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[1] The complex interactions between plants, soils, and climates in semiarid ecosystems
make it difficult to define specific ecohydrological optimization mechanisms that underlie
observed spatiotemporal patterns of vegetation structure. There remains a clear need
to develop conceptual models that are capable of interpreting and predicting spatial pattern
formation in savannas (and similar dry woodland ecosystems), as well as metrics for
assessing optimization or organization of patterns, as one scales from individual canopies
to landscapes and beyond. In this article, we propose a unifying hypothesis regarding
ecohydrological optimization of pattern and processes, namely, that vegetation patterns in
water-limited environments are constrained in their ability to maximize water use by a
need to simultaneously minimize water stress. We use this trade-off-based hypothesis to
infer the function of dryland ecosystems under a wide range of scales and applications.
Specifically, we examine spatial and temporal aspects of ecohydrological organization of
vegetation patterns for three different cases: (1) patterns of regional-scale temporal
organization across a regional climate gradient, (2) patterns of landscape-scale spatial
organization within a semiarid drainage basin, and (3) patterns of individual-scale
structural organization across varying soil textures. Although the insight gained from each
of these examples is derived from specific modeling approaches, each of which contains
its own unique set of assumptions and limitations, they are unified by our proposed
ecohydrological trade-off approach that simultaneously considers both plant water deficit
and plant water use as a diagnostic tool for assessing vegetation patterns in water-limited
environments. It is our hope that the ongoing development of coupled ecological and
hydrological models capable of assessing a diversity of interactions between plants, soils,
and climates will lead to the emergence of more generalized hypotheses regarding the
manner by which ecological and hydrological patterns coorganize in landscapes.
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1. Introduction

[2] Clarification of the coupled ecological and hydrolog-
ical mechanisms that determine vegetation structure and
function remains a vexing problem in both hydrological and
vegetation science [Newman et al., 2006]. The coupled
nature of hydrological and ecological dynamics is perhaps
nowhere more evident than in semiarid ecosystems. Fre-
quently stressed and sensitive to change [Guenther et al.,
1996], semiarid ecosystems are responsive to climate var-
iability over relatively short time scales, and water is a main
driving force in shaping the vegetation distribution and
composition [Rodriguez-Iturbe et al., 1999a; Smit and
Rethman, 2000]. The dynamical nature of the vegetation
response to water availability is a prominent feature of

semiarid ecosystem function, as is evident from satellite
observations [Goward and Prince, 1995; Scanlon et al.,
2002]. The strength and importance of couplings between
ecological and hydrological dynamics has led to the emer-
gence of ecohydrology as a multidisciplinary research topic
[Bond, 2003; Hannah et al., 2004; Edreny, 2005; Breshears,
2005]. Despite the close coupling that exists between water
and vegetation structure, the challenge of predicting vege-
tation response to changing climate in these environments is
particularly daunting [Daly et al., 2000]. Specifically, a
central challenge is defining the ecologically and hydrolog-
ically relevant processes that lead to the formation of
vegetation patterns in water-limited ecosystems [Sole,
2007].
[3] The complex interactions between plants, soils, and

climates in semiarid ecosystems make it difficult to define
specific ecohydrological optimization mechanisms that un-
derlie observed landscape-scale patterns in vegetation struc-
ture. Regional models of semiarid vegetation structure are
often biogeographical in nature, making predictions based
exclusively on the role of external factors such as mean
annual rainfall, or soil infertility imposed by geologic
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constraints. These kinds of relationships often yield reason-
able predictions of savanna ecosystem structure [Sankaran
et al., 2005; Huxman et al., 2005], but provide little
additional insight in the specific ecohydrological processes
that maintain vegetation-climate coorganization. Indeed, the
strong control that individual plants can exert on local water
balance has been highlighted by the field observations of
Seyfried et al. [2005] and Ludwig et al. [2005] who
demonstrate variation in surface moisture redistribution
caused by the mosaic of vegetation patches and interpatch
areas in a variety of semiarid ecosystems. The conceptual
models arising from these field-scale studies explicitly
couple biological pattern to abiotic factors; usually driven
by soil moisture, but often also thought to be determined by
nutrients, herbivory, or fire. On the basis of these consid-
erations, more recent models of savanna structure have
taken the small-scale spatial structure of semiarid ecosys-
tems into account [Jeltsch et al., 1999; Scanlon et al., 2007].
[4] Theoretical treatments of coupled plant-soil-climate

determinants of soil moisture dynamics [Feddes et al.,
1988; Rodriguez-Iturbe et al., 1999b; Laio et al., 2001b;
Albertson and Montaldo, 2003] have suggested a number of
general principles that may guide the coorganization of
biological communities and hydrological dynamics in dry-
land environments. Perhaps the best known optimality
theory is that proposed by Eagleson and Segarra [1985],
which defined optimal hydrological conditions for ecosys-
tem function as minimization of canopy stress and maximi-
zation of soil moisture. While intuitively reasonable [Hatton
et al., 1997], the justification of these premises from an
ecological perspective appears to be questionable [Kerkhoff
et al., 2004]. Other approaches focus only on aboveground
optimization of plant form [Eagleson, 2002], neglect the
spatial complexity of dryland vegetation [Porporato et al.,
2001], or greatly simplify soil moisture dynamics [Schwinning
and Ehleringer, 2001].
[5] There remains a need to clarify the manner by which

vegetation self-organizes across scales within semiarid land-
scapes and how regional-, landscape-, and individual-based
patterns of vegetation interact with their accompanying
climates and soils. Such clarification necessitates the devel-
opment of conceptual models capable of interpreting and
predicting spatial pattern formation in savannas (and similar
dry woodland ecosystems) as well as metrics for assessing
optimization or organization of patterns as one scales from
individual canopies to landscapes and beyond. In our view,
a key difficulty arises in developing metrics of optimization
that are relevant across a range of different spatial and
temporal scales of interest.
[6] In general, hydrological theories of dryland function

can be broadly grouped into two categories. The first treats
maximization of water use (episodic growth) as the primary
organizing principle, while the second treats minimization
of water stress (episodic drought) as the most critical factor
governing vegetation dynamics. Clearly both factors act to
determine the dynamics of dryland ecosystems in space and
time. Examples of changes in relative growth rates leading
to shifts in ecosystem structure include bush encroachment
[Huxman et al., 2005; Brown and Archer, 1999] and the
historical expansion of invasive species [Bond et al., 2003]
in many dry lands. In contrast, recent droughts in the desert
southwest of the US [Breshears et al., 2005] have demon-

strated the enormous potential for periods of chronic re-
source scarcity to rapidly transform ecosystem structure.
While specific examples may appear to present contradic-
tory evidence for the mechanisms that control dryland
ecosystem structure, our goal is the articulation of more
general principles that operate to govern the dynamic feed-
backs between vegetation and resource availability across a
variety climates and ecosystems.
[7] To this end, we present here an exploration of a

general hypothesis that the spatiotemporal organization of
semiarid ecosystems can be best described through the
consideration of an explicit trade-off between resource use
(growth) and stress avoidance (survival). While some of the
methods and approaches contained in this manuscript have
been presented elsewhere by the authors in a variety of
venues [Scanlon et al., 2005; Caylor et al., 2004b, 2005,
2006], we seek to unify these similar but distinct prior
efforts in order to characterize dryland vegetation organiza-
tion through a common hypothesis. Specifically, we have
revisited our past approaches in order to examine the utility
of the above unifying hypothesis as a means of explaining
dryland ecohydrological organization across a wide range of
scales and applications.
[8] In the current discussion we focus on the spatial and

temporal aspects of interactions between plants, soils, and
climates in a variety of different water-limited systems. Our
examples are drawn from a series of savanna sites spanning
a large rainfall gradient within southern Africa, as well as
from a semiarid river basin organized around an ephemeral
drainage network in central New Mexico. We address our
hypotheses regarding coorganization of patterns and pro-
cesses around resource trade-offs at a hierarchy of scales
that range from climate gradients spanning thousands of
kilometers to individual tree canopies spanning only a few
meters.

2. Temporal Signatures of Ecohydrological
Optimization Within Semiarid Regions

[9] Satellite observations have revealed that transitional
zones between woodland and desert ecosystems are hot
spots of interannual variability in Normalized Difference
Vegetation Index (NDVI) [Goward and Prince, 1995;
Williams and Albertson, 2005]. The high variability in
NDVI has been attributed to the dynamical aspect of
vegetation in these typically water limited regions where
vegetation biomass resonates with wet season rainfall. In
seeking to define the coupling between hydrological and
ecological processes, this prominent feature of water-limited
ecosystems cannot be overlooked. Here we examine the role
of the dynamic vegetation in mediating the hydrological
cycle at the land surface and explore the significance of the
dynamic vegetation on ecosystem function.
[10] The setting of the regional analysis is the Kalahari

Transect (KT) in southern Africa, where grass cover is the
primary dynamical component of the savanna vegetation.
The Kalahari Transect is one of a number of International-
Geosphere-Biosphere Programme (IGBP) transects desig-
nated throughout the world [Koch et al., 1995] and covers a
latitudinal mean annual rainfall gradient varying from
approximately 1000 mm a�1 in the north to 250 mm a�1

in the south. Consistency in geomorphology and homoge-
neous soil conditions over the entire region, primarily deep
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Kalahari sands [Thomas and Shaw, 1991], allows for an
analysis of vegetation structure and ecosystem processes
relatively independent of soil type. Another amenable
aspect for regional analysis is the low human population
density of the Kalahari, which reduces anthropogenic im-
pact on land cover. The gradient in mean annual rainfall
across the Kalahari Transect sites results in dramatic vari-
ation in vegetation structure along the transect, which has
been well characterized by ground-based measurements
[Caylor et al., 2004a; Privette et al., 2004; Scholes et al.,
2002].
[11] Functional classes of woody versus grass vegetation

exhibit disparate responses to interannual variability in wet
season rainfall, owing to their specific structure and water
use characteristics. Woody vegetation generally have exten-
sive root systems, growth constrained by the existing woody
structure, and lower water use efficiencies associated with
C3 plants, while Kalahari grasses have intensive root
systems, a large potential for lateral growth, and relatively
higher water use efficiencies as C4 plants. Scanlon et al.
[2002] examined the varying responses of trees and grasses
to water availability and developed an unmixing algorithm
based on the individual sensitivities of tree, grass, and bare
soil NDVI to fluctuations in wet season rainfall to define
their respective fractional covers along the KT. When the
unmixing results were combined with a Soil-Vegetation-
Atmosphere Transfer (SVAT)model [Scanlon and Albertson,
2003], the water-limited portion of the transect was found
to be confined to the region where mean wet season rainfall
was less than approximately 700 mm. Some combination of
either nutrients or light are presumed to be limiting for
portions of the KT that receive greater than this amount of
mean wet season rainfall. The model-derived threshold
corresponds to the geographical location along the transect
where vegetation transitions from nutrient-rich, broad-
leaved to nutrient-poor, fine-leaved savanna [Scholes and
Walker, 1993], an independent confirmation of the SVAT
model results.

[12] Mean wet season rainfall (r) explains a large portion
of the variance in tree fractional cover (xt) along the water-
limited portion of the transect (R2 = 0.94) (Figure 1). The
fractional grass cover (xg), which is dynamic and driven by
the amount of wet season rainfall received in a given year,
exhibits a more complex pattern. Both the mean and
variance in the extent of the grass cover peak at a mean
wet season rainfall of approximately 450 mm. Rainfall
limits the extent of the grass cover below this value, while
the greater presence of trees in the wetter portion of the
transect imposes a light limitation on grass growth above
450 mm. The satellite-derived fractional covers along the
KT provide a starting point for understanding how these
vegetation components interact with the land surface hydro-
logical cycle.

2.1. A Regional-Scale SVAT Model With Dynamic
Vegetation

[13] As a natural extension of earlier analytical work that
assumed static rainfall and vegetation [Eagleson and
Segarra, 1985; Eagleson, 1978], and variable rainfall and
static vegetation [Laio et al., 2001a; Porporato et al., 2001;
Rodriguez-Iturbe et al., 2001], Scanlon et al. [2005] pre-
sented a modeling framework for the dynamical simulation
of both rainfall and vegetation. This approach allowed for
the evaluation of the ecohydrological role of observed grass
dynamics with respect to regional water use and the
occurrence of plant water stress. The SVAT modeling
scheme was built upon the mathematical framework of
Scanlon and Albertson [2003] by allowing the fraction of
grass cover, xg, to evolve throughout each wet season
according to a growth/decay equation governed by the soil
moisture in the near-surface soil layer. Temporal dynamics
of xg were simulated by the simple equation

dxg

dt
¼ ETgc 1� xtð Þ � xghxg; ð1Þ

Figure 1. Distribution of fractional tree cover (xt, crosses) and fractional grass cover (xg, dashed line)
with respect to mean wet season rainfall (r) along the water-limited portion of the Kalahari Transect,
derived from satellite data by the method of Scanlon et al. [2002]. Fractional tree cover has a strong linear
relationship with mean rainfall (R2 = 0.94); while fractional grass cover peaks near the middle of the
transect (�450 mm wet season rainfall). Bars indicate the range (black bars) and standard deviation (gray
bars) of the dynamic fractional grass cover for the 1983–1998 wet seasons.
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where ETg represents transpiration by grasses, c is a water
use efficiency parameter, xt is fractional tree cover, and h is
a coefficient of grass mortality associated with the
occurrence of grass water stress xg. Porporato et al.
[2001] review the physiological impacts of reduced water
variability on plant performance, the onset of plant water
stress, and the manner by which these complex phenomena

can be incorporated into models of surface water balance.
Here we adopt the water stress formulation first proposed by
Rodriguez-Iturbe et al. [1999a], which determines the
relative degree of plant water stress, x (dimensionless,
varying between 0 and 1), according to the frequency and
magnitude of excursions of the relative soil moisture below
the critical value of s* that corresponds to the point at which
plants begin to close their stomata. At values of soil
moisture above this critical value, plant stress is zero, while
it becomes 1 when the soil moisture saturation is equal to or
less than the plant wilting point (sw). The general equation
for this form of the plant water stress function is given by

x sð Þ ¼

1 s � sw

s* � s

s* � sw

� �q

sw < s � s*;

0 s > s*

8>>>><
>>>>:

ð2Þ

where q is a measure of nonlinearity in the relationship
between relative soil moisture deficit and plant stress
response, here taken to be equal to 2 following the
discussion by Porporato et al. [2001].
[14] Calibration was necessary only for c and h, which

were adjusted to match the model output with the satellite
observations. All of the other SVAT model inputs and
parameters were taken from satellite data, best estimates
from field data, or ground-based eddy covariance measure-
ments for a series of sites along the KT [Scanlon and
Albertson, 2004]. As shown by Scanlon et al. [2005], this
simple equation was successful in capturing the mean and
variability in satellite-observed grass cover along the Kala-
hari Transect.
[15] The daily SVAT model was applied over a time

frame of 16 wet seasons (1983–1998) along the portion
of the Kalahari Transect that receives less than 700 mm of
mean wet season rainfall. We now proceed to evaluate
ecosystem water use for this regional setting where inter-
annual variability in rainfall supplies a fluctuating limiting
resource. We do this by considering two quantities, the
seasonal average rate of transpiration (T), and the seasonal
average value of water stress (x), which are combined to
yield what we call ‘‘stress-weighted plant water uptake’’ (z)
following the general form

z ¼ T 1� xð Þ; ð3Þ

which is used throughout the present paper. We hypothesize
that maximization of water use and minimization of water
stress, as captured by this single metric, is fundamental to
the spatial organization of water-limited vegetation across
multiple scales. Applied across the regional rainfall
gradient, this function is normalized by wet season rainfall,
r, and x is taken as the average water stress throughout the
season. Fluctuations in wet season rainfall are described by
their z scores, (r � r)/sr, where r is wet season rainfall in a
given year, and sr is the standard deviation of wet season
rainfall at a particular location.
[16] Model results for a 16-year simulation applied to 127

positions along the rainfall gradient are shown in Figure 2a.
Components of T(1 � x)/r for the tree and grass cover are
plotted along with their sum, which describes the overall

Figure 2. Results of the SVAT model applied over 16 wet
seasons at 127 locations along the Kalahari Transect (KT).
(a) Individual results of stress-weighted plant water uptake
normalized by wet season rainfall, T(1 � x)/r, are plotted as
a function of the z scores of wet season rainfall for the tree,
grass, and combined cover for the observed savanna
vegetation. (b) Mean wet season responses for the original
model and a model run with a static grass cover in which xg
along the KT was set to its mean value. (c) Mean responses
for the observed savanna vegetation and those for grassland,
woodland, and woodland with fractional tree cover
increased by 0.15 throughout the region. The broad peak
of T(1 � x)/r over the range of variability in wet season
rainfall implies greater fitness of the savanna ecosystem
with respect to optimal water use.
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T(1 � x)/r for the savanna ecosystem. During dry years,
grass cover is water stressed and limited in extent, whereas
favorable conditions for growth that arise during wet years
generally lead to higher grass-specific T(1 � x)/r. Trees tend
to be more efficient in terms of their use of available water
during dry years when grass fractional cover is suppressed.
During wet years, factors such as increased grass transpira-
tion and leakage loss from the root zone account for greater
portions of the surface water balance. Although there is
considerable scatter in the combined T(1 � x)/r for the trees
and grasses, the nature of their individual behavior in
response to rainfall leads to this quantity being remarkably
level over the range in wet season rainfall variability.
The general forms of these relationships are evident from
Figure 2a even though these normalized results have been
compiled from across a large gradient in mean wet season
rainfall and vegetation cover (Figure 1).
[17] The role of the dynamic grass cover is evaluated by

comparing the original model results with those obtained
using static grass cover, in which xg was set to its mean
value at each location along the KT. Model results show that
during dry years, the reduced extent of the dynamic grass
cover has the effect of enhancing the stress-weighted water
use for trees (Figure 2b). For wet years, the greater amount
of water removed from the upper soil layers by the dynamic
grass cover does not appear to significantly influence the
tree water use, but it does lead to an increase in the overall
ecosystem T(1 � x)/r. As pointed out by Scanlon et al.
[2005], the dynamical nature of the grass cover helps close
the tenuous water balance at the land surface by resonating
with the high-frequency (i.e., subannual to annual) variabil-
ity in rainfall. In terms of the summed T(1 � x)/r for trees
and grasses, the broad peak with respect to interannual
rainfall variability (Figure 2b) implies ecosystem fitness in
this water-limited environment, which is promoted by the
dynamical nature of the grass cover.
[18] Seasonal rainfall with pronounced interannual vari-

ability is typical of savanna ecosystems [Rodriguez-Iturbe
and Porporato, 2004]. We contend that the stochastic nature
of this limiting resource, together with soil properties, are
paramount in shaping the structural composition of the
vegetation. From a water use perspective, a pure grassland
or a pure woodland situated in the Kalahari would be less
efficient than the existing mixed tree/grass savanna in terms
of exploiting this limiting resource. We evaluate T(1 � z)/r
with respect to normalized rainfall for a grassland ecosys-
tem by removing tree cover from the model and allowing
grass to grow unimpeded by xt, according to equation (1).
Consistently lower T(1 � z)/r is observed for the grassland
ecosystem (Figure 2c). During wet years, this can be
explained by the shallow root system of grasses, combined
with the sandy soils and the exponential distribution of
storm rainfall depths, which allows significant amounts of
water to bypass the root zone of grassland vegetation.
Although the absence of trees allows the grass biomass to
be extraordinarily responsive to the rainfall, this does not
make up for the decreased efficiency in water use imposed
by the uniformly shallow root depth. During dry years, the
limited extent of the grass cover prevents optimal use of
water when it becomes available, and bare soil evaporation
losses are considerable.

[19] In the case of woodland ecosystems, plant water use
dynamics are constrained by the woody structure, thereby
making this vegetation less adaptable to fluctuations in wet
season rainfall. By preserving the observed tree cover along
the KT and by eliminating grass cover, we find that T(1 �
x)/r for this woodland ecosystem would be similar to the
savanna for dry years, but would be significantly less during
wet years because of the lack of a dynamical vegetation
component that could make optimal use of this increased
water availability (Figure 2c). A more realistic conversion
from savanna to woodland would involve an increase in
fractional tree cover throughout the KT, which we roughly
account for in the model by increasing xt by 0.15. The
results indicate that T(1 � x)/r is on par with that for
the savanna vegetation during average rainfall years, but the
woodland experiences greater stress during dry years and
cannot make full use of the rainfall in terms of converting it
into transpiration during wet years (Figure 2c). Savanna
vegetation is clearly superior to both grasslands and wood-
lands with respect to maximizing T(1 � x)/r over the full
range of fluctuating rainfall. We contend that the tree/grass
mixture of a savanna ecosystem is an example of increased
ecosystem robustness arising from the complex adaptive
nature of vegetation assemblages [Levin, 1999].

2.2. A Regional Theory of Dynamic Stability Through
Optimization of Water Use

[20] The overarching control of hydrological factors on
savanna vegetation structure across the Kalahari Transect is
apparent from the substantial correlation between mean wet
season rainfall and tree fractional cover derived from
satellite data [Scanlon et al., 2002] and field measurements
[Scholes et al., 2002]. This is consistent with the meta-
analysis by Sankaran et al. [2005] of African savanna
ecosystems, where the maximum landscape-scale woody
cover was found to be well correlated to mean annual
rainfall at locations receiving less than 650 ±134 mm. These
savanna ecosystems were considered by Sankaran et al.
[2005] to be stable in the sense that mean rainfall controls
tree cover and permits grass cover, while disturbance factors
(e.g., fire and herbivory) provide an additional impact on
the possible stable state. We agree with this general frame-
work and elaborate on this by showing that dynamic grass
cover, a significant feature of savanna ecosystems, promotes
ecosystem stability through optimal use of a fluctuating
limiting resource. We note that our conceptual model is
counter to existing theories that assume savannas are
dynamically unstable, and predict that vegetation would
tend toward states of minimal structural diversity such as
grasslands or woodlands in the absence of disturbance
factors [e.g., Jeltsch et al., 2000]. In contrast we find that,
from an ecohydrological perspective, a homogeneous veg-
etation composition is inferior to a heterogeneous, function-
ally diverse savanna over the full range of rainfall variability
encountered in this water-limited setting.
[21] The model results for this largely undisturbed and

topographically uniform Kalahari Transect savanna system
reveal the degree to which the present vegetation structure
appears to be optimized with regard to water use. We note
that the use of a two-layer scheme for modeling regional
tree/grass water use neglects the potential for horizontal
variability in soil moisture and the impacts of such vari-
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ability on vegetation dynamics. However, more complicated
landscapes may require a more nuanced view of spatial
heterogeneity. Section 3 presents an approach for addressing
the crucial role that regional topography plays in organizing
the coupled patterns of climates, soils, and vegetation.

3. Spatial Signatures of Ecohydrological
Optimization Within Semiarid Landscapes

[22] Topographically complex landscapes containing river
basins represent a physical template of water availability
that arises from at least three discrete aspects of environ-
mental dynamics: (1) differential water inputs that arise
from elevational precipitation gradients; (2) shifts in atmo-
spheric water demand driven by climatological differences
across the basin; and (3) emergent patterns of landscape soil
moisture that are mediated by interactions between the
distribution of vegetation, soils, and climate. All three of
these factors interact to determine characteristic patterns of
ecosystem water use and water stress, which have unique
spatial signatures across any specific drainage basin. There-
fore, across gradients of elevation we may expect increases
in rainfall and reductions in potential evapotranspiration
(lower temperatures), which may lead to patterns of in-
creasing water availability in areas more distant from the
basin outlet. In contrast, the patterns of water stress would
be the opposite, with less soil water available closer to the
basin outlet because of both lower rainfall and higher
amounts of potential evapotranspiration. Because riparian
zones in many semiarid regions are quite small, a common
overall effect of these environmental patterns is that there
are opposing gradients of water use and water stress as one
moves through the basin’s topographic profiles. In this
section, we revisit an earlier analysis [Caylor et al.,
2004b, 2005] and examine the hypothesis that vegetation
patterns arising in water-limited landscapes result from a
trade-off condition that balances both resource consumption
and stress avoidance, which is the same general organizing
principle we adopted in section 2. Here we use this
hypothesis to address the coorganization between ecologi-
cal, hydrological, and geomorphological patterns in semi-
arid river basins.
[23] In a series of papers, Caylor et al. [2004b, 2005]

analyzed and simulated the spatial distribution of water
stress arising from different vegetation configurations in
the Upper Rio Salado basin, located near the Sevilleta
Long-term Ecological Research (LTER) site in central
New Mexico. Using available geospatial data, soil, climate,
and vegetation properties were assigned across the basin.
The resulting probabilistic characteristics of steady state soil
moisture distribution were analyzed along with the distri-
bution of observed vegetation patterns, simulated vegetation
dynamic water stress, and hydrological fluxes such as
transpiration.
[24] As in section 2, we are interested in the manner by

which vegetation patterns can be explained through consid-
eration of the trade-offs between plant water use and plant
water stress. In order to examine these processes within the
Rio Salado basin, we have reanalyzed the basin using a new
set of metrics consistent with those in section 2 on regional
dynamics of vegetation within the Kalahari region of
southern Africa. Specifically, we use the same measure of
plant water use (T/r) and a slightly modified version of the

static water stress (x0), which scales the statistical steady
state stress condition according to the duration of the mean
first passage time between an initial condition associated
with the spring snowmelt and the statistical steady state
mean [Laio et al., 2001c]. The definition of this modified
static water stress closely follows the approach presented by
Caylor et al. [2005] who used a similar dynamic water
stress measure proposed by Porporato et al. [2001] for the
Rio Salado basin. Here we simplify the earlier approach of
Caylor et al. [2005] and use static water stress instead in
order to maintain consistency with the other examples used
within this manuscript. The results presented here, however,
do not change substantially between the adoption of these
two measures of stress. Indeed, our suggestion is that any
measure of water deficit (i.e., the duration/severity of soil
moisture conditions below optimal conditions for plant
growth) will provide a useful measure for delineating
vegetation patterns within semiarid basins containing heter-
ogenous vegetation, soils, and climates. We used the same
approach as in the work by Caylor et al. [2005] to develop
characteristic basin-scale profiles of plant water use (hT/ri),
modified static water stress (hx0i), and stress-weighted plant
water uptake normalized by average wet season rainfall,
(hT(1 � x0)/ri). For each variable of interest, the profile is
defined as the average value of the variable (e.g., hx0(x)i),
for all points located at the same distance x from the basin
outlet measured through the network [Caylor et al., 2005].
Thus, in the case of the modified static water stress, the
profile is determined according to

x0 xð Þh i ¼
PNx

i¼1 x
0
i

Nx

; ð4Þ

where Nx is the number of elementary pixels at distance x
measured through the drainage network flow path, x0i is
modified dynamic water stress at each of these Nx locations,
and h i notation indicates the spatial average for all points at
each normalized distance x from the basin outlet (0� x� 1).
Thus, the average modified water stress profile defined in
equation (4) is an average quantity conditioned on the
network width function, which is itself a well-studied metric
of basin geomorphology [Marani et al., 1994] and is derived
from analysis of USGS digital elevation data for the study
basin. The same calculations are performed on plant water
use, T/r and stress-weighted plant water use, T(1 � x0)/r to
generate basin profiles for each of these quantities.
[25] In section 2, we described how the temporal dynam-

ics of vegetation across the Kalahari Transect act to simul-
taneously minimize water stress while maximizing water
use. Within the topographically complex Rio Salado basin,
we also find that a critical aspect of understanding basin-
scale organization is the recognition that land cover patterns
arise from both differential water use and differential water
stress. Of particular importance is the transition between
areas in the upper basin that experience large amounts of
winter snowfall (effectively increasing initial growing sea-
son soil moisture availability and subsequent water use) and
areas lower in the basin that experience chronic water
deficit.
[26] A comparison of Figures 3a, 3b, and 3c reveals the

utility of a trade-off-based optimality hypothesis that ex-
plicitly considers both resource use and resource scarcity in
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Figure 3. Profiles of (a) potential plant water use (hT=ri), (b) modified static water stress (hx0i), and
(c) stress-weighted plant water uptake (hT 1� x0

� 	
=ri) for three alternative homogeneous patterns of

vegetation cover within the Rio Salado basin. Angle brackets indicate a spatial average at a given
normalized distance from the basin outlet as measured through basin flow paths (0 < x < 1), and overbars
indicate a seasonal steady state average.
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the prediction of vegetation patterns within the Rio Salado
basin. Each plot provides the characteristic basin profiles of
plant water use (Figure 3a), modified static plant water
stress (Figure 3b), and stress-weighted plant water use
(Figure 3c) under three scenarios where the basin is com-
pletely vegetated by either trees, shrubs, or grasses. While
Figure 3a clearly indicates that the ‘‘all tree’’ pattern
exhibits the greatest water use in the upper portions of the
basin, the ability of water use to distinguish relative perfor-
mance of trees, grasses, and shrubs in the lower portions of
the basin is greatly reduced. In contrast, the profiles of
modified static plant water stress (Figure 3b) clearly dem-
onstrate the higher water stress predicted for trees in the
lower portion of the basin, but provide little clarification of
the controls on vegetation in the upper portion of the basin,
where spring snowmelt and higher rainfall lead to lower,
and more similar, stress values for all three vegetation types.
A comparison of the patterns of T(1 � x0)/r resulting from
each of these three vegetation types (Figure 3c) most closely
captures the trade-offs between the importance of stress in
the lower portion of the basin (which favors the presence of
grasses and shrubs) and the increasing availability of water
in the upper portion of the basin (which favors the presence
of trees).
[27] In order to further examine the suitability of stress-

weighted plant water use as a means of understanding the
existing vegetation pattern of vegetation within the Rio
Salado basin, we compare the actual basin-wide profile of
stress-weighted plant water use (z) to the profiles of two
alternative hypothetical vegetation distributions (Figure 4).
The first is the profile of stress-weighted plant water use that
arises from the specification of the vegetation type that
exhibits the maximum value of stress-weighted plant water
use at each location within the basin. The second hypothet-
ical profile is the one arising from a random assignment of
vegetation type at each location within the basin. In general,

we find that the average stress-weighted plant water use
increases at higher locations in the basin, and the spread
between the maximum possible stress-weighted plant water
uptake and a random stress-weighted plant water uptake
ranges from 50% at the bottom of the basin to 30% at the
top of the basin. We find that the stress-weighted plant water
uptake that corresponds to the actual vegetation distribution
lies closer to the ideal case 76% of the time. In addition,
although the actual stress-weighted plant water uptake is
well bounded by both the ideal and random patterns, the
ideal pattern is a better overall predictor of the actual pattern
than the random pattern (R2 = 0.90 and R2 = 0.79,
respectively). Finally, the accuracy of vegetation prediction
using maximum stress-weighted plant water uptake is
greater than using either maximum plant water use or
minimum plant water stress, which is expected given the
results shown in Figure 3.
[28] Our analysis of alternative stress-weighted plant

water use profiles corresponding to optimal, actual, and
random vegetation patterns suggests the existence of large-
scale determinants of vegetation pattern that correspond to
optimality in the response to water use/water scarcity. These
patterns are driven by topographic gradients in water and
energy distribution within the basin, which together explain
much of the variance in vegetation distribution across the
basin. However, the results also indicate that a great deal of
unexplained variance remains in the actual patterns of
vegetation distribution observed within the basin. While
our approach is not able to characterize the nature of this
additional variability, it is likely that a suite of small-scale
patterns will arise from local factors and ecological legacies
such as those caused by dispersal, disturbance, and founder
effects. Despite these smaller-scale heterogeneities, in the
Rio Salado basin we observe an organization that yields an
actual pattern of vegetation distribution found to lie within
the envelope described by the ideal vegetation pattern that

Figure 4. Three alternative profiles of stress-weighted plant water uptake. The first is the pattern that
maximizes stress-weighted plant water use at each location in the basin (‘‘ideal’’ pattern). The second
pattern is one that corresponds to the random assignment of vegetation throughout the basin (‘‘random’’
pattern), and the third represents the actual profile of stress-weighted plant water use within the basin
derived from the observed pattern of land cover. The actual pattern is bounded between the random and
ideal patterns but tends to more closely follow the ideal pattern across the entire profile.
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corresponds to the maximization of stress-weighted plant
water use within the basin, and a random one that preserves
the overall percentage of the different types of vegetation.
Having explored the landscape-scale potential for ecohy-
drological optimization in water-limited ecosystems, we
now turn to the role of individual tree canopies on surface
hydrological dynamics and their impact on patterns of
vegetation structure across heterogeneous soil textures
found in dryland landscapes.

4. Individual-Scale Signatures of Ecohydrological
Optimization in Semiarid Landscapes

[29] While the prior two examples have been based on
multiyear temporal (section 2) and large-scale spatial
(section 3) patterns of land cover, it is critical to recognize
that patterns of resource use, resource scarcity, and their
combined impacts on vegetation are necessarily associated
with the location and function of individuals. Perhaps the
best known example of this approach to relating individual
vegetation structure to landscape dynamic function is the
paradigm of gap dynamics, by which species regeneration
and subsequent patterns of canopy emergence occur within
the localized patches of higher light availability formed by
the death of a large canopy tree [Shugart, 1984]. Despite the
potential utility of such approaches to address issues related
to the patterns and processes operating in dryland ecosys-
tems, there are few conceptual models that successfully
relate individual structural patterns (e.g., size and distribu-
tion) to larger-scale aspects of ecosystem function (e.g.,
water balance).
[30] Recently, Caylor et al. [2006] proposed a relatively

simple model of soil moisture dynamics suitable for appli-
cation to structurally heterogeneous vegetation landscapes,
such as those found in savannas or open woodlands. This
approach was intended to provide a framework that can
generate hypotheses related to the causes and effects of
horizontal variation in soil moisture arising from the patchy
vegetation structure of individual tree canopies that is
characteristic of many semiarid ecosystems. The modeling
approach is motivated by the need to characterize ecohy-
drological interactions between the number of co-occurring
tree canopies (nC), root systems (nR), and their combined
effect on the overall dynamics of soil moisture. Of particular
interest is the manner by which the spatial pattern of both
tree canopies and their accompanying root systems act to
affect soil moisture dynamics. A key aspect of these above-
and below-ground patterns is the lateral extent of individual
root systems, and so we define the quantity at = mR/mr,
which is specified as the ratio between the radius of a tree’s
root system (mR) and its associated canopy (mr). In this
analysis, the value of at is assumed to be a fixed property of
the vegetation in any landscape. Under the assumption of
random tree spacing, tree centers are modeled as a two-
dimensional Poisson process of rate lt, where lt represents
the mean number of centers per unit area. The areal extent
of each tree canopy is represented as a circle of random
radius, r, drawn from an exponential distribution with mean
mr. The areal extent of each tree’s accompanying root
system is represented as a circle centered on the location
of the individual with radius rat. Thus the number, nC, of
canopies and nR roots occurring at a randomly chosen point
has a Poisson distribution [Cox and Miller, 1965]. In

addition, the probability of finding a location in the land-
scape with nR overlapping root systems and nC overlapping
canopies is the joint distribution of nR and nC, notated as
P(nR \ nC).

4.1. Connecting Individual-Scale Tree Structure
to Landscape-Scale Ecohydrological Optimization

[31] The joint distribution of P(nC \ nR) is used to
connect the distribution of canopies and root systems in
the landscape to the soil moisture dynamics which occur
therein. We specify that the parameter nR determines the
local rate of soil water uptake, while nC controls the
evaporative loss of soil moisture and regulates the partition-
ing of evapotranspiration into soil evaporation and plant
water uptake. The vertical root profile is here assumed to be
uniform and individual plant root uptake is evenly parti-
tioned throughout the thickness of a single soil layer, Zr.
Our data on tree active rooting depth are taken from recent
field observations of dryland root distributions [Hipondoka
et al., 2003], which find similar vertical rooting depths
across a series of sites in Botswana.
[32] We assume that canopies have a constant leaf area

density, which causes a reduction in energy available for
evaporation because of shading effects according to an
exponential distribution (e.g., Beer’s Law), and that plant
water extraction rate from the soil is constrained by the total
energy absorbed by individual plant canopies (cf. Caylor et
al. [2006] for a complete model presentation). The instan-
taneous rates of evaporation and plant water uptake both
depend on available soil moisture and potential evapotrans-
piration (PET, mm d�1). In this approach, we assume a
fixed daily PET value. Our general approach to water losses
through evapotranspiration is a modified version of the
scheme presented by Laio et al. [2001b]. In our approach,
we assume that evaporation linearly increases from zero at
the soil hygroscopic point, sh, to a maximum evaporation
rate, at field capacity, sfc. This differs from earlier
approaches [Laio et al., 2001b] that assume evaporation
only contributes to soil losses at soil water contents below
the plant wilting point, sw. Our formulation for plant water
use is identical to that of Laio et al. [2001b], in that we
assume that water uptake from roots (i.e., transpiration)
exhibits a linear response to soil moisture availability,
increasing from zero at the plant wilting point, sw, to the
maximum at the point of incipient stomatal closure, s*. At
soil moisture values above s*, water uptake proceeds at the
maximum rate, just as evaporation proceeds at the maxi-
mum rate above field capacity. Finally, above field capacity,
we account for leakage loss from the lower boundary of the
soil layer.
[33] At each location in a landscape containing nC can-

opies and nR roots, we consider the water stress distribution
according to the frequency and magnitude of excursions of
the relative soil moisture below the critical value of s* that
corresponds to the point at which plants begin to close their
stomata. In order to account for the effects of increasing soil
moisture deficit on plant physiological performance, we
adopt the formulation of water stress (denoted as x) first
proposed by Rodriguez-Iturbe et al. [1999a]. According to
the hypothesis we present in this manuscript, any measure
of ‘‘optimal’’ conditions for plant water use must appropri-
ately balance maximization of resource use with minimiza-
tion of stress occurrence. For example, as the average root
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ratio (at) increases, an individual plant may be able to
increase its plant water uptake rate. However, the increased
number of overlapping roots associated with an increase in
plant root ratio leads to higher landscape average uptake
rates and more rapid onset of stress conditions whenever
water becomes limiting. We adopt the approach described in
section 2 to define the landscape average stress-weighted
plant water uptake, hzi, where h i now represents the
average stress-weighted plant water uptake within a land-
scape, taking into account the distribution of overlapping
canopies and root zones.
[34] The local measure of plant water stress and plant

water use at a location with nC canopies and nR root systems
is combined with the joint probability of nC and nR to
calculate the landscape average value of stress-weighted
plant water uptake within landscapes of varying climates
and soil types. In particular, we investigate the dependence
of the landscape average stress-weighted plant water uptake
on the landscape-scale vegetation structural parameters at
and lt under consideration of a typical semiarid climate. The
manner by which landscape average plant water use, hTi, and
landscape average plant water stress, hxi, interact to deter-
mine the stress-weighted plant water uptake, hzi, across a
range of structural configurations is depicted in Figure 5.
[35] In this example, we have chosen to use sandy soils

typical of many semiarid ecosystems and a climate regime
corresponding to a 6-month wet season with �400 mm total
rainfall. For these simulations, we assume a 6 mm d�1

potential evapotranspiration rate, and that rainfall occurs as
a marked Poisson process with an average storm depth (a)
of 10 mm and a rainfall occurrence rate (l) of 0.225 storms
per day, where both a and l have exponential probability
distributions. For our simulations, we have assumed that the
distribution of vegetation canopies consists of exponentially
distributed canopy radii with an average of 2 m
corresponding to an average canopy area of 26 m2. This
specification of vegetation, climate, and soil conditions
corresponds to the typical environment of the central
Kalahari desert in southern Africa (cf. model description
and parameter values in the work by Caylor et al. [2006,
and references therein]). Our results demonstrate that for
most conditions, increases in either tree density (lt) or
lateral root extent (at) lead to corresponding increases in
both average tree water use (Figure 5a) and average tree
water stress (Figure 5b). In the case of plant water use,
increasing root ratios (larger at values) always leads to
higher water use, particularly at high tree densities. In the
case of plant water stress, higher densities almost always
lead to higher values of water stress, except for very low root
ratios. For both plant water use and plant water stress, shifts in
root extent have large impacts at high densities, with reduced
effect of changing root ratio at low densities. Because of the
manner by which both plant water use and plant water stress
act to determine stress-weighted plant water uptake according
to equation (3), the varying functional response of these
parameters to shifts in vegetation structures means that for
any tree density there exists a specific root ratio that
corresponds to a local maximum of hzi (Figure 5c).

4.2. Consequences of Soil Texture on Tree Structural
Patterns

[36] Soil textural properties have been recognized as a
factor for determining plant structural pattern in dryland

Figure 5. Effect of changing tree density, lt, and the ratio
of lateral root radius to canopy radius, at, on (a) landscape
average plant water uptake, hTi; (b) landscape average plant
water stress, hxi; and (c) stress-weighted plant water uptake,
hzi, for a sandy soil site with rainfall parameters of l =
0.225 d�1 and a = 10 mm. Across a wide range of tree
densities, there are clear optimal values of root ratios.
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ecosystems. In particular, many dryland ecosystems exhibit
pronounced shifts in vegetation structure and composition
across ecotones in soil texture. A common phenomenon is
the ‘‘inverse texture effect,’’ first described by Noy-Meir
[1973], whereby species found in sandy soils are often
larger and less drought tolerant than those found in clay
soils under similar climates. The savannas of much of
eastern Africa, and central Kenya in particular, provide
dramatic evidence of the inverse texture effect, with large,

widely spaced Acacia species dominating sandy soils adja-
cent to fine-textured clay soils dominated by smaller Acacia
species with much higher densities. The explanation for
these divergent life history strategies (large, low density in
sandy soils versus small, high density in clayey soils) is an
obvious challenge that any synthetic theory of ecohydro-
logical structure and function must address.
[37] While some prior studies have shown that the

presence/absence of different species on varying soil tex-
tures can be explained via differences in water balance [cf.
Fernandez-Illescas et al., 2001, and references therein], our
focus on the explicit interactions between vegetation struc-
ture (density and lateral root extent) and function (plant
water stress and plant water use) reveals pronounced shifts
in optimality across soil types. In Figure 6, we demonstrate
how both avoidance of water stress and maximization of
water use can lead to the shifts in vegetation structure
observed between sandy and clay soils. Differences in
sandy/clay soils arise from changes in the saturated hydrau-
lic conductivity, the soil porosity, and the relationship
between soil water potential and volumetric water content
(described with a dimensionless parameter, b, related to
distribution of pore sizes within the soil). Following the
values provided in Table 1 of Laio et al. [2001b], we use a
saturated hydraulic conductivity of 220 cm d�1, a porosity
of 35%, and a b value of 4.05 for sandy soil. For clay soils,
we adopt a saturated hydraulic conductivity of 11 cm d�1,
porosity of 50%, and a b value of 11.4. In both cases, we
have used a fixed vegetation description, typical of savanna
trees (rooting depth of 1.6 m, wilting point, sw, of �4 MPa,
an s* value of �0.5 MPa, and an Emax of 5 mm d�1).
[38] In terms of volumetric water content (m3 water/m3

soil), finer textured clay soils are capable of holding much
more moisture than sandy soils. For example, in the soils
used here, the same threshold tension for field capacity
(�0.03 MPa) leads to a volumetric water content of 37% for
the clay soils and only 13% for the sandy soil. These
differences in potential water content extend to the total
amount of plant available water content (n(sfc � sw)), which
for the clay soil is 0.13 and is only 0.09 for the sandy soil.
Similarly, the range of active plant water use (between s*
and sw) is 0.05 for clay and 0.03 for the coarser sandy soil.
On the basis of these differences, one might expect that clay
soils would be capable of sustaining more vegetation since
there is a greater potential volume of soil water within clays,
and plants in clays can operate over a wider range of
volumetric water contents. However, dryland soils are very
rarely, if ever, at or near field capacity, and therefore it is
more likely that the soils will be dry. In drying conditions,
clay soils will arrive at typical semiarid plant wilting points
(��4 MPa) when the soil volumetric water content is still
25%. In contrast, sandy soils do not get to a �4 MPa wilting
point threshold until only 4% volumetric water content
remains. It is this difference in the lower limit of available
plant water (much lower in sands) and not the total amount
of potentially available plant water (slightly higher in clays)
that allows for larger, lower-density trees to be found in
coarser texture soils that experience the same rainfall.
[39] Figure 6 demonstrates the manner by which changes

in landscape vegetation density, lt, and the ratio of root:ca-
nopy radius, at impact both the magnitude and distribution
of landscape-averaged stress-weighted plant water uptake,

Figure 6. Effect of soil texture on the amounts of stress-
weighted plant water use for a typical vegetation/climate
scenario (sw = �4 MPa, s* = �0.5 MPa). Course sandy
soils allow for roughly twice the amount of stress-weighted
plant water use than finely textured clay soils. Furthermore,
in the case of (top) sandy soils, lower tree densities (i.e.,
smaller lt) and larger rooting areas (i.e., greater at) lead to
only slightly reduced values of hzi. However, in (bottom)
clay soils, similar shifts in vegetation structure lead to a
much greater percentage reduction in hzi values. The
implication of these differences is that sandy soils can
accommodate fewer, larger, and more extensively rooted
species than clay soils, which provides a quantitative
explanation of the inverse texture phenomenon observed
in many semiarid environments.
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hzi. As we observed in Figure 5c, in both sandy (Figure 6,
top) and clay soils (Figure 6, bottom), the maximum value
of landscape-averaged stress-weighted plant water use (hzi,
equation (3)) occurs for high tree densities and when trees
have the rooting areas close to the same size as their
canopies (at is close to 1). However, the effect of shifting
vegetation structural properties varies between the sandy
and clay soil textures. In the case of sandy soils (Figure 6,
top), for any specific landscape tree density, lt (individual
trees (ind) m�2), there is a corresponding lateral rooting
extent, at, that allows for relatively constant maximum
possible stress-weighted plant water use. Even at the lowest
densities, high rates of stress-weighted plant water use can
be maintained as long as root ratios are correspondingly
large. However, in the case of clay soils, the maximum
stress-weighted plant water use is not nearly as consistent
across variations in tree densities and drops much faster as
tree density decreases for any root ratio (Figure 6, bottom).
[40] The consistency in the maximum possible stress-

weighted plant water use across a wide range of possible
vegetation densities in sandy soils (Figure 6, top) implies
two consequences. The first is that (using the metric we
adopt here) shifts to larger, lower-density vegetation in
coarse soils may not substantially alter the apparent effec-
tiveness of the vegetation, so long as root ratios also
increase as density is lowered. Secondly, there is a rather
fixed relationship between changing tree density and chang-
ing tree rooting ratio in sandy soils, such that maximum
stress-weighted plant water use occurs in only a narrow

range of combinations of at and lt. Taken together, these
results indicate that the range of structural configurations
that lead to optimal conditions for vegetation growing in
fine-textured soils is narrowly defined, while a greater
degree of structural heterogeneity can be expected within
coarsely textured soils. These results suggest that there
should be lower diversity within fine-textured soils, which
is indeed the case for Kenyan savannas, where a single
species, A. drepanilobium dominates clay soils. Further-
more, A. drepanilobium usually occurs in dense thickets,
and is characterized by a weakly developed lateral root
system. Moreover, the density of A. drepanilobium within
the areas it dominates is often greater than 3000 stems per
hectare, in stark contrast to the mixed species sandy soil
savannas where stem density is often an order of magnitude
lower and species have much more extensive lateral root
systems. It is important to note that consideration of only
water use or water stress alone would not reveal these
alternate structural configurations; instead, these results
demonstrate that consideration of both water use and water
stress is necessary to explain the divergent structure and
function of savanna vegetation associated with the inverse
texture effect.
[41] In general, Figure 6 seems to indicate that there are a

suite of optimal relationships between tree density and
rooting ratio for vegetation in coarse soils, but that for
any given density, the root ratio that corresponds to the
optimal value is narrowly defined (i.e., very high local
gradients of dz/dat and dz/dlt). In contrast, vegetation in
finer soils seems to exhibit much greater variability in
maximum stress-weighted plant water uptake, but with a
less well defined optimal value for any given density (i.e.,
lower local gradients of dz/dat and dz/dlt). We now explore
the degree to which lt and at interact to determine maxi-
mum stress-weighted plant water use in each of these two
soil types. Figure 7 depicts the maximum value of stress-
weighted plant water use normalized by rainfall, hTi/(1 �
hzi)/r, across a single nondimensional measure of plant
structure. We determine this structural measure as the
product of plant density (lt, ind m�2) and the average area
of an individual’s rooting zone, E[Ar] (m2 ind�1). The
specific value of E[Ar] depends on two parameters: the
rooting ratio, at, and the average canopy size, characterized
by the mean canopy radius, r (m). Assuming that r is a
random variable, the value of E[Ar] also depends on the
underlying probability distribution of individual canopy
radii sizes. Here we assume that the values of r within the
landscape are exponentially distributed, so that

E Ar½ � ¼ 2p r  atð Þ2: ð5Þ

[42] Viewed from the perspective of a composite nondi-
mensional structure (number of individuals in an average
individual’s root area), the differences between coarse- and
fine-textured soils appears differently (Figure 7). Once
again, the ability of sandy soils to have a higher maximum
possible stress-weighted water use is apparent, but now it is
more obvious that the density and root areas of vegetation in
sandy soils must lie in a narrow range of combinations, so
that the number of individuals per unit individual root area
is always close to 0.5. Because the expected area of
individual root areas is twice the area of the rooting area

Figure 7. Effect of soil texture on the maximum stress-
weighted plant water use normalized by rainfall across a
range of dimensionless structural configurations. The
structural axis is the product of landscape tree density, lt
ind m�2, and the expected area occupied by an individual’s
root system, E[Ar] (m

2 ind�1), assuming that tree radii are
distributed exponentially with a mean value r = 1 m. Values
of the dimensionless structure less than 1 indicate land-
scapes that have less than one individual per unit area of an
individual’s root zone (i.e., landscapes with unexploited
soil); while values greater than 1 indicate landscapes with
higher number of individuals per unit of an individual’s root
extent (i.e., increasing root system overlap).
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of an average-sized individual when individual sizes are
exponentially distributed (equation (5)), the implication is
that individuals in a sandy soil will rarely have any rooting
overlap if stress-weighted plant water use is to be optimized.
In contrast, the rather slow reduction in maximum possible
stress-weighted plant water uptake in fine-textured soils
suggests that the degree of root overlap in these soils can
be quite high and still achieve relatively high levels of
stress-weighted plant water use. Once again, these results
point to a fundamental distinction between dryland vegeta-
tion experiencing similar rainfall amounts, but varying soil
textures: vegetation within sandy soils should be more
widely spaced at any density, with substantially less lateral
overlap of rooting zones than vegetation in finer-textured
clayey soils, where substantial rooting overlap may occur.

5. Conclusion

[43] This article has briefly reviewed three efforts to
describe ecohydrological trade-offs that lead to organization
of vegetation patterns in water-limited landscapes. In each
case, we have examined a different scale of interest, from
regional to individual, through a suite of numerical and
analytical modeling approaches. The essence of a trade-off-
based approach to understanding vegetation function has
long been inherent to coupled models of carbon and water
dynamics [Guswa, 2008; Schymanski et al., 2008a, 2008b;
van der Tol et al., 2008a, 2008b], which usually relate water
stress to stomatal closure and thus are able to compute the
direct effect of stomatal conductance on the carbon uptake
rate. However, we believe there remain substantial advan-
tages to approaches that seek to characterize plant patterns
and dynamics solely through the prism of surface water
balance. Most critically, models that consider a trade-off
that includes optimization of carbon uptake introduce a
nonconservative quantity into the optimization framework.
In contrast, our approach considers only the use and
availability of a resource that is completely conservative
within the system we are examining, so our objective
function is always bounded by upper and lower limits that
have physical meaning. For instance, assuming rainfall is
the only source of soil water, our stress weighted plant water
uptake function is always limited at the upper bound by
total rainfall amounts at seasonal to annual time scales.
Therefore, in our view, an approach that considers carbon/
water trade-offs benefits from a more mechanistic under-
standing of how resource scarcity impacts plant function but
at the expense of an unbounded objective function that
makes comparisons between sites or across gradients of
resource availability much more difficult.
[44] While we believe the trade-off-based approach we

have presented here has some distinct advantages in terms
of its generality and explicit focus on conservative quanti-
ties, the application of our framework to quantitative
predictions relies on quantitative measures of both resource
use as well as the effects of resource scarcity. In terms of
resource use, the tight couplings between plant transpiration
and plant carbon uptake make it possible to relate water use
to growth at a range of spatial and temporal scales, from
individual leaves to entire ecosystems. However, it remains
difficult to separate the direct effects of water stress on
plants independent of the indirect effects of water scarcity
on growth. Research regarding the effect of soil water

deficits on xylem cavitation and plant hydraulic conductiv-
ity may lead to novel and more generalized approaches for
inferring the impact of water scarcity on whole plant
function. In the absence of a quantitative means for assess-
ing stress and growth independently, clear distinctions
between our trade-off-based hypotheses and those that seek
to maximize growth will remain difficult to define. How-
ever, as ecohydrological research proceeds to develop a
clearer understanding of the functional impacts of resource
scarcity, water stress itself will likely become a more
quantitative measure of plant status. In this case, we expect
that a trade-off-based approach of the type that we have
described here will yield substantially improved predictions
regarding the dynamics of savanna ecosystem structure, and
the coexistence of alternate strategies for dealing with the
chronic intermittent water availability that exemplifies dry-
land ecosystems.
[45] Here we have used a series of related but indepen-

dent examples to demonstrate the utility of a unified
approach based only on the water balance and resulting
measures of plant water deficit/use as a diagnostic tool for
assessing optimality of plant structural pattern. In particular,
we find that a trade-off function that describes a stress-
weighted plant water use provides substantial insight into
spatial and temporal patterns of vegetation in all three
examples. Clearly, such modeling approaches will continue
to generate hypotheses at a much greater rate than they are
able to confirm them. However, it is our hope that the
ongoing development of coupled ecological and hydrolog-
ical models capable of assessing a diversity of interactions
between plants, soils, and climates will lead to the emer-
gence of more generalized hypotheses regarding the manner
by which ecological and hydrological patterns coorganize in
landscapes. The results presented here suggest that greatest
insight into the determinants of ecohydrological patterns
and processes may lie in methods that seek to describe
vegetation structure and function according to consideration
of explicit trade-offs that occur between the dual necessities
of resource consumption and the avoidance of resource
scarcity.
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