13.67) – 15.20 ± 1.43 

Desert grassland    
Total ET   δ 2H 

 
y=(–1018.77 ± 93.98) + 93.37 ± 7.61 
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Table 13.3. Results from the evapotranspiration flux partitioning of three semi-
arid ecosystems based on isotopic mass balance expression (Eq. 13.2) and assuming 
that transpiration occurred at isotopic steady state. T/ET ± SE according to the 
variability of the sources and the regression coefficients of the Keeling plots (Phil-
lips and Gregg 2001). Dmax is the daytime maximum vapor pressure deficit during 
the collection days. 

 

Ecosystem Isotope T/ET 
Days after mois-

ture input 
Dmax 
(kPa) Location 

      
Olive  
  orchard  δ18O 0.73 ± 0.05 6 2.8 

Marrakech, 
 Morocco 

      
Mesquite 
  woodland  δ 18O  6 4.1 

San Pedro River, 
Arizona 

Trees  0.71 ± 0.05    

Understory  0.17 ± 0.06    

Total  0.85 ± 0.05    

      
Desert  
  grassland  δ 2H 0.36 ± 0.17 3 8.6 

Santa Rita Exp. 
Range, Arizona 

            

 

 
 

Figure 13.4. Daytime Keeling plot from a desert grassland. Data were produced 
by placing a large chamber over a stand of Eragrostis lehmanniana 3 days after a 
δ2H labeled experimental irrigation at the Santa Rita Experimental Range in sout-
heastern Arizona. Closed symbols represent vapor collection periods in the morning 
and open symbols represent collections in the afternoon. Regression coefficients 
are shown in Table 13.2 (See Yepez et al. 2005 for details). 
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Figure 13.5. Daytime Keeling plots of water vapor collected within the turbulent 
boundary layer in two semi-arid woodlands six days after moisture input. Plots 
represent: a) total ET flux of an olive orchard monoculture in Marrakech Morocco, 
on day 313, 2002, b) total ET flux of a mesquite woodland in southeastern Arizona, 
on day 265, 2001, and c) ET flux of the mesquite woodland understory dominated 
by a C4-bunch grass and annual herbs. Closed symbols represent vapor collection 
periods in the morning and open symbols represent collections in the afternoon. 
Regression coefficients are shown in Table 13.2.   
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Relying on Keeling plot analysis and mixing models CO2 flux partitio-
ning is also possible (Pataki et al. 2003). In such case, the approach has 
been mainly used to partition the nighttime respiratory flux (Werner et al. 
2007). For example, at the same mesquite woodland described above, Wi-
lliams et al. (2006) demonstrated that partitioning nighttime respiration is 
possible if the isotopic composition of the carbon from the contributing 
sources is know. The y-intercept of the regression between the δ13C of CO2 
collected in a height profile vs. the corresponding concentration (i.e., the 
result from a Keeling plot; Box 13.1) indicated that the isotopic composition 
of ecosystem respiration was –28.3 ‰ prior to the monsoon rains and 
shifted to –21.7 during the peak monsoon. During this growing season 
(2002), the δ 13C signal from mesquite respiration varied between –26 and 
–28‰ and varied between –24 and –21 ‰ for the litter and soil organic 
matter. Thus, as suggested by Scott et al. 2006b (see above), the shift to a 
more positive δ13CO2 values of ecosystem respiration indicated by the Kee-
ling plots following monsoon rains, point to a larger contribution to the 
nighttime respiratory flux by heterotrophic respiration.  

These results reiterate the need to understand the relative contribu-
tions of component fluxes to gain advanced knowledge about the functio-
ning of ecosystems as a function of variable rainfall events and conform to 
the idea of interpreting the rain-use efficiency of an ecosystem as the pro-
duct of the transpired proportion of precipitation, the precipitation fraction 
that is evaporated back to the atmosphere and the water-use efficiency of 
the vegetation (Noy-Meir 1985). 

 
Concluding remarks 

 
Anticipated changes in regional and global precipitation will likely al-

ter key processes affecting productivity of arid and semi-arid ecosystems. 
Rain-use efficiency (RUE) is an integrated index of carbon-water interac-
tions useful for understanding annual variation of ecosystem function. 
However, RUE does not capture potentially important short-term respon-
ses to precipitation. Detailed understanding of the plant and microbial 
responses to wetting and drying cycles common of arid and semi-arid envi-
ronments is necessary to explain the dynamic of carbon and water exchan-
ge at the ecosystem level. 

In order to describe the mechanisms underlying ecosystem responses 
to climate and pulsed resource availability in semi-arid environments we 
need greater temporal resolution in measurements of water and carbon 
exchange. Similarly, detailed information regarding the disparate variation 
of contributing fluxes (i.e., respiration vs. photosynthesis and transpiration 
vs. evaporation) is needed.  

Recent developments with stable isotope techniques provide the means 
to partition ET and respiratory fluxes at the ecosystem scale. Application of 
these techniques will promote greater understanding of the ecophysiologi-
cal constraints on major biogeochemical cycles and their likely responses to 
global change. 
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Introduction 
 
Anthropogenic activities have significantly affected the composition of 
Earth’s atmosphere through increasing carbon dioxide and other trace gas 
concentrations (Vitousek et al. 1997).  Except for human land use, no 
global change factor has been more rapid and substantial than the increase 
in atmospheric CO2 partial pressure ([CO2]).  From the beginning of the 
industrial age until today, [CO2] has risen from approximately 28 to 38 Pa, 
a 30% rise in the last 150 years.  This rise is continuing, with a doubling 
from pre-industrial [CO2] projected by 2050, and a doubling of current-day 
[CO2] by the end of this century.  Increased [CO2] is one of the primary 
factors forcing greater global atmospheric temperatures (Karl and Tren-
berth 2003), and is expected to further alter Earth’s climate systems in the 
coming decades (Schneider 1992). 

In addition to its effect on climate, increased [CO2] has direct effects on 
two important physiological processes in plants.  First, it increases photo-
synthetic rates by increasing the diffusional gradient of CO2 from the at-
mosphere to the site of carboxylation in photosynthetic cells.  Second, it 
decreases stomatal conductance, presumably due to the effect of reduced 
CO2 “demand” in the leaf.  Due to the combination of increased photosyn-
thesis and decreased water loss via decreased stomatal conductance, plants 
generally exhibit significantly increased leaf-level water-use efficiency 
(WUE, the ratio of carbon gain per unit water lost). Furthermore, photo-
synthetic CO2-assimilation is well correlated with leaf nitrogen concentra-
tion at ambient CO2, a relationship that scales across diverse plant life 
forms and biome types (Reich et al. 2003).  Elevated CO2 can alter this 
relationship by increasing photosynthetic CO2-assimilation per unit leaf 
nitrogen investment (NUE, the ratio of carbon gain per unit nitrogen in-
vestment).  Therefore, elevated CO2 has the potential to increase the effi-
ciency with which key resources—water water and nitrogen—are utilized by 
plants. 

Increased WUE and NUE at elevated CO2 are anticipated to be impor-
tant in resource-limited environments, where water and/or nitrogen con-
sistently limit plant growth.  This is particularly true for water-limited en-
vironments, in that elevated CO2, through significant increases in plant 
WUE, should result in greater plant growth, improved water balance at a 
number of scales (leaf-to-landscape), and potentially extended duration of 
growth into dry seasons (Smith et al. 1997).  The predictions, and results, 
with N-availability are more equivocal, with no clear differential response 
to elevated CO2 in high- or low-nutrient habitats (Nowak et al. 2004a).  
Nevertheless, several conceptual models have predicted that resource-
limited ecosystems will respond more strongly to elevated CO2 (percent 
increase relative to ambient CO2) than will non-resource-limited ecosys-
tems (Melillo et al. 1993).  For example, two ecosystem types that have 
been shown to respond strongly to elevated CO2 include deserts (Smith et 
al. 2000) and nutrient-poor grasslands (Niklaus et al. 2001),  
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where biological activities are significantly constrained by pronounced 
water- and nutrient-deficits. 

Some of the early work on the responses of desert plants to elevated 
CO2 was conducted by Park Nobel and his students and post-docs (e.g., 
Nobel and Hartsock 1986).  Clearly, Park saw that this was an important 
topic before elevated CO2 research was “in vogue”.  It is therefore appropri-
ate, as a chapter in this Festschrift, that we summarize advances that have 
been made in elevated CO2 research over the past several decades.  Al-
though none of the authors in this chapter conducted elevated CO2 re-
search while in Park’s lab, we subsequently conducted a significant amount 
of elevated CO2 research in our respective careers, often forming collabora-
tions that we developed in Park’s lab.  In each of our careers, and in our 
specific approaches to elevated CO2 research, we applied unique skills that 
we developed in his lab to the experimental problem at hand.  As a result of 
this “bias”, we will concentrate this review on plants from resource-limited 
environments, particularly deserts, and we will also explicitly address the 
interactions between elevated CO2 and environmental stress, a relatively 
neglected area of elevated CO2 research.  In the first part, we will concen-
trate on key process studies with respect to various environmental stresses, 
and then in the second part we will address some Case Studies in which 
Park Nobel and his former students and post-docs have made important 
contributions to our understanding of how elevated CO2 may impact plant 
performance in resource-limited environments. 
 
Carbon assimilation 
 
Acclimation of photosynthesis and respiration to growth in ele-
vated CO2 
 
ACCLIMATION OF PHOTOSYNTHESIS—Most plants exposed to elevated CO2 
exhibit short-term increases in photosynthetic rates largely due to the 
stimulation of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) 
carboxylation.  Rubisco is CO2 substrate-limited so an increase in [CO2] 
results in greater substrate availability, and also suppresses oxygenation 
(and thus photorespiration), resulting in increased net photosynthesis 
(Anet) (Long 1991).  However, over the long term (i.e., days to years) photo-
synthetic responses to elevated CO2 may be affected by biochemical, mor-
phological and physiological feedbacks that balance carbon assimilation 
(i.e., source) with growth and reproductive demands (i.e., sink) (Tissue and 
Oechel 1987; Tissue et al. 1993).  There may also be climatic feedbacks 
(e.g., more frequent droughts or extreme temperature episodes) that limit 
any enhancement of photosynthetic productivity due to elevated CO2 
(Naumburg et al. 2004).  A reduction in photosynthetic capacity after long-
term exposure to elevated CO2, termed down-regulation or acclimation, re-
adjusts source-sink relationships, but rarely eliminates the whole-plant 
positive response of photosynthesis to elevated CO2 (Sage 1994; Körner 
2003). This is due to the benefits that even a short stimulation of photo-
synthetic rate can have on leaf area production, which despite acclimation 
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responses provide greater whole-plant carbon balance at elevated CO2.  
Therefore, continued photosynthetic enhancement due to elevated CO2 is 
expected in plants from most biomes, including arid and semiarid systems. 

Long-term reductions in photosynthetic capacity are often attributed 
to an imbalance in source-sink relationships.  Indeed, the maintenance of 
active sinks (i.e., regions of active growth or metabolic activity) is necessary 
to sustain the stimulation of photosynthesis in elevated CO2.  An imbalance 
in the source-sink relationship may result in the accumulation of leaf car-
bohydrates, which ultimately trigger feedback mechanisms that reduce leaf 
photosynthetic capacity.  One feedback mechanism includes reductions in 
gene transcription and production of Rubisco protein, thereby reducing 
Calvin cycle activity and further sugar production (Moore et al. 1999).  
Both the maximum carboxylation rate of Rubisco (Vcmax) and maximum 
rate of electron transport (Jmax) are reduced in plants exhibiting photosyn-
thetic down-regulation (Wullschleger 1993; Sage 1994; Medlyn et al. 1999; 
Tissue et al. 1999). Depending upon growth form and environmental con-
ditions, this long-term down-regulation of photosynthesis may occur 
within 6-9 days after initial exposure to elevated CO2. Regulation of photo-
synthesis on a shorter time scale may be accomplished by reducing Rubisco 
activity through decarbamylation of the enzyme (Sage et al. 1988). 
 
ACCLIMATION OF RESPIRATION—The effects of elevated CO2 on leaf respi-
ration rates are less well understood than the effects on photosynthesis, 
particularly the mechanisms that regulate respiratory responses to changes 
in [CO2].  In some studies, a short-term effect of elevated CO2 on dark res-
piration has been observed, in which respiration rates are immediately and 
significantly reduced (Amthor et al. 1992; Drake et al. 1999; Baker et al. 
2000; Hamilton et al. 2001).  However, this immediate suppression of 
dark respiration has not been observed in other studies (Tjoelker et al. 
1999; Amthor 2000; Amthor et al. 2001; Jahnke 2001; Tissue et al. 2002).  
To date, there is no mechanism to explain a direct suppression of dark res-
piration by elevated CO2, although it has been hypothesized to be due to 
the inhibition of respiratory enzymes such as succinate dehydrogenase and 
cytochrome c oxidase (Azcon-Bieto et al. 1994; González-Meler et al. 1996; 
González-Meler and Siedow 1999); however, this has not been demon-
strated in whole plants. 

Long-term effects on respiration may occur after extended growth at 
elevated CO2 and may be mediated through elevated CO2 effects on growth 
rate, nonstructural carbohydrate concentration, and tissue composition.  
Contrasting results, in which elevated CO2 was shown to increase (Thomas 
and Griffin 1994; Wang et al. 2001), decrease (Wullschleger et al. 1992; 
Bunce and Ziska 1996), or not affect (Lewis et al. 1999; Tissue et al. 2002) 
leaf respiration rates have confounded our efforts to predict long-term 
plant responses to CO2 enrichment.  The complicating practice of calculat-
ing respiration on a leaf area or leaf mass basis further constrains our un-
derstanding of the direction of long-term leaf respiratory response to ele-
vated CO2 (Poorter et al. 1992). A meta-analysis of leaf respiration re-
sponses to elevated CO2 (Wang and Curtis 2002) indicated that leaf respi- 
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ration on a mass basis was significantly reduced (18%), but there was no 
significant effect when respiration rates were calculated on an area basis. 

Several explanations for the differential long-term respiratory re-
sponse in leaves have been suggested. For example, growth in elevated CO2 
often reduces leaf nitrogen and protein concentrations, and increases leaf 
carbohydrate concentrations, all of which affect oxidative respiration in 
leaves due to maintenance activities (Amthor 1991). Ontogenetic and can-
opy position confound these responses to [CO2], resulting in a complex 
pattern of leaf biochemistry in natural plant canopies (Tissue et al. 2001).  
Some studies indicate that increased number of mitochondria per unit cell 
area for plants grown in elevated CO2 may affect respiratory responses to 
elevated CO2 (Robertson et al. 1995; Griffin et al. 2001), but not always 
(Tissue et al. 2002). 
 
Effects of elevated CO2 on stomatal conductance  

 
A fundamental prediction about the effect of elevated CO2 is that re-

ductions will occur in stomatal conductance (gs) because of the greater 
supply of CO2 for photosynthetic assimilation.  In other words, stomata will 
not have to open as much for the same amount of CO2 uptake.  It has been 
suggested that the resultant water savings at the leaf and whole-plant levels 
will mean less water uptake from soils, and therefore an increase in soil 
water content (Jackson et al. 1994; Field et al. 1995). Much research has 
tested this prediction for plants from various ecosystem types, but ecosys-
tem-level changes in water balance remain poorly understood (Shaw et al. 
2005).  A full review is beyond the scope of this chapter – here we focus on 
the effects of elevated CO2 on stomatal responses for desert plants for 
which soil water availability occurs in highly distinct pulses (Loik et al. 
2004a). The ephemeral nature of soil water availability in these systems 
could confound the predictions of reduced gs and increased soil water 
availability. For a more comprehensive review for other vegetation types, 
see Drake et al. (1999), Ghannoum et al. (2000), Morgan et al. (2004b), 
and Nowak et al. (2004a). 
Research in both glasshouse and field experimental manipulations (e.g., 
the Nevada Desert FACE Facility; Jordan et al. 1999) suggests that ambient 
soil water availability exerts strong control over the response of gs to at-
mospheric CO2 enrichment. Using both FACE and glasshouse CO2 enrich-
ment methods, Huxman et al. (1998c) showed that stomatal conductance 
in Larrea tridentata was most responsive in wet years. In a wet El Niño 
year, gs was reduced at elevated CO2 during most of the spring/early sum-
mer growing season, leading to significantly higher water-use efficiency 
and midday water potentials in mid-summer (Fig. 14.1). However, these 
water savings apparently did not result in an extension of photosynthetic 
activity into the dry season or during hotter, higher-VPD times of the day 
(Hamerlynck et al. 2000a).  These results highlight the potential impor-
tance or confounding effects of external and internal factors (i.e., soil water 
content and plant water potential, respectively) in mediating the response 
of stomatal conductance to elevated CO2. 
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Figure 14.1.  Plant water potential (upper left), stomatal conductance (upper 
right), water-use efficiency (lower left), and beneath-shrub soil water content 
(lower right) for the Mojave Desert shrub Larrea tridentata growing at ambient 
(closed circles) and elevated CO2 (open circles) at the Nevada Desert FACE Facility 
during a wet El Niño year (1998).  Water potential was determined at mid-day, 
stomatal conductance at mid-morning (peak daily value), water-use efficiency is 
calculated from environmental data and estimates of internal CO2 concentration, 
and soil water content (0-20 cm depth) was determined by TDR under the canopy 
of Larrea shrubs.  Unpublished data from T.E. Huxman and S.D. Smith. 

 
Although Larrea is a useful model for shrub responses to elevated CO2 

—especially in the Mojave Desert which is dominated by the shrub growth 
form—other shrub species can exhibit contrasting responses of gs to ele-
vated CO2.  For example, Naumburg et al. (2003) compared gs for the 
drought-deciduous shrub Ambrosia dumosa, the winter-deciduous shrub 
Krameria erecta, and the evergreen Larrea during a wet El Niño and sub-
sequent dry years at the NDFF. Daily integrated photosynthesis was sig-
nificantly enhanced by elevated CO2 for all three species, but only Larrea 
exhibited a decrease in gs. This response to elevated CO2 only occurred 
prior to the onset of the summer dry season and following late-summer 
rainfall, when plant water potentials were relatively high.  Given consistent 
increases in photosynthesis, this resulted in consistently higher water-use 
efficiency at elevated CO2 (Fig. 14.1).   
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Responses of gs to elevated CO2 may also depend on the type of photo-

synthetic pathway utilized. For example, Nowak et al. (2001) compared gs 
and temperature responses of the C3 bunchgrass Achnatherum hy-
menoides, the C4 bunchgrass Pleuraphis rigida, and the C3 shrub Larrea to 
elevated CO2.  For each species, conductance tended to be lower at elevated 
CO2 in the spring growing season of the wet El Niño year of 1998, higher 
when soils dried later in 1998, and there were few treatment effects in the 
extremely dry year of 1999, when rates were all very low. Responses were 
similar for measurements made in early morning or at midday. When aver-
aged over all observations, reductions in gs were greater for the C4 grass 
(35% for Pleuraphis) than for the C3 grass (20% for Achnatherum) and C3 
shrub (17% for Larrea), with greater apparent differences in the dry versus 
the wet year. Such a differential response would not be expected based on 
the photosynthetic physiology of C3 and C4 plants (i.e., C3 plants would be 
expected to have greater declines in gs at elevated CO2). 

Do the impacts of elevated CO2 on gs extend from the leaf to the whole 
plant and plot scales in arid systems?  Hamerlynck et al. (2002) examined 
the responses of the drought-deciduous Lycium andersonii, for which 
phenological shifts occur in growth form, where short-shoots maximize 
early-season leaf area and long-shoots determine the annual growth in-
crement. The two shoot types exhibited similar rates of net CO2 assimila-
tion, but gs was reduced by 27% at elevated CO2. This was accompanied by 
the production of larger leaves on short-shoots, and more leaves on long-
shoots. There were no differences in midday water potential for shrubs at 
ambient versus elevated CO2, yet there was an overall reduction in whole-
plant water use (Hamerlynck et al. 2002). In related work, Pataki et al. 
(2000) compared whole-plant water use for Ephedra nevadensis (a leafless 
shrub) and Larrea exposed to elevated CO2 in a glasshouse and under 
FACE in the field. For Ephedra, daily sap flux and mid-morning gs for 
whole branches were lower on elevated CO2 plots.  These were associated 
with a 33% reduction in the ratio of surface area available for transpiration 
relative to sapwood area (LSR). LSR was reduced 60% for Larrea grown in 
elevated CO2 in the glasshouse, but there was no difference when grown in 
elevated CO2 at the FACE site in the field.  Moreover, gs was reduced under 
elevated CO2 for Larrea in the field even though soil moisture was high 
(Pataki et al. 2000).   

In general, reduced gs did not appear to increase soil moisture in rela-
tively arid land regions with low leaf area. For example, Nowak et al. 
(2004b) found no consistent differences in soil moisture content (20, 50 
and 185 cm depth intervals) between elevated and ambient CO2 plots.  In-
deed, soil water content in the surface 50 cm was greater in the elevated 
CO2 plots on only one sampling date, and was lower on six other sampling 
dates. Greater aboveground production (and leaf area for transpiration) 
apparently resulted in greater soil moisture extraction on the elevated CO2 
plots, which countered the potential water savings from leaf-level reduc-
tions in gs and transpiration at elevated CO2.  Alternatively, the lack of a 
CO2 response in soil moisture may simply be due to the fact that about two-
thirds of the ET budget in Mojave Desert ecosystems is lost as surface 
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evaporation rather than transpiration (Smith et al. 1995), and so reduc-
tions in leaf transpiration at elevated CO2 may simply not scale to the land-
scape level (perennial plant cover is less than 20% at the NDFF; Jordan et 
al. 1999). 

Overall, we conclude that arid ecosystems may not behave according to 
the generalized prediction that 20 to 50% reductions in gs will lead to soil 
water conservation in a future higher-CO2 atmosphere (Field et al. 1995).  
Not surprisingly, the responses of leaf gs, plant water potential, ET, and soil 
water content to elevated CO2 vary across species, seasons, and ecosystem 
types (Morgan et al. 2004b).  Subsequently, we emphasize the importance 
of species, growth form, resource limitation, plant age, development stage, 
photosynthetic pathway, and timing and amount of moisture inputs when 
interpreting the responses of gs to elevated CO2 (Morgan et al. 2004b; 
Nowak et al. 2004a). 
 
Environmental stress, resource availability, and elevated [CO2] 
 

The changes in leaf water relations and carbon status resulting from 
growth at elevated CO2 have significant implications for the maintenance of 
plant function during periods of low resource availability or environmental 
stress. Because elevated CO2 both increases net photosynthetic rates and 
reduces leaf water loss, greater carbohydrate loads and improved leaf water 
relations are often seen at elevated CO2 (Bowes 1993), which can enhance 
plant carbon and water balances through periods of temperature, nutrient 
or biotic stress (Osmond et al. 1987). 

Cell expansion in leaves is extremely sensitive to water status (Boyer 
1970), where even mild water deficit can cause leaf turgor to fall below 
critical yield thresholds required to maintain growth or produce fully ex-
panded leaves (Acevedo et al. 1971; Bradford and Hsiao 1982). Even minor 
enhancements in leaf turgor during water deficit, such as those seen at high 
CO2, should promote greater plant performance during water limitation 
(Hsiao and Jackson 1999). The ability to continue growth during periods of 
low water availability further provides the means to better cope with stress-
ful conditions, by allowing for continued extraction of resources from the 
environment. For example, in addition to improved leaf water relations at 
high CO2, a greater allocation of biomass to roots allows for a greater soil 
volume to be explored by an individual plant (Moore and Field 2006; 
Norby and Iverson 2006); however, there is considerable variation across 
systems in root responses to elevated CO2 (Jastrow et al. 2005; Hui and 
Jackson 2006; Luo et al. 2006). Because water deficit can interact with 
nutrient or temperature stress to affect plant performance (Kozlowski 
2000; Lynch and St. Clair 2004; Bohnert et al. 2006), this has implications 
for plant function in a number of settings. In this regard, elevated CO2 has 
been observed to mitigate chilling-induced water stress in some species 
and maintain greater turgor due to greater carbohydrate availability (Boese 
et al. 1997). 
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Deserts are stressful environments where changes in plant function re-

sulting from growth at elevated CO2 may have important population, com-
munity and ecosystem effects (Smith et al. 1999).  Species distributions in 
the North American deserts are controlled by interactions between high 
and low temperature, along with seasonal periods of water availability, all 
of which affect the potential for seedling establishment (Smith and Nowak 
1990). Short-duration extreme high and low temperature events are impor-
tant sources of mortality or reduced productivity for many annual and per-
ennial species from desert regions (Jordan and Nobel 1979; Pockman and 
Sperry 1997). Taub et al. (2000) illustrated, using 16 species of monocots 
and dicots, that many plants maintain greater Photosystem II efficiencies 
(Fv/Fm) at extreme high temperatures following growth at elevated CO2.  
Critical temperatures for tissue mortality appear to shift up by as much as 3 
°C for some species. This greater efficiency at high temperatures and high 
CO2 in part comes from both greater maximum fluorescence values and 
reductions in dark-adapted fluorescence, which indicates that the CO2 ef-
fect is in part a function of maintaining membrane integrity through high-
temperature events (e.g., acclimation of membrane lipid composition). 

The ability to survive freezing events explains the geographic distribu-
tion of many species. From desert regions, the distributions of Carnegiea 
gigantea, Yucca brevifolia, Opuntia fragilis, and Larrea tridentata can be 
explained in large part by the intensity of freezing events (Steenbergh and 
Lowe 1976; Smith et al. 1983; Loik and Nobel 1993; Pockman and Sperry 
1997). Plant growth at elevated CO2 may influence the responses of many 
species to extreme low temperatures in that it may influence both the proc-
ess of acclimation and the response to freezing itself (Loik et al. 2000).  
Elevated CO2 has been suggested to interfere with the acclimation process, 
and in Picea mariana and Eucalyptus pauciflora growth at elevated CO2 
increases the susceptibility of plant tissues to freezing events (Margolis and 
Vezina 1990; Barker et al. 2005). But in a number of semi-succulent and 
alpine species, low temperature tolerance or performance at low tempera-
tures appears to be enhanced by elevated CO2 (Boese et al. 1997; Loik et al. 
2000, 2004b). Changes in either direction have important implications for 
species interactions, distributions, and ecosystem function. 
 
Functional types: the role of growth potential in controlling the 
[CO2] response 
 
Plants of different growth habit, or form, should potentially respond differ-
ently to elevated [CO2]. Based on both physiological theory and experimen-
tal evidence, growth stimulation at elevated CO2 should depend on both the 
kinetics of carboxylation (i.e., photosynthetic pathway and leaf N-
concentration) and the capacity of the plant to maintain a steep concentra-
tion gradient of assimilates between source leaves and various growth-
induced sinks (Diaz 1995). As an example of the latter, Körner et al. (1995) 
observed symplastic phloem loaders, which are less efficient than apoplas-
tic loaders, to more quickly reach carbohydrate saturation in the phloem-
feeding tissues when grown at elevated CO2. Therefore, from this perspec- 
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tive of the entire leaf-to-sink organ pathway, we review the response of 
different functional groups to growth at elevated CO2, concentrating on (1) 
different photosynthetic pathways, (2) inherently fast- versus slow-growing 
plant species, and (3) woody versus herbaceous growth forms, with specific 
reference to woody plant invasions in arid and semiarid regions. 

It has long been held that C3 plants are much more responsive to ele-
vated CO2, in both photosynthesis and growth, than are C4 plants, which is 
primarily a consequence of the lack of CO2-saturation at the carboxylation 
site of Rubisco in C3 plants. This has been shown in many controlled-
environment experiments, as well as longer-term field experiments in a salt 
marsh (Arp et al. 1993), tallgrass prairie (Owensby et al. 1999), and in 
shortgrass steppe (Morgan et al. 2004a).  However, Wand et al. (1999) 
conducted a meta-analysis of C3-C4 growth responses of non-domesticated 
grasses to a doubling of [CO2]. Their results were not consistent with ex-
pectations based strictly on photosynthetic theory, with both C3 and C4 
plants showing higher carbon assimilation rates (33% and 25%, respec-
tively) and increased total biomass (44% and 33%, respectively) when 
grown in elevated CO2. They concluded that the stimulation of carbon as-
similation by C3 species at elevated CO2 is often reduced by stress, particu-
larly nutrient stress.  Indeed, BassiriRad et al. (1997) observed a C4 grass 
from the Chihuahuan Desert to have dramatically enhanced nitrate and 
phosphate uptake rates at elevated CO2 compared to two C3 shrubs, even 
though it had an overall lower growth response than the C3 species due to 
obvious photosynthetic constraints. Drought may also be important, as CO2 
enrichment may alleviate drought effects in C4 species to a greater extent 
than in C3 species (Ward et al. 1999). The mechanistic underpinnings for 
these responses are not entirely clear, but they do suggest that we cannot 
linearly extrapolate responses based on photosynthetic pathway theory to 
plants in natural environments, particularly arid environments where 
drought and nutrient stresses commonly occur. 

A variety of studies have examined plant species that vary in growth 
potential, either from a strictly physiological perspective (i.e., plants with 
faster growth rates and therefore stronger sink strength should be more 
responsive to elevated CO2) or from a community perspective (i.e., early 
successional plants should be more responsive because they grow faster).  
From the physiological perspective, a number of studies have shown fast-
growing species to be more responsive to elevated CO2 than slow-growing 
species (Poorter 1998; Poorter and Navas 2003). These observations have 
generally been supported by comparative studies in grassland or old field 
systems, which tend to show legumes and forbs to be more responsive to 
elevated CO2 than are grasses (Lüscher et al. 1998; Reich et al. 2001).  In a 
comparative analysis of eight deciduous and evergreen woody species, Cor-
nelissen et al. (1999) found specific leaf area at ambient CO2 to explain 
88% of the variation in growth response to elevated CO2 (i.e., deciduous 
species with higher SLA and thus lower maintenance requirements re-
sponded with greater growth when exposed to higher CO2). Similarly, wit-
hin 10 species in the genus Acacia, the absolute increase in growth at ele-
vated CO2 was greater in the faster-growing species (Atkin et al. 1999).  
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However, when potentially extrapolating these results to drier ecosystems, 
the caveat of stress again becomes an issue. In his study of fast- versus 
slow-growing plants, Poorter (1998) also showed that plants presented 
with abundant nutrients were much more responsive to elevated CO2 than 
are nutrient-stressed plants, an observation that has been repeated in 
many studies.  Indeed, Arp et al. (1998) observed that while faster-growing 
species do respond more vigorously to elevated CO2 when grown in opti-
mum growing conditions, inherently slow-growing species are potentially 
more successful when grown under nutrient stress conditions. 

The question of how the above functional groups will respond in arid 
and semiarid ecosystems is interesting mainly because the differential ad-
vantage of fast growth may be largely nullified when those plants are con-
fronted with environmental stress.  In an analysis of how elevated CO2 may 
affect semiarid rangelands, Polley (1997) proposed the greatest response 
will occur in C3/C4 mixed grasslands, and at the transition between grass-
lands and woodlands. Specifically, studies have suggested that historic 
increases in [CO2] (ca. 30% increase since the beginning of the 19th cen-
tury) have potentially stimulated the encroachment of C3 woody species 
into historically C4-dominated grasslands (Johnson et al. 1993; Polley et al. 
2002). However, Archer et al. (1995) have questioned that conclusion, 
based on physiological, community-level, and paleobotanical data. Never-
theless, Bond and Midgley (2000) have proposed that elevated CO2 will 
continue to stimulate woody plant invasion into semiarid grasslands and 
savannas by stimulating tree sapling growth and allowing them to more 
quickly escape the grass layer ‘topkill zone’. This may allow woody canopies 
to escape the grass layer and thus survive periodic fires that tend to effec-
tively maintain grassland structure. Clearly, this is an important ecological 
question that needs additional experimental work, particularly examining 
grassland/shrubland interfaces under future global change scenarios. 

In conclusion, a majority of work on plant functional group responses 
has indicated that C3 plants are more responsive to elevated CO2 than are 
C4 species (and presumably also CAM species, but see CAM case study be-
low), and fast-growing species with greater sink strength and higher SLA’s 
also respond more strongly than do slow-growing species.  However, these 
relationships appear to become less pronounced, or to disappear alto-
gether, when plants are confronted with environmental stress. Therefore, it 
is not surprising that in a review of multiple FACE sites, no statistically 
significant trends emerged when examining either photosynthetic or 
growth responses of various functional groups to elevated CO2 under vary-
ing climatic conditions (Nowak et al. 2004a).  Therefore, we conclude that 
current functional group classifications are useful for examining the 
mechanistic underpinnings of plant responses to elevated CO2, but they 
have limited utility when examining community- or ecosystem-level re-
sponses to global change (Reich et al. 2001). 
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Case studies 
 
CAM succulents 
 

Initially, CAM plants, such as desert cacti, were assumed to be mini-
mally responsive to elevated CO2 due to the CO2 concentrating mechanism 
of PEP carboxylase (PEPCase), the primary carboxylating enzyme for these 
plants.  However, some well-watered CAM plants utilize Rubisco during 
day-time CO2 fixation (Osmond 1978), thereby suggesting that they might 
be responsive to elevated CO2.   

Park Nobel’s lab spent nearly a decade studying the responses of CAM 
plants to elevated CO2. A majority of their experiments were conducted 
outdoors with plants rooted in the ground (i.e., not in pots) grown at ambi-
ent and twice-ambient [CO2] (ca. 36-37 and 72-73 Pa, respectively) in 
open-top chambers (see Drennan and Nobel (2000) and Chapter 3 in this 
volume).  Although they utilized a wide variety of species in their studies, 
the primary taxa that they examined were Opuntia ficus-indica, a highly 
productive stem succulent that is widely cultivated in Mexico and the sub-
tropics, and leaf-succulent Agave spp. (A. deserti from the Sonoran Desert 
and A. salminiana, a cultivated plant from central Mexico; Nobel 1988). 

In all of their studies with CAM plants, elevated CO2 was found to sub-
stantially increase CO2 assimilation and growth, similar to that commonly 
observed in C3 plants and contrary to early expectations.  Opuntia ficus-
indica and Agave spp. increased daily net CO2 uptake by an average of 50% 
and water-use efficiency (gas-exchange based) by 85%, while biomass in-
creased by 34% (Table 14.1). However, as an apparent photosynthetic ac-
climation response, there were decreases in chlorophyll content (an aver-
age of 16%), PEPCase concentration (35%), Rubisco concentration (18%), 
and the KM for PEPCase (30%). These declines were accompanied by a 52% 
increase in the ratio of activated-to-total Rubisco and a small (6%) increase 
in the KM of Rubisco (Table 14.1). Therefore, increased [CO2] apparently 
facilitated efficient utilization of both PEPCase and Rubisco, which de-
creased investment of nitrogen in carboxylating enzymes while still main-
taining increased photosynthetic CO2 assimilation.  These CAM plants also 
increased the proportion of daily CO2 uptake that occurred during the day-
light period (Nobel and Hartsock 1986; Cui et al. 1993; Graham and Nobel 
1996), which may have contributed to the strong positive photosynthetic 
response to elevated CO2 that is typical of C3 plants.  

Photosynthetic down-regulation is thus observed in Opuntia ficus-
indica during long-term exposure to elevated CO2 (Cui et al. 1993; Nobel et 
al. 1994). Wang and Nobel (1996) observed increased phloem transport of 
sucrose out of basal cladodes of O. ficus-indica (i.e., indicating strong sink 
strength in daughter cladodes), and increased soluble starch synthase and 
sucrose synthase activity in daughter cladodes. Based on these data, reduc-
tions in carboxylating enzymes in chlorenchyma tissues may have allowed 
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more nitrogen to be available for carbohydrate processing in sink tissues, 
which in turn alleviated Pi limitation of photosynthesis or the suppression 
of genes governing photosynthesis due to end product inhibition (e.g., 
Moore et al. 1999). 
 
Desert shrubs 
 
EVERGREEN SHRUBS—Evergreen shrubs retain physiologically active leaf 
area throughout the year, and therefore must adjust to environmental fac-
tors during times that are both conducive and non-conducive to photosyn-
thesis and growth.  The evergreen growth habit is viewed as characteristic 
of resource-limited environments, adapting to low resource availability 
through retention of a leaf canopy and efficient resource use. Non-
succulent evergreens in desert environments are best represented by xero-
phytic shrubs, particularly the warm desert dominant Larrea tridentata 
(creosotebush), which is very efficient in utilizing limited resources and 
extremely tolerant of environmental stress, particularly a lack of water 
(Smith et al. 1997). Because elevated CO2 tends to increase photosynthetic 
rates while simultaneously reducing gs, and therefore substantially increas-
ing instantaneous water-use efficiency, it has been assumed that plants 
which are regularly exposed to water stress may indeed be highly respon-
sive to elevated CO2 (Strain and Bazzaz 1983).  However, the inherent 
trade-off between growth and stress tolerance in xerophytes may limit their 
ability to exploit additional CO2 even when other resources are not readily 
available. 
 

Table 14.1.  Physiological and growth responses for Agave spp. (de-
serti or salminiana) and Opuntia ficus-indica to elevated [CO2]. Data 
are presented as an E/A ratio (elevated CO2/ambient CO2) for each 
parameter; in each case elevated CO2 was a doubling of ambient CO2 
concentration, to 70 Pa. Data are from Drennan and Nobel (2000), 
except for the enzyme activity data, which are from Israel and Nobel 
(1994). 
 
Parameter Agave Opuntia 
Biomass 1.30 1.37 
Integrated 24h CO2 uptake (A24) 1.49 1.46 
Daytime CO2 uptake (Alight) 1.41 1.87 
Water-use efficiency (gas exchange based) 2.10 1.60 
Chlorophyll content (area based) 0.80 0.80 
PEPCase content (area based) 0.67 0.62 
Rubisco content (area based) 0.87 0.77 
KM for PEPCase 0.85 0.56 
KM for Rubisco 1.04 1.09 
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The physiological and growth responses of Larrea at elevated CO2 have 

been studied in both field (Nevada Desert FACE Facility; Smith et al. 
2000) and glasshouse plants.  Elevated CO2 increases Anet (Huxman et al. 
1998c; Hamerlynck et al. 2000b; Naumburg et al. 2003), and tends to 
result in a decline in gs (Nowak et al. 2001; Naumburg et al. 2003) (Table 
14.2). However, elevated CO2 has a differential photosynthetic response in 
Larrea plants during times of high soil moisture and during water stress, 
with a clear pattern of photosynthetic down-regulation (lower Amax and 
Vcmax) during the wet season but not during the dry season (Huxman et al. 
1998c; Table 14.2). Furthermore, wet-dry annual cycles in the field have 
resulted in a doubling of new shoot production in Larrea during a wet El 
Niño year, but then little enhancement of shoot growth in subsequent dry 
years (Smith et al. 2000; Housman et al. 2006), again suggesting a possi-
ble remobilization of limited nitrogen to actively growing sink tissues.  
Although gs has been observed to consistently decrease at elevated CO2 
(Table 14.2) despite 6 and 11% increases in stomatal density and aperture, 
respectively (Reid et al. 2003), this apparently does not result in decreased 
plant transpiration (Pataki et al. 2000). This is probably because reduced 
leaf area per unit stem length (Table 14.2) due to greater internode devel-
opment results in a substantial decrease in LSR in Larrea at elevated CO2 
(Pataki et al. 2000), while root hydraulic conductivity remains unchanged 
(Huxman et al. 1999a). 

The view that greater water-use efficiency should result in greater 
stress tolerance has been only partially borne out in our experiments.  In 
an experiment with glasshouse-grown Larrea, Hamerlynck et al. (2000a) 
found that elevated CO2 enhanced photosynthesis to a greater degree in 
droughted plants than in well-watered plants.  When exposed to extreme 
heat (53 °C), plants grown at elevated CO2 showed complete recovery of 
photosynthetic processes when the heat stress was removed, whereas am-
bient CO2-grown plants did not exhibit full recovery, suggesting that ele-
vated CO2 may improve heat tolerance in Larrea. However, in field-grown 
plants, Naumburg et al. (2004) found nighttime freezing and summer high 
temperatures to affect photosynthetic processes similarly at both ambient 
and elevated CO2. In each case, the degree of photosynthetic enhancement 
under elevated CO2 was directly proportional to the response of gs to CO2 
and temperature. Nevertheless, Larrea seedlings germinated at the Nevada 
Desert FACE Facility showed enhanced survivorship, but not photosynthe-
sis or growth, at elevated CO2 during the first post-germination drought 
cycle (Housman et al. 2003). This is clearly an area that needs additional 
research emphasis, given the contrasting results from these studies. 
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Table 14.2.  Photosynthetic and growth responses (E/A ratios) to elevated 
[CO2] for the evergreen shrub Larrea tridentata during wet and dry years 
(from Huxman et al. 1998c; Hamerlynck et al. 2000b), the deciduous shrub 
Lycium andersonii for short- and long-shoots in a wet year (Hamerlynck et 
al. 2002), and the deciduous shrub Encelia farinosa (Zhang and Nobel 
1996).  Elevated [CO2] are 55 Pa for Larrea and Lycium at the Nevada De-
sert FACE Facility, and 75 Pa for potted plants of Encelia in a growth cham-
ber.  Parameters are expressed as the E/A ratio (elevated/ambient) of daily 
average net CO2 assimilation (Anet), stomatal conductance (gs), CO2 assimi-
lation at light and CO2 saturation (Amax), maximum carboxylation rate of 
Rubisco (Vcmax), light-saturated photosynthetic electron transport rate 
(Jmax), sucrose concentration during the day in mature leaves ([Sucrose]), 
starch concentration during the day in mature leaves ([Starch]), leaf area, 
and plant dry weight; leaf area and plant dry weight parameters are on a 
per-shoot basis for Larrea and Lycium on a per-plant basis for Encelia. 
 
Parameter Larrea   Lycium  Encelia 
 Wet Dry  Short Long   
Anet 1.30 1.33  1.09 0.89   
gs 0.74 0.89  0.75 0.70   
Amax 0.87 1.21     0.79 
Vcmax 0.82 0.90  0.76 0.98   
Jmax    0.76 0.82   
[Sucrose]       1.51 
[Starch]       1.90 
Leaf area 0.81 1.02  1.36 1.28  1.27 
Plant dry weight [ca. 2.0] [ca. 1.0]      
* Shoot-based productivity values (from Smith et al. 2000). 

 
 
DECIDUOUS SHRUBS—Many deciduous shrubs, particularly those that lose 
their leaves in response to a predictable dry season (as opposed to winter 
deciduousness) have larger, more mesophytic leaves than desert evergreen 
shrubs (Smith et al. 1997). Two warm desert shrubs have been studied with 
regard to their responsiveness to elevated CO2 – Encelia farinosa (brittle-
bush) from the Sonoran Desert, and Lycium andersonii (wolfberry) from 
the Mojave Desert. Lycium did not exhibit a significant effect of elevated 
CO2 on Anet at the Nevada Desert FACE Facility, but did exhibit declines in 
gs similar to those observed in the evergreen Larrea (Table 14.2). This con-
trasts with another drought-deciduous shrub from the same site, the mi-
crophyllous Ambrosia dumosa, which did show significant increases in Anet 
but no decline in gs at elevated CO2 (Naumburg et al. 2003). Lycium also 
exhibited strong down-regulation of photosynthesis, particularly in short 
shoots, which supply energy to long shoots, where active growth occurs.  
Down-regulation was particularly pronounced in short shoots early in the 
growing season when photosynthesis was high but long shoots were not yet 
strong carbon sinks (Hamerlynck et al. 2002). The lack of a stimulation of 
photosynthesis in long shoots further suggests end-product inhibition of 
photosynthesis in these structures, despite increased leaf area at elevated 
CO2 (Table 14.2). Indeed, Encelia also exhibited a down-regulation of pho- 
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tosynthesis (lower Amax despite an increase in Anet), which was accompa-
nied by large increases in the concentration of sucrose and especially starch 
in mature leaves (Table 14.2; Zhang and Nobel 1996).  A lack of stimulation 
of root growth at elevated CO2 in Encelia (Drennan and Nobel 1996) fur-
ther indicates no pronounced increase in sink strength belowground in this 
species at elevated CO2. 

These combined results from desert shrubs suggest that we cannot 
make life form generalizations with regard to their responses to elevated 
CO2 (see Section II.D above). We predicted that elevated CO2 would in-
crease stress tolerance in the evergreen Larrea, and increase growth and 
photosynthesis in the more mesophytic deciduous shrubs when water and 
nitrogen were readily available in the soil. However, we did not observe a 
sustained increase in Anet in Lycium and photosynthetic down-regulation 
in Larrea was only observed in the wet season. Thus, plant responses to 
elevated CO2 may be species-specific and determined by annual patterns in 
growth dynamics and resource availability that have not been accounted 
for in our relatively short-term experiments. And, as noted above, climatic 
patterns may buffer responses to elevated CO2, and episodic extremes may 
override or interact with physiological effects. 
 
Herbaceous annuals 
 

Annual plants are a major source of species diversity in deserts (Shreve 
and Wiggins 1964) and significantly affect year-to-year production and 
water use (Turner and Randall 1989). The episodic nature of surface-soil 
water availability has shaped the evolution of their life history characteris-
tics, population dynamics and community composition (Venable et al. 
1993; Pake and Venable 1995). In the deserts of North America, many im-
portant invasive plant species with significant ecosystem effects have an-
nual life history strategies (D’Antonio and Vitousek 1992; Brooks 1999a, b). 
How global change may influence the diverse flora of annual plants in these 
arid regions, or may alter the impact of exotic invasive species is of great 
concern for land managers. 

Desert annuals tend to have relatively high leaf-level photosynthetic 
rates, along with greater investment of nitrogen in their leaf tissues as 
compared to congeners from more mesic environments (Mooney et al. 
1981). The rapid growth rates that derive from these traits suggest that this 
functional type may be highly responsive to changes in [CO2] as compared 
to the balance of the desert flora, mainly consisting of much slower grow-
ing woody perennials (Poorter and Navas 2000). 

An herbaceous forb and an annual invasive grass exposed to elevated 
CO2 in FACE conditions in the Mojave Desert showed contrasting leaf-level 
photosynthetic responses to elevated CO2 (Huxman and Smith 2001).  
Prior to and following flowering, the invasive grass Bromus madritensis 
ssp. rubens increased both Vcmax and Jmax at elevated CO2, but showed no 
consistent change in gs over the course of a growing season. By contrast, 
the forb Eriogonum inflatum illustrated significant photosynthetic down-
regulation at elevated CO2, especially late in the life cycle. Also, this species  
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showed consistent reductions in gs. Therefore, both species maintained 
greater leaf-level photosynthetic rates at elevated CO2 compared to ambi-
ent CO2, but as a result of different mechanisms.   

Increased photosynthetic performance resulted in changes in whole 
plant function. During an extremely wet El Niño growing season in the 
Mojave Desert, individual aboveground biomass at a 50% increase in [CO2] 
was more than two-fold that at ambient [CO2]. The responsiveness of dif-
ferent plant species appears to be predictable based on differences in their 
intrinsic growth potential and the effects of rising CO2 on tissue construc-
tion costs – plants with a greater ability to reduce construction costs had a 
greater biomass stimulation at elevated CO2 (Nagel et al. 2004).  Interest-
ingly, increases in annual plant biomass production appear to be a greater 
function of the direct effects of CO2 on leaf-level processes, rather than 
indirect effects, such as increasing the period of high soil water availability 
into later parts of the year. 

Annual plants in the Mojave and Sonoran Deserts exhibit rapid growth 
and seed production during fairly short growing seasons, and as a result 
soil seed banks accumulate that buffer environmental variation and pro-
mote long-term persistence on the landscape (Venable and Lawlor 1980; 
Cabin et al. 1998, 2000; Cabin and Marshall 2000). Annual plants are 
often described as “stress escapers” due to this aspect of their life history 
strategy – being present only in the form of seeds during periods of ex-
tended stress (Smith et al. 1997).  This ‘escape in time’ strategy is the key 
life history characteristic promoting both persistence and species coexis-
tence in a variable environment (Venable and Lawlor 1980). Rising [CO2] 
influences a number of factors that are important in seed production and 
persistence. The quantity and the quality of seeds produced are both im-
portant factors in seed bank persistence over time.  Desert plants produce 
seed numbers in relation to plant size (Bell et al. 1979; Ehleringer 1985), 
and nutrient status affects the quality and quantity of seeds produced in 
many annuals (Venable 1992). 

The large effects of elevated CO2 on biomass production described 
above predict large reproductive responses from annuals. Indeed, total 
seed production from the entire annual plant community was nearly dou-
bled when [CO2] was increased 50% above ambient levels (Smith et al. 
2000). However, the reproductive response to elevated CO2 was species-
specific, and related to biomass responsiveness, changes in plant tissue 
quality, and impacts on the timing of reproduction (Huxman et al. 1999b; 
Nagel et al. 2004). The native species Lepidium lasiocarpum and Vulpia 
octoflora had increased seed production per plant at elevated CO2, espe-
cially in ‘fertile-island’ microsites associated with the canopies of perennial 
plants (Smith et al. 2000). Similarly, the invasive annual Bromus madrit-
ensis showed increases in total seed production per plant at elevated CO2, 
but had decreases in individual seed mass. These changes in seed mass are 
consistent across the major microsites on the landscape, with the exception 
of within the canopy of the C4 grass Pleuraphis rigida (Fig. 14.2).  Interest-
ingly, this microsite is the only location where the physical benefits  
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of a ‘fertile island’ are present but the perennial plant canopy is inactive 
during the growing season of the annual plants. 

Decreases in seed mass at elevated CO2 have been shown to result in 
up to a 20% reduction in growth rates of seedlings emerging from these 
seeds (Huxman et al. 1998a).  It is not clear how increased plant perform-
ance at elevated CO2 and changes in seed quality affect long-term patterns 
of population dynamics in these species, but considering the role of seeds 
as the primary adaptation allowing for persistence through drought (Smith 
et al. 1997), and considering how seed production is an important factor 
that allows for species coexistence in aridlands (Venable et al. 1993), the 
implications are significant. 
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Figure 14.2.  Seed mass of two Mojave Desert annual grasses, the invasive Bro-
mus madritensis ssp. rubens (closed circles) and the native Vulpia octoflora (open 
circles), at ambient CO2 (360; abscissa) and elevated CO2 (550) in a wet El Niño 
year (1998) at the Nevada Desert FACE Facility. Seed mass data are for plants from 
open interspace microsites (upper left), within a perennial bunchgrass (upper 
right), beneath a drought-deciduous shrub (lower right), and beneath the evergreen 
shrub Larrea (lower right). 
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Table 14.3.  Response of net photosynthesis (Anet), leaf nitrogen concentra-
tion (area based), and aboveground net primary production (ANPP) to 
growth at elevated CO2 (depicted as E/A ratios) for forest, grassland, and 
desert ecosystems. Data are means for different species at different free-air 
CO2 enrichment (FACE) sites, with the dominant growth form measured 
given in parentheses below.  Data are from Nowak et al. (2004a). 
 
Biome Type (growth form) Anet Leaf N ANPP  
Forests (trees) 1.46 1.06 1.19  
Grasslands (herbaceous) 1.16 0.94 1.14  
Desert (shrubs) 1.15 0.89 1.38  

 
 
Summary and conclusions 
 

In this review, we examined the hypothesis that elevated CO2 will in-
crease the efficiency with which key resources, such as water and nitrogen, 
are utilized by plants in arid ecosystems. Utilization patterns of these re-
sources are key to understanding aridland ecosystem function in a future 
high CO2 world. In a comparative analysis of plant response to elevated 
CO2 across free-air CO2 enrichment (FACE) sites in the U.S., Nowak et al. 
(2004a) found that desert shrubs exhibited approximately the same photo-
synthetic stimulation as herbaceous species from grasslands, both of which 
were lower than forest trees (Table 143). This appears to be at least par-
tially correlated with greater down-regulation in leaf nitrogen concentra-
tion at elevated CO2 in deserts and grasslands. However, of potentially 
greater interest is the observation that the response of annual aboveground 
production to elevated CO2 is highest in deserts (Table 14.3), suggesting 
that plant growth is driven by important carbon and nitrogen allocation 
processes, as well as photosynthesis. Indeed, almost all of the productivity 
increases observed in the desert FACE site occurred in wet years, when soil 
resources were more abundant (S.D. Smith unpublished data) and there 
was minimal sink control of new growth.  In contrast, growth in forests and 
grasslands was less variable on an annual basis, presumably leading to 
more predictable sink controls in these communities. 

A second broad objective of this review was to examine different func-
tional types of desert plants, and to ascertain whether there were broadly 
predictable responses of different growth forms to elevated CO2. We found 
daily photosynthesis to be enhanced by elevated CO2 in both evergreen and 
deciduous shrubs despite significant photosynthetic down-regulation in 
both the evergreen Larrea and the deciduous Encelia. We also found that 
reduced gs in the dominant shrub Larrea and in some annuals at elevated 
CO2 did not result in enhanced soil moisture, as has been observed in se-
miarid ecosystems. We also found a consistent stimulation of photosynthe-
sis and growth in several desert CAM plants (Agave and Opuntia) at levels 
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commonly observed in C3 plants – this was attributed to a more efficient 
utilization of both PEPCase and Rubisco, and more day-time CO2 uptake at 
elevated CO2. We conclude that the response of desert plants to elevated 
CO2 is probably species-specific and determined by phenological patterns 
and source-sink dynamics in concert with the timing of resource availabil-
ity, all of which are highly variable on an inter-annual basis in these epi-
sodic environments. While providing important insights into these pat-
terns, our relatively short-term experiments have yet to account for long-
term patterns that may ultimately drive community and ecosystem change, 
particularly if continuing increases in [CO2] are accompanied by pro-
nounced climate change. 
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EPILOGUE 
 

Erick De la Barrera and William K. Smith 
 
 

Chance favors only the prepared mind 
Louis Pasteur 

 
 
The natural world that current environmental scientists study is substan-
tially different from that faced by our predecesors. Unlike the vast unex-
plored territories from a few centuries ago that favored the expansion of 
European empires and the largely unknown biodiversity that stimulated 
the expeditions of explorers of the like of Malaspina, Humboldt, Darwin, 
and Lewis and Clarke, there is essentially no place on this planet that has 
not been directly or indirectly altered by human activity (Bazzaz et al. 
1998). Moreover, our increasing human population, expected to approach 
11 billion by 2050 (Pimentel and Pimentel 2006), will continue to exert 
pressure on our limited natural resources. It is only a question of time be-
fore our non-renewable resources are exhausted. Thus environmental sci-
ences are facing a series of ever-emerging challenges, including the uncer-
tain fate of numerous biological species and their associated ecosystem 
processes, and an alteration of precipitation patterns that often result in 
desertification of natural and cultivated lands, despite the growing need to 
secure a greater food supply worldwide. Biophysical plant ecophysiology 
continues to identify adaptive responses to the environment, a first step in 
targeting existing genes that might generate greater food production across 
a broader spectrum of habitat types. The political nature of environmental 
issues is at an all-time high within the global community. The various sce-
narios for increased atmospheric CO2 and global warming have been pub-
lished by the Intergovernmental Panel for Climate Change (2007), a recent 
recipient of the Nobel Peace Price. Their outcome is largely dependent on 
the environmental and energy policies implemented by individual coun-
tries.  These decisions must be based on the combination of a technological 
trade-off, considering either the rapid adoption of alternative energy 
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sources or that countries will continue to rely heavily on fossil fuels, plus a 
political dilemma of whether countries will act independently or, instead, 
by installing common development policies among countries.   
  Perhaps more severe than the direct effects of higher CO2 levels with 
increasing green house gases is the impact of global warming. Associated 
influences on global precipitation could add substantially to this warming 
impact. As illustrated in various chapters of this volume, temperature has 
effects on most physiological processes owing to the temperature-
dependence of enzymes. The research approaches of biophysical plant eco-
physiology allow the simulation of plant performance under future climate 
scenarios, as well as provide information for making strategic land man-
agement decisions (De la Barrera and Andrade 2005; Wikelski and Cooke 
2006). For example, the Environmental Productivity Indices, developed in 
Park’s laboratory, can predict plant productivity under specific field condi-
tions for some twenty species of agaves and cacti (Nobel 1988). However, 
because ecosystem-level responses are largely unknown, implementation of 
experimental manipulations of temperature in the field is of great perti-
nence (Wan et al. 2005).  

While the effects of changes in mean air temperature are likely to re-
sult in departures from productivity maxima for plants, changes in the 
frequency and severity of episodes of extremely high or low temperatures 
will most likely dominate these changes. Corresponding changes in the 
species distribution patterns are also likely. From ecological and evolutio-
nary perspectives, physiological measurements typically reflect rather con-
servative traits of a species. In this respect, biophysical ecophysiology can 
improve the accuracy of species distribution models based solely on proba-
bilistic computer simulations by aiding in the characterization of the fun-
damental niche, which can be described as a core set of attributes for a 
given taxon that determines the environmental conditions beyond which it 
is unable to adapt, acclimate, or even survive (Peterson et al. 1999). In the 
midst of a scientific era dominated by molecular biology and genomic ex-
plorations, an emphasis on ecophysiological research at the organism level 
is much needed to provide an evolutionary perspective that acts to couple 
the genomic and ecosystem levels of the biological hierarchy of complexity 
(Smith et al. 2004). 

In addition to higher terrestrial air temperatures, global warming will 
lead to an increase in ocean surface temperature that will alter precipita-
tion regimes on a global scale (Garduño 1997; Magaña et al. 1997; Adem et 
al. 2000; Weltzin et al. 2003). In many regions, decreases in total rainfall 
are expected leading to land aridization, especially for tropical regions 
(Adeel et al. 2005). The declaration of the years 2005 to 2015 as the Inter-
national Decade of Water by the United Nations is recognition that a better 
understanding of the global hydrological cycle is needed. For example, 
multidisciplinary studies of water are being conducted in the arid southern 
United States, where certain species of mesquite (genus Prosopis) are 
agressively competing for water reserves with nearby municipalities (Grov-
er and Musick 1990; Huxman et al. 2005). As illustrated by various chap-
ters in this festschrift for Park, plant adaptations for dealing with water 
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stress have been a traditional and expansive focus of plant biophysical eco-
physiology. Our present knowledge of water use by plants, especially for 
species from arid and semi-arid environments, is now extensive. This will 
enable the rapid establishment of research programs that explicitly con-
sider the capability to acclimate and addapt to drier environments for 
plants from mesic environments. At present, integrative studies incorpo-
rating multiple environmental factors (e.g., CO2 concentration, tempera-
ture, water, and mineral nutrients) are still lacking (Norby and Luo 2004). 
 The agricultural sector is a critical user of water, ranging from about 
10% of the available potable water in France to 41% in the U.S.A., 77% in 
Mexico, and over 90% in Uruguay, Afganistan, and Somalia (Comisión 
Nacional del Agua 2008). A major reason for such large water use in agri-
culture is an accumulation of inefficient practices at all levels that contrib-
ute to substantial water losses via the distribution network, e.g., open ca-
nals for water distribution, the irrigation methods such as flooding or as-
persion instead of drip irrigation, and even by highly productive crops with 
low water use efficiency (Hong-Bo et al. 2006). Here, ecophysiology can 
help identify genomes that generate higher water use efficiencies within 
traditional crops (Condon et al. 2002). Moreover, new crops can be devel-
oped from plants that combine a high nutritional quality with reasonably 
low water requirements. This kind of agronomic research has been con-
ducted over the years in Israel, where an important effort for developing 
new crops is of great importance given their water-limited environment. In 
addition, there is a rich history in the use of endemic species in many high 
biodiversity countries. For instance, in the Tehuacán Valley in central-
southern Mexico, one of nearly a dozen sites in the world where agriculture 
originated, most of the twenty something species of columnar cacti are 
used for food (Casas et al. 1999; Smith 2005; Zeder 2005). An example of a 
crop that recently acquired global importance is that of the prickly pear 
cactus, Opuntia ficus-indica, whose popularity can be credited to combined 
efforts of scientists and producers. This species is cultivated primarily for 
forage in nearly fourty countries, although some 10% of the one million 
hectares covered by this CAM plant are dedicated to fruit production as 
well (Nobel 2000). 
 The current environmental crisis gripping the world poses exciting 
research challenges for natural scientists. Beyond the mere satisfaction of 
scientific curiosity of researchers, pressing issues such as the effects of 
global climate change and accelerated human population growth on biodi-
versity demand timely and comprehensive information. Moreover, the 
complex question of such research necessitates the participation of various 
disciplines acting at different spatial and temporal scales. Plant biophysical 
ecophysiology, based on plant responses driven by physical principles, can 
provide an underlying framework for such multidisciplinary challenges, 
acting to bridge between organism responses and ecosystem processes. 
Paraphrasing one of Park Nobel’s favorite quotes (by Louis Pasteur), im-
portant discoveries leading to a healthy and sustainable environment will 
not occur by chance alone, but only if prepared minds are there to recog-
nize opportunities. 
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