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ABSTRACT

A coupled energy and water balance model is used

to simulate the effects of large tree canopies on soil

moisture and water stress across a series of sites

spanning a regional moisture gradient in southern

Africa. The model tracks evapotranspiration from

five components of the land surface at each

site—the tree canopy, the grass under and between

tree canopies, and the bare soil under and between

tree canopies. The soil moisture dynamics are sim-

ulated at daily time steps and driven by a stochastic

model of storm arrivals and storm depth. Evapo-

transpiration is modeled using the Priestley-Taylor

approach, with potential evapotranspiration scaled

by soil moisture availability. The soil moisture un-

der tree canopies is compared to the soil moisture

between tree canopies, and differences in average

annual soil moisture stress conditions are analyzed

at each site. The spatial distribution of large trees has

important consequences for small-scale soil mois-

ture dynamics across the rainfall gradient. The re-

sults indicate that tree canopies serve to reduce soil

moisture stress of under-canopy vegetation in the

middle of the rainfall gradient. At the dry end of the

rainfall gradient, the effect of tree canopies on soil

moisture is dependent on the amount of rainfall

received in a given growing season.

Key words: energy and water balance model;

tree canopies; soil moisture; water stress; rainfall;

southern Africa; Kalahari Transect.

INTRODUCTION

Savannas have been variously defined, but they are

generally described as mixed life-form vegetation

communities in which woody and herbaceous

components codominate (Bourliere and Hadley

1970; Walter 1971; Sarmiento 1984; Tothill and

Mott 1985). In addition to their characteristic

structural heterogeneity, savannas typically expe-

rience strong seasonality in rainfall, with pro-

nounced wet and dry seasons and a high degree of

interannual variability in rainfall (Huntley and

Walker 1982). The conspicuous shared dominance

of contrasting plant life-forms makes savannas in-

herently interesting from an ecological perspective;

moreover, their geographic and socioeconomic

importance is underscored by the rapid growth in

human populations that depend on these lands for

wood products and livestock rangeland. Tropical

savannas are distributed over an eighth of the ter-

restrial surface and make up one-half of African

land cover (Atjay and others 1987).

This paper describes the development and ap-

plication of a model of the daily water and energy

balance of each component of the savanna land-

scape at a set of research sites, collectively called

the Kalahari Transect. The Kalahari Transect,

one of a number of International Geosphere-Bio-

sphere Programme (IGBP) transects designated

throughout the world (Koch and others 1995),
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covers a latitudinal mean annual precipitation

(MAP) gradient ranging from 1,000 mm/y in the

north to 250 mm/y in the south. Figure 1 shows

the location of the research sites used in this study.

The rainfall gradient across these sites (Table 1)

results in dramatic variation in vegetation structure

along the transect (Scholes and others 2002; Caylor

and others 2003; Privette and others 2004). These

structural variations, coupled with the regional

rainfall gradient, lead to changes in the relative

contribution of trees and grasses to vegetation

productivity across the transect (Dowty and others

2000; Caylor and others 2004). Consistency in

geomorphology over the entire region—primarily

deep Kalahari sands (Thomas and Shaw

1991)—allows for an analysis of vegetation struc-

ture and ecosystem processes that is relatively in-

dependent of soil type.

Our aim in this paper is to explore a vexing

problem in vegetation science—the underlying

causes of the factors that allow savanna vegetation

to persist as a mixture of grasses and trees. The

shared dominance among tree and graminoid life-

forms across vast regions in the semi-arid tropics

and subtropics (and more widely under expansive

definitions of savanna) is surprising. One might

expect a particular life-form to be best adapted and

most successful in a particular environment. Not

only do trees and grasses differ in physiognomy and

life history, but in the case of African savannas the

trees use the C3 photosynthetic pathway whereas

the grasses are typically C4 species. This physio-

logical differentiation implies a greater likelihood of

niche differentiation. The extensive distribution of

savannas worldwide suggests that they are not a

knife-edge case where environmental conditions

favoring tree dominance transition to conditions

favoring grass dominance (Jeltsch and others

2000).

Our conclusion from investigating a model of

coupled water and energy balance applied to sa-

vannas is that, along realistic environmental gra-

dients, the biophysics of tree and grass canopy

performance result in competitive tree–grass in-

teractions in both moist and dry conditions and

mutualistic interactions in intermediate conditions.

We address these interactions as a consequence of

the contrasting microclimates under and between

tree canopies across the Kalahari Transect using a

simple coupled energy and water balance model

that treats under-canopy and between-canopy en-

vironments as discrete spatial units with separate

energy and water balance. Model behavior is ex-

plored at nine locations where necessary structural

data are available for model parameterization.

These investigations reveal a complex pattern of

tradeoffs between light and moisture availability

both across the rainfall gradient and within a single

site.

Grass–Tree Interactions in African
Savanna Ecosystems

In southern Africa, tropical savannas are extensive

but varied, ranging from partially closed woodlands

to sparsely covered scrublands (Scholes and Walker

1993). Many tropical savannas are found in semi-

arid climates where a constantly changing distri-

bution of soil moisture is supplied by predomi-

nantly convective storms that vary considerably in

both frequency and depth (McCown and Williams

1990; Sala and Laurenroth 1982; Hutley and others

2001). The importance of water limitation in

savannas has spawned different theoretical models

of tree–grass coexistence. These models differ in

their underlying assumptions about the ways in

which trees and grasses access and use soil mois-

ture. Walter (1971) proposed a spatial niche-dif-

ferentiation model to explain a balance of trees and

grasses at equilibrium. This model was based on the

idea that tree and grass roots use different soil

layers for their water supplies—trees having deep

roots and grasses having shallower roots. However,

due to a lack of direct evidence of a two-tiered

Figure 1. Distribution of Kalahari sands and major rivers

in southern Africa. Locations of sites used in this study

are also provided.
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layering of root structure in many savanna

environments, the validity of this hypothesis has

been questioned (Fisher and others 1994; Knoop

and Walker 1985; Hipondoka and others 2003).

Accordingly, the Walter model has been modified

in a number of ways to better approximate field

observations (see Scholes and Archer 1997 for an

excellent review).

Several studies have investigated the effect of

tree canopies on various components of soil water

balance. Site-level observations have shown an

increase in soil moisture storage and drainage un-

der tree canopies (Joffre and Rambal 1993), a de-

crease in the duration of soil wetness and reduced

soil water content between tree canopies (Bre-

shears and others 1997, 1998), and strong gradients

in light, temperature, and soil moisture from

under-canopy to between-canopy environments

(Belsky and others 1989). Differences in canopy

microclimate have been shown to lead to higher

productivity of grass under trees in a low-rainfall

savanna, but a lower relative productivity of under-

canopy grasses in a high-rainfall savanna (Belsky

and others 1993). More recently, Jackson and

Wallace (1999) described a reduction of as much as

40% in bare soil evaporation under tree canopies in

a Kenyan agro-forestry plantation, and Smit and

Rethman (2000) report increased infiltration and

evapotranspiration in experimentally thinned plots

of Mopane woodland (Hardwikia mopane). Differ-

ences in soil moisture under and between tree

canopies have been used to explain observed pat-

terns of herbaceous productivity in humid west

African savannas (Menaut and Cesar 1979; Mor-

delet and Menaut 1995). Soil moisture has also

been seen, to impact seedling germination of

southern African woody vegetation (Keya 1997;

Wilson and Witkowski 1998) and the distribution

patterns of woody species (Smith and Grant 1986;

Smith and Goodman 1987).

Models of Savanna Grass–Tree
Interactions

Despite observations of the effects of tree canopies

in savannas, the inclusion of horizontal spatial

processes in models of savanna dynamics is rela-

tively recent (Jeltsch and others 1998). Initial dy-

namic models of tree–grass coexistence assumed

that soil moisture is horizontally homogeneous

(Eagleson and Segarra 1985) and that competition

for soil moisture is sufficient to explain observed

patterns of uniform vegetation spacing in semi-arid

systems (Yeaton and Cody 1976; Phillips and

MacMahon 1981). Subsequent field studies of

southern African savanna spatial pattern (Skarpe

1990; Jeltsch and others 1996) have shown that

uniform patterns in savanna vegetation are not as

common as first thought. In addition, a recent

survey of vegetation pattern at 10 sites across the

Kalahari Transect rainfall gradient (Caylor and

others 2003) found that the aggregation of juvenile

woody vegetation was significantly influenced by

the distribution of large tree canopies at six of 10

sites. These results suggest that patterns of woody

vegetation structure are controlled by the distri-

bution of favorable sites for juvenile establishment.

The observation of complex, nonuniform distri-

butions of vegetation and the influence of trees on

under-canopy microclimate have led to models of

savanna dynamics and productivity that explicitly

include horizontal processes. These models incor-

porate spatial processes either through landscape-

scale spatial heterogeneity (Coughenour 1992),

grid-based cell automata (Gignoux and others

1995; Jeltsch and others 1998), individual inter-

actions (Lonsdale and others 1998; Simioni and

others 2000), or patch-scale structural parameteri-

zation (Caylor and others 2004). Most promisingly,

Breshears and Barnes (1999) have proposed a

unifying conceptual model that incorporates both

horizontal patchy vegetation structure and vertical

distributions of root profiles.

A COUPLED WATER AND ENERGY

BALANCE MODEL

Our model links the daily water and energy balance

of each component of the savanna landscape dur-

ing the wet season through the effects of net radi-

ation and soil moisture on rates of latent energy

transfer. It resolves net radiation and latent heat

flux for five separate components of the land sur-

face—tree canopy (denoted X(t,c) when referring to

components of a flux), grass under canopy (X(g,c)),

grass between canopies (X(g,b)), bare soil under

canopy (X(s,c)), and bare soil between canopies

(X(s,b)). X(x,y) refers to any component of the land

surface in general formulations. All fluxes are in

dimensions of W m)2. The fraction of area covered

by trees is denoted fc, the grasses is denoted fg.

Grasses are assumed to be distributed evenly be-

tween and under tree canopies, so that the fraction

of bare soil is (1 ) fg).

Evapotranspiration is characterized by the

Priestley-Taylor approximation, which infers rates

of latent energy transfer as a function of atmos-

pheric demand. The relative components are re-

solved into canopy (Xc) and between-canopy (Xb)

20 K. K. Caylor et al.



by summing the component fluxes according to

Xc ¼ X(s,c) + X(g,c) + X(t,c) and Xb ¼ X(s,b) + X(g,b).

The weighted scalar value of the flux X for the

entire landscape is then X ¼ (1 ) fc)Xb + fcXc. The

derivation of each component of the energy bal-

ance is provided in the following subsections. Val-

ues of parameters referred to in the model

description are provided in Tables 1 and 2.

Shortwave Radiation

Average daytime incoming solar radiation (Ssky) is

determined based on an 8-year average of the

monthly mean solar radiation Ssky provided by the

NASA (Darnell and others 1996). The global 1-de-

gree data is subsetted to include only the Kalahari

Transect, defined as 14�S to 27�S at 25�E. The

monthly Ssky at each site is determined using the

1-degree data corresponding to the site’s latitude.

For each day, the average daytime incoming radi-

ation is the monthly value of Ssky multiplied by the

24 h in a day and divided by the number of day-

light hours in the day (hday), the latter a function of

Julian day and latitude (Campbell and Norman,

1998). Incident shortwave radiation upon the tree

canopy is Sd(t,c) ¼ Ssky[1)exp()ksLAIt)], where ks is

the extinction coefficient of shortwave radiation

and LAIt is the leaf area index of the tree canopy

[m2 m)2]. Net radiation upon the tree canopy is

Sn(t,c) ¼ (1)ac)Sd(t,c), where ac is the tree canopy

shortwave albedo and shortwave incoming radia-

tion available under the tree canopy is

Sdwn ¼ Ssky)Sd(t,c). Net shortwave radiation for un-

der canopy grasses (Sn(g,c)) and under-canopy bare

soil (Sn(s,c)) are Sn(g,c) ¼ fg[Sdwn(1 ) ag)] and

Sn(s,c) ¼ (1 ) fg)[Sdwn(1 ) aS)], where ag and as, are

the shortwave albedos for the grass canopy and

bare soil, respectively. Net shortwave radiation

upon the between canopy grass is Sn(g,b) ¼ fg[Ssky

(1 ) ag)], and net shortwave radiation upon the

between-canopy bare soil is Sn(s,b) ¼ (1 ) fg)

[Ssky(1 ) as)].

Longwave Radiation

Incoming longwave radiation is given as Lsky ¼ ear
Ta

4, where r is the Stefan-Boltzmann constant, Ta

is the atmospheric temperature in degrees Kelvin at

reference height (taken to be 10 m), and ea ¼ 9.2 ·
10)6Ta

2 is the atmospheric emissivity, determined

from Brutsaert (1982). The annual pattern of mean

daily air temperature is modeled using a coarse-

scale empirical model of mean temperature derived

specifically for the Kalahari region. For this study,

stochastic variation in mean daily temperature is

ignored, and an empirically derived 5th-degree

polynomial approximation of average daily tem-

perature is used in the absence of appropriate sta-

tion data. A 2-year record of daily meteorological

data reported in Dowty and other (2000) is used to

determine the coefficients of the 5th-degree poly-

nomials describing daily mean temperature at 4

sites within the Kalahari region. The relationship

between (MAP) and polynomial coefficients at

these sites yields a criterion for determining poly-

nomial coefficients for locations where daily

meteorological data are unavailable, but MAP is

known. This methodology allows for a simple ap-

proximation of the climatological mean daily pat-

terns of temperature for any location along the

rainfall gradient.

Soil temperature is modeled using two different

empirical relationships developed from a series of

diurnal half-hourly meteorological measurements

taken at three sites across the rainfall gradient

(Scanlon and Albertson, 2004). At each site, bare

soil observations of soil surface temperature for

both vegetated and unvegetated areas were moni-

tored, along with concurrent observations of sur-

Table 2. Parameters, Parameter Values, and
Reference Sources Used in the Coupled Energy/
Water Balance Model

Parameter Value(s) Reference

ag,at 0.20,0.25 Campbell and

Norman (1998)

as 0.35

es 0.95

ks 0.35 Brutsaert (1982)

s*
t 0.12 Scholes and

Walker (1993);

Laio and others,

(2001); Porporato

and others, (2003)

s*
g 0.17

swt 0.05

swg 0.06

ssat 0.40

sh 0.03

ZR 1,000 mm

n 0.40

q 2

a1 )2.1154 Data from Scanlon

and Albertson

(2004)

a2 0.0108

a3 1.0029

b1 2.0850

b2 0.0005

b3 0.0425

Tree Canopy Effects on Water Stress 21



face energy balance and microclimatological data.

Soil temperature between the tree canopies

showed an exponential relationship with short-

wave radiation and air temperature, whereas soil

temperature under the canopies had a linear rela-

tionship to these two variables. Therefore, both

between-canopy soil temperature (T(s,b)) and under

canopy soil temperature (T(s,c)) are functions of air

temperature and incoming shortwave radiation as

T(s,b) ¼ exp(b1 + b2Ssky + b3Ta) and T(s,c) ¼ a1 +

a2Sdwn + a3Ta, where ai and bi are empirical coeffi-

cients derived from the ensemble of daytime ob-

servations (Table 2).

Each of the soil temperature models has a high

degree of correlation with the observed data (un-

der-canopy: r2 = 0.85, P < 0.001; between canopy:

r2 =0.80, P < 0.001) across a wide range of soil

temperatures. When bare soil temperature is

higher than 45�C, the model consistently predicts

lower temperatures than are observed. This bias

does not affect the modeling exercise presented

here because average daily bare soil temperatures

do not exceed 35�C. All vegetation components are

assumed to be in thermal equilibrium with the at-

mosphere during the daytime so, that Ln = 0 for all

vegetation components and T(t,c) ¼ T(g,c) ¼
T(g,b) ¼ Ta. Outgoing longwave radiation for each of

the two soil components (L(s,c), L(s,b)) is given as

L(s,c) ¼ (1 ) fg)esrT(s,c)
4, and L(s,b) ¼ (1 ) fg)

esrT(s,b)
4, where es is the thermal emissivity of soil.

Net longwave radiation [W m)2] for the bare soil

under tree canopy (Ln(s,c)) and bare soil between

canopies (Ln(s,b)) is then given as Ln(s,c) ¼
(1 ) fg)Lsky )L(s,c) and Ln(s,b) ¼ (1 ) fg)Lsky )L(s,b).

Net Radiation and Available Radiation

A key model assumption is that the atmosphere is

well mixed with respect to the various components

of the landscape. Therefore differences in soil tem-

perature do not lead to differences in air tempera-

ture under and between canopies, and we ascribe a

single daily mean temperature to each. Although

we expect that there will be some coupling between

the land surface and the turbulent boundary layer

air properties (for example, Scanlon and Albertson,

2003), such coupling is likely to occur at time and

space scales that are incompatible with our ap-

proach. The net radiation (Rn,) for each landscape

component is defined as Rn ¼ Ln + Sn. The Priestley-

Taylor estimations of evaporation and transpiration

depend on the quantity of energy available, Q. For

the two soil components, available energy is given

by Qsoil ¼ (1 ) CG)Rn, where CG is the ground flux

coefficient taken to be 0.3 (compare Lhomme and

Monteny 2000). The value of CG varies with soil

moisture across a range of 0.2–0.6 (Idso and others

1975) due to the changing thermal diffusivity of the

soil as the water content increases and decreases

through time (Brutsaert 1982). However, the use of

a constant value of CG that falls in the middle of the

observed range (Choudhury and others 1987) is

reasonable assumption (compare Kustas and Nor-

man 1997), particularly because differences caused

by variation in CG are small compared to the varia-

bility in net radiation driven by the differences in Tc

and Tb. Available energy for the three vegetation

components is given by Qveg ¼ Rn ) Dvegkveg, where

Dvegkveg is the latent energy used to evaporate in-

tercepted water in each vegetation component. The

determination of Dveg is presented in the water

balance section.

Latent Heat Flux

Latent heat flux is determined using a Priestley-

Taylor potential evaporation approach scaled to

take into account soil moisture availability. The

determination of potential evaporation using the

Priestley-Taylor formulation is given by:

PETPT � aD
D þ c

Q;

where a is the Priestley-Taylor coefficient, gener-

ally taken to be 1.26; and c is the psychrometric

constant [Pa/K], which is derived from atmospheric

pressure (Patm, [Pa]), heat capacity (Cp [J kg)1 K)1]),

and latent heat of vaporization (k [J kg)1]) ac-

cording to:

c ¼ Patm � Cp

0:622k
:

At each site, Patm was determined from site ele-

vation (he, [m]) using:

Patm ¼ 101325
288 � :0065 � he

288

� �5:256

�

The final term in the Priestley-Taylor equation, D,

is the derivative of the relationship between satu-

ration vapor pressure and air temperature [Pa/K]

approximated by D ¼ 48.7Æexp (8.2647e)3ÆTa). The

limitation of transpiration by soil moisture over

vegetated surfaces follows an approach developed by

Rodriguez-Iturbe and others (1999) and is given by:

sðsÞ ¼ s < s� s ¼ s� sw

s� � sw

s 	 s� s ¼ 1

� �

where s is the relative soil moisture expressed as

the ratio of volumetric soil moisture to porosity, s*
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is the vegetation specific relative soil moisture

above which plants experience unstressed transpi-

ration, and sw is the vegetation-specific wilting

point at which point transpiration ceases (Table 2).

When determining s(s) for each component of the

vegetation, trees are assumed to experience the

mean landscape soil moisture, s, whereas grass

under the canopy and grass between canopies ex-

perience the local soil moisture, sc and sb, respec-

tively. The resulting linear scaling coefficient is

used to determine LE for each vegetation compo-

nent according to:

LEveg ¼
aD

D þ c
QvegsðsÞ:

Limitation of potential bare soil evaporation uses

an exponential b-function approach, modified from

the presentation of Boulet and others (2000) to

scale PETPT by the difference between the actual

and saturated soil water content b(s) ¼
exp()k(1 ) s)), where k is a coefficient of limita-

tion. The coefficient k is set so that bare soil evap-

oration is approximately zero when relative soil

moisture reaches the hygroscopic point, sh, given as

sh ¼ 0.03 for the sandy soils studied here. There-

fore, we assign k ¼ 10, so that b(sh) ¼ 6 · 10)5.

Latent heat flux for each soil component is then

determined according to:

LEsoil ¼
aD

D þ c
QsoilbðsÞ

Water Balance

Three representations of the soil moisture balance

in a given landscape are monitored: the relative soil

moisture under tree canopies (sc), the relative soil

moisture between tree canopies (sb), and the

weighted average relative soil moisture of the

landscape (s); s is given by s ¼ (1 ) fc)sh + fcsc where

fc is the fraction of the landscape covered by tree

canopies, defined from field data. The daily change

in each component of the soil moisture [mm] is

given by:

nZR

dsc

dt
¼ Ic � Ec � Lc

and

nZR

dsb

dt
¼ Ib � Eb � Lb

where n is soil porosity and ZR [mm] is the effective

rooting depth of the soil. Rates of inputs and losses

vary independently for each soil moisture compo-

nent, so that Ic and Ib are the infiltration rates for

the canopy and between-canopy components, re-

spectively [mm d)1]; Ec and Eb are the component-

specific losses through evapotranspiration [mm

d)1]; and Lc and Lb are the canopy and between-

canopy losses due to drainage below the rooting

depth [mm d)1].

Daily rainfall h [mm] is partially intercepted by

both the tree and grass canopies. Tree canopy

interception h*
t [mm] is taken to be a constant

2 mm, and grass interception (h*
g) is taken to be

a constant 1 mm (Scholes and Walker 1993). The

minimum storm depth necessary to generate in-

filtration below the tree canopy (h*
c) and be-

tween the canopies h*
b is then h*

c ¼ h*
t + fgh*

g,

and h*
b ¼ h + fgh*

g. The total amount of inter-

cepted water is assumed to evaporate from trees

and grasses (Dt and Dg, respectively [mm s)1])

during the day and is given by Dveg ¼ Dt + Dg,

where:

Dt ¼
minðh; h�

t Þ
3600 � hday

and

Dg ¼
minðh; h�

gÞ
3600 � hday

Rainfall in excess of h* is available for infiltration.

Infiltration is limited by soil porosity and the cur-

rent soil moisture in each component of the land-

scape according to:

Ic ¼ if ðh � h�
c Þ > 0;min

h � h�
c

nZRð1 � scÞ

�

and

Ib ¼ if ðh � h�
bÞ > 0;min

h � h�
b

nZRð1 � sbÞ

�

and

I ¼ fcIc þ ð1 � fcÞIb

Tree canopy transpiration is assumed to draw

from both the under-canopy and between-canopy

soil reservoirs, whereas the transpiration of under-

canopy and between-canopy grasses is localized to

sc and sb, respectively. Loss due to tree canopy

transpiration from each of the two reservoirs is

further constrained by the relative plant-available

moisture in each reservoir (PAMc and PAMb), de-

fined as:
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PAMc ¼
sc > swt

sc � swt

ðscþsbÞ� 2swt

sc 
 swt 0

�����
and

PAMb ¼
sb > swt

sb � swt

ðsc þ sbÞ� 2swt

sb 
 swt 0

����
where swt is the wilting point for trees. The total

evapotranspiration [mm d)1] from the canopy

portion of the landscape is given by:

Ec ¼
LEðs;cÞ
kðs;cÞ

þ
LEðg;cÞ
kðg;cÞ

þ PAMc �
LEðt;cÞ
kðt;cÞ

� �
� 3600 � hday;

where k is the latent heat of vaporization

[W mm)1] for each component and is determined

according to k=3.1512 · 106 )2.38 · 103 T, where T

is the temperature of the evaporating surface in

degrees kelvin. Evapotranspiration from between-

canopy areas [mm d)1] is calculated using:

Eb ¼
LEðs;bÞ
kðs;bÞ

þ
LEðg;bÞ
kðg;bÞ

þ PAMb �
LEðt;cÞ
kðt;cÞ

� �
� 3600 � hday;

Finally, total evapotranspiration [mm d)1] is

weighted by the fraction of canopy (fc) and be-

tween canopy (1 ) fc) portions of the landscape and

is given as E ¼ (1 ) fc)Eb + fcEc.

At daily time scales in coarsely drained soils, and

assuming no interaction with underlying soil lay-

ers, excess moisture in the soil reservoir is assumed

to drain to field capacity. Therefore, drainage below

rooting depth for the canopy, between-canopy, and

total landscape (Lc, Lb, and L, respectively [mm])

are determined according to:

Lc ¼ ðsc � sfcÞnZR if sc > sfc

Lb ¼ ðsb � sfcÞnZR if sb > sfc

L ¼ ð1 � fcÞLb þ fcLc

Water Stress

Water stress in each vegetation component (x,y)

within the landscape is characterized using the

static moisture stress, 1, generally defined by

Porporato and others (2001) as:

1ðx;yÞ ¼
s� � s

s� � sw

� �q

where s*, sw, and s are defined in the preceding

section on latent heat flux; and q is a parameter

that denotes the nonlinear nature of soil water

deficit on plant stress, taken to be 2 (Porporato and

others 2001). For each day, the daily static stress of

each vegetation component (1(t,c), 1(g,c), and 1(g,h)) is

found using the vegetation-specific s* (st
* or sg

*), the

wilting point (swt or swg), and the appropriate soil

moisture value (sc, sb, or s). To assess the potential

water stress of juvenile woody vegetation (that is,

subcanopy trees and shrubs), we also define 1(jt,b)

and 1(jt,c), which are simply the static stress that

would be experienced by juvenile tree vegetation

growing in the between-canopy and under-canopy

environments, respectively, assuming the same

wilting point threshold as mature trees. As opposed

to the mature trees (that is, canopy dominant

vegetation) that experience the landscape average

soil moisture, the juvenile tree only vegetation

experiences only the local soil moisture (sc or sb).

Therefore, although we do not consider the struc-

ture of small trees and shrubs directly within the

model, this formulation enables a comparison of

the potential water stress that may be experienced

by small trees (that is, subcanopy juveniles) grow-

ing either under or between large tree canopies

(that is, canopy-dominant adults). Cumulative

stress, / is indexed as the number of days, t, during

which 1 is greater than 0 for each vegetation

component (x,y) as:

/ðx;yÞ ¼
Xn

t¼1

1 1ðx;yÞðtÞ > 0

0 1ðx;yÞðtÞ ¼ 0

( )
:

The ratio of cumulative stress for the under- and

between-canopy portions of the landscape is used

as a measure of the different effect of water avail-

ability on plant–water relations and stress between

these two portions of the landscape.

SITE PARAMETERIZATION AND SIMULATION

The scarcity of long-term daily rainfall data for

many areas of the Kalahari Transect necessitates

the use of stochastic modeling techniques to infer

rainfall patterns in areas where stations are not

temporally or spatially extensive. Recent work by

Porporato and others (2003) has analyzed 25+

years of daily rainfall data for a series of sites across

the Kalahari Transect. They find that the stochastic

model described by Rodriguez-Iturbe and others

(1999) is an appropriate description of the distri-

bution of growing season rainfall for the Kalahari

region. Accordingly, rainfall is simulated using a

stochastic model based on a poisson distribution of

storm arrivals and an exponential distribution of
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storm depth frequency following Rodriguez-Iturbe

and others (1999). Furthermore, Porporato and

others (2003) observe that the mean of the expo-

nential distribution of storm depth, v [mm], is

relatively uniform across the Kalahari rainfall gra-

dient, whereas the mean of the exponential distri-

bution of storm arrival frequency during the rainy

season, w [d)1] changes linearly (r2 = 0.99; n = 4; P

< 0.01) as a function of MAP. Therefore, w and v
are determined according to the results in Porpor-

ato and others (2003), so that w ¼ aÆMAP ) b and

v ¼ 11, where a ¼ 4.3 · 10)4 mm)1 d)1 and

b = 0.12 d)1. The resulting stochastic rainfall is

used to determine daily rainfall for the rainy season

(October–March) for any location along the Kala-

hari Transect given a MAP value. The annual

rainfall distributions generated in this manner have

excellent agreement with published estimates of

the distribution of historical annual rainfall derived

from station data (New and others 1999).

The necessary structural parameters for each of

the sites along the Kalahari Transect are presented

in Table 1 and Figure 2. Mean canopy cover, grass

biomass [kg(grass) m(ground))2], grass-specific

leaf area [m(grass)2 kg(grass))1], and grass LAI

[m(grass)2 m(ground))2] are taken from published

field results for the Kalahari Transect sites (Scholes

and others 2002). To determine the site-average

LAI, the volumetric distribution of woody vegeta-

tion leaf area is determined using a combination of

field data and allometric relationships. The two-

dimensional structure of canopies at each site is

revealed using field observations of individual

crown dimensions, and the vertical structure of

canopies is generated using field observations of

canopy height and average canopy depth. Leaf

biomass and whole-tree biomass are estimated for

each individual using generalized allometric rela-

tionships for southern African species developed by

Goodman (1990), as revised by Dowty (1999).

Field measurements of specific leaf area [m2/kg] are

used to calculate leaf area from each tree’s allo-

metrically determined leaf biomass. Each individ-

ual’s leaf area is then distributed evenly throughout

Figure 2. Vegetation

structural characteristics at

each site along the Kalahari

Transect. Within each graph,

the sites proceed from left to

right along decreasing

latitude and mean annual

rainfall. Tree leaf area index

(LAIt) and tree fractional

cover (f c) decrease with

rainfall, while grass fractional

cover (fg) and grass leaf area

index (LAIg) reach a peak in

the middle of the transect.
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the individual’s canopy volume, to arrive at a leaf

area per unit volume, or leaf area density [m2/m3].

Where canopy volumes intersect, leaf area density

at intersecting locations is taken to be the sum of

the contributing canopies‘ leaf area densities. Total

site leaf area is the average of leaf area summed

vertically. A field study examining the distribution

of woody vegetation across the Kalahari Transect

has shown that individuals have rather aggregated

distributions at most sites (Caylor and others 2003).

Therefore, we use detailed field observations of

canopy structure to determine average leaf area.

This method takes into account the relative amount

of clumping of canopies and the overlap between

adjacent canopies that may be caused by the ag-

gregated distribution of individuals. At each of the

Kalahari Transect sites, one thousand 1-year si-

mulations are run to determine the changing

nature of soil moisture under and between tree

canopies across the rainfall gradient.

RESULTS AND DISCUSSION

Recent analyses of spatial pattern in the Kalahari

savannas have yielded new insights into the ways

in which vegetation is organized across environ-

mental gradients, from the distribution of individ-

ual trees observed in the field (Caylor and others

2003) to the variability in Normalized, Difference

Vegetation, Index observed from space (Scanlon

and others 2002). Savanna vegetation has a range

of spatial patterns. In some regions, the mix of trees

and grasses is heterogeneous, with patches of trees

in a matrix of grass. In other locales, the trees are

interspersed randomly (although some observers

would say that their spacing is so regular as to be

more uniform than random). The trees and grasses

vary in biomass and height. The structural patterns

of savannas can vary locally due to differences in

soil moisture and nutrient availability. Alterna-

tively, the same variations in structural patterns

can be seen on the same soils as one moves regio-

nally into wetter or drier precipitation regimes, as

in the Kalahari Transect.

When our model is applied to determine the

consequences of ecohydrological processes across

the Kalahari Transect, regular patterns arise at the

site level both at the nine study sites and across the

Kalahari Transect as a whole. As an example of the

higher-resolution local-site–level variation, Fig-

ure 3 shows a representative yearly simulation of

the daily soil moisture under and between tree

canopies at three representative sites along the

transect. At Kataba, where the MAP is 879 mm,

daily soil moisture is relatively high, and little rel-

ative difference is observed in soil moisture be-

tween and under canopies. When the interval

between rains is longer, it can become somewhat

drier between the tree canopies. At Sandveld, an

intermediate site with MAP of 409 mm, consistent

and relatively large differences are seen between

the daily soil moisture conditions under and be-

tween tree canopies. Locations between tree

canopies are almost always drier, usually to a sub-

stantial degree. At Vastrap, the southernmost site

(216 mm MAP), differences between the soil

moisture under and between canopies are negligi-

ble. For a few days at the end of the season in

Vastrap, the soil moisture under the canopy is

lower than the between-canopy value.

Figure 3. Daily soil moisture modeled under (sc) and

between (sb) tree canopies at three sites across the

Kalahari Transect. Minor difference is observed in soil

moisture conditions at the northern and southern sites

(Kataba and Vastrap), while large differences in soil

moisture conditions occur at the intermediate site

(Sandveld).
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Changes in soil moisture under and below the

tree canopies affect the distribution of stress-days

for trees and grasses in the under-canopy and be-

tween-canopy portions of the landscape. The ac-

cumulated stress index (/(x,y)) is highest for each

vegetation component at the southernmost site and

negligible at the northernmost site. The difference

in soil stress conditions under and between cano-

pies is measured by the difference in stress-days.

The variation in vegetation stress under and be-

tween tree canopies is indexed using the stress

thresholds for trees. The overall difference in stress

levels at each site can then be determined by cal-

culating the proportion of years during which the

total number of stress-days in the between-canopy

area exceeds the number of stress-days under the

canopy.

As one traverses the rainfall gradient, changes in

vegetation structure occur at both the patch and

site scale. Mean tree biomass, tree cover, and tree

LAI are seen to vary directly with rainfall (for ex-

ample, tree cover and tree leaf area in Figure 2). In

contrast to these general trends, the effect of large

trees on the light and moisture environment is

much more complex. The LAI of tree canopies re-

duces the amount of energy available under the

canopy according to the model description provid-

ed above. At sites where canopy leaf area is higher,

there is a greater reduction in incoming shortwave

radiation available under the tree canopy. The re-

duced availability of incoming shortwave radiation

affects subcanopy vegetation directly through en-

ergetic controls on transpiration and indirectly

through reductions in bare soil evaporation. For all

of the study sites, there are regular patterns in the

percent reduction in shortwave radiation levels

below tree canopies at each site and in the likeli-

hood of reduced stress conditions under tree can-

opies over 1,000 simulations (Figure 4). At

northern sites, there is little or no reduction in

stress-days under tree canopies, but the canopies

are seen to reduce incoming shortwave radiation

levels up to 75%. At intermediate sites, the under-

canopy vegetation almost always experiences fewer

stress-days than the between-canopy areas. The

effect of tree canopies on incoming shortwave ra-

diation attenuation and water stress is reduced at

the southern end of the transect.

The pattern in water stress under the tree cano-

pies is such that reduced canopy stress occurs at

sites in the middle of the transect (Figure 4). At the

northern end of the transect, where MAP is high,

the canopy has little effect on soil moisture stress

levels, due to the high availability of soil moisture

throughout the growing season. As MAP decreases,

there is an increase in the proportion of years

during which vegetation under the canopy expe-

riences fewer total stress-days than the vegetation

between the canopies. At sites where the propor-

tion of years with reduced under canopy stress is

greater than 0.5, the canopy is, on-average, less

stressed than it is at the between-canopy locations.

Across the Kalahari Transect, the yearly differ-

ence in stress under and between canopies can be

expressed as a relationship to the MAP for each

simulation. Figure 5 illustrates the probability that

the number of stress-days under tree canopies will

be lower than the number of stress-days between

canopies for grasses according to the deviation be-

tween a given year’s rainfall and the long-term

MAP across the latitudinal gradient. The probability

surface is shown for ±2 SD of the MAP which

represents 95% of the variation in MAP.

Linear distance-weighted interpolation between

sites allows for a transectwide determination of

how variation in rainfall might affect the relative

stress levels between and under tree canopies. In

the northernmost (wettest) sites, the model results

Figure 4. Changing light and water stress conditions

under large tree canopies across the Kalahari Transect.

The fraction of SWdwn (incoming shortwave radiation

below the canopy) relative to SWsky (incoming shortwave

radiation above and between the tree canopies) increases

across the rainfall gradient from moist dry to, while the

proportion of simulated years where soil moisture stress

is lower under canopies than between canopies is great-

est in the middle of the transect.
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indicate that there are no rainfall amounts within

the ±2 SD MAP envelope that would lead to dif-

ferences in water stress levels between and under

tree canopies. A large central portion of the Kala-

hari Transect (from approximately16 to approxi-

mately 28�S) shows high probabilities of reduced

stress under tree canopies for ±2 SD around the

MAP value (Figure 5). At the northern part of this

zone, canopy trees reduce stress in years with be-

low-average precipitation (approximately 16–

18�S); in the southern parts of the zone (approxi-

mately 20–28�S), tree canopies reduce water stress

only during years with above-average precipita-

tion.

A number of models of savanna ecosystem dy-

namics are based on cellular automata approaches

that consider ‘tree,’ ‘grass,’ and ‘bare’ cells to be

mutually exclusive (for example, van Wijk and

Rodriguez-Iturbe 2002). The method presented

here represents an alternative partitioning of the

savanna spatial mosaic into ‘below canopy’ and

‘between canopy.’ Our model has simplified the

complex spatial mosaic of savanna ecosystems in

order to address the nature of tree canopy effects

on a single variable—soil moisture—across a large

rainfall gradient at a series of sites. The reduction of

the savanna ecosystem into an essentially two-state

system (under and between tree canopies) neces-

sarily neglects the complex spatial patterns of in-

dividual tree distribution that arise in Kalahari

Transect savannas (compare Caylor and others

2003). Nevertheless, we find that the consideration

of canopy and between-canopy effects offers new

insight into the ways in which structure and

function are coupled in savanna ecosystems.

The water and energy balance approach is de-

signed to minimize model complexity while main-

taining important distinctions between the canopy

and between-canopy environments across the

Kalahari Transect rainfall gradient. In particular, a

daily time step was chosen to capture the impor-

tance of stochastic rainfall events, and our analysis

was limited to the growing season only. The limi-

tation of our energy balance analysis to the period

of consistently high air temperatures enables cer-

tain simplifying assumptions, including the use of a

Priestley-Taylor potential evapotranspiration ap-

proach and a single parameter (CG) to describe the

contribution of soil heating to the overall energy

budget. An approach that included subdaily time

steps would further resolve the differences in the

energy balance of the canopy and between-canopy

environments, but it would require assumptions

about the hourly distribution of rainfall and energy

balance that cannot be supported by currently

available data.

In addition, the approach presented here neces-

sarily neglects some additional and possibly rele-

vant components of soil water balance in savannas.

In particular, the use of a single-layer bucket model

of soil moisture does not allow for the action of

hydraulic lift, which enables soil moisture to be

transported upward in the soil column due to lower

values of matric potential in drier upper layers.

Obviously, the effect of hydraulic lift would be

most important under tree canopies, where deep

tree roots may enhance the passive transport of soil

moisture upward in the soil column (Ludwig and

others 2003). However, in this simulation, we as-

sume equal rooting profiles for both trees and grass

(that is, throughout the entire active rooting

depth), so tree roots are unable to generate differ-

ences in soil moisture through hydraulic lift. In

situations where pronounced differences are evi-

Figure 5. Probability of reduced water stress (U c/Ub < 1)

under tree canopies across the Kalahari Transect as a

function of yearly deviation from MAP ()2r to +2r).

Solid lines indicate 50% probability threshold.
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dent in tree versus grass rooting depth, we expect

that such considerations would play a more im-

portant role in governing the spatial patterns of soil

moisture stress in mixed tree and grass communi-

ties.

When considering vegetation comprised of a

mixture of functional types of plants (Smith and

others 1997), most ecologists are inclined to see the

vegetation as a product of competition among the

functional types to occupy the vegetation mosaic in

a locale. One expects the plant functional type most

suited to the environment to dominate other, less

well-suited types. One example of this view applied

within a modeling framework is the ECOSIEVE

approach of Box (1981). In contrast to the expec-

tation that competition should lead to the estab-

lishment of a single dominant functional group,

this study indicates that the interactions among the

functional types—tropical grasses and drought-de-

ciduous trees—that codominate savannas are more

complex.

Our model results indicate that tree canopies can

have a significant local effect on the daily distri-

bution of soil moisture (Figure 3) across a wide

range of rainfall regimes. Climatic studies have

shown that the Kalahari region tends to have pe-

riodic variation in rainfall over an 18-year cycle

(Tyson 1986), and that annual rainfall amounts are

also strongly governed by the magnitude and sign

of El Nino–Southern Oscillation anomalies (Kogan

1998). In light of the known patterns of variability

in rainfall over southern Africa, it is significant that

both the magnitude and the sign of the effect of

trees on other functional vegetation types (notably

grasses) in the Kalahari region depends both on

vegetation structure and the stochastic distribu-

tions of rainfall events (Figures 4 and 5). Although

we have not attempted to simulate multi-year

structural changes in vegetation composition and

LAI, we note that the high degree of variability in

water stress associated with the interannual varia-

tion in rainfall is likely to induce shifts in vegeta-

tion structure when prolonged periods of wet (or

dry) regimes prevail. Studies of savannas in

southern Texas have suggested that recent in-

creases in tree cover were caused by a shift in

rainfall seasonality during the late 1800s (Archer

1989). This finding and our model results provide

some additional context for conceptualizing both

historical and future structural changes in southern

African savannas (Ringrose and others, 2002;

Scanlon and others, 2002).

In addition to pronounced changes in tree–grass

interaction across the Kalahari Transect rainfall

gradient, our results show that this interaction can

change in sign and magnitude over time in differ-

ent parts of the transect. Given the pattern shown

in Figure 5, the northern section of the Kalahari

should be relatively invariant, with neutral effects

of trees on the moisture environment beneath

them. Further south, the effects of canopy trees on

subcanopy soil moisture are likely to be positive for

smaller plants growing beneath them. Still further

south (below about 20�S), the trees have a positive

effect on the soil moisture, but only in wet years.

Therefore, in the southernmost section of the Ka-

lahari, given the long cycles in wet and drought

(Tyson and Crimp 1998), the potential mutualism

of larger trees supplying regeneration sites of in-

creased moisture in an overall dry environment

turns on and off depending on the climate. Species

adapted to regenerating and growing under trees

would be advantaged in a wet decade and disad-

vantaged in a drier one. Of course, if the trees were

absent, these rules would be different. Clearly, the

interpretation of field observations and field ex-

periments could easily be vexed by these effects. As

an example, in an experimental study of a Tanza-

nian savanna (Ludwig and others 2001), the bal-

ance between positive and negative effects of large

tree canopies on understory grass production was

shown to vary between wet and dry seasons.

Therefore, we suggest that in much of the southern

part of the Kalahari Transect the rules for interac-

tion could be expected to change in time, even at

the same locations.

The high degree of control that vegetation

structure exerts on the distribution of environ-

mental resources (light and water) necessitates

detailed characterization of vegetation structure to

assess the potential effects of future and present

environmental heterogeneity. In parts of the Ka-

lahari Transect (or in different years for much of

the transect), if trees successfully establish them-

selves after an ecological disturbance, there is a

diversification of the regeneration niches either for

other trees or for other plant functional types. In

deforested areas, the absence of trees also implies a

reduction in the diversity of regeneration site types.

The simulated linkages between vegetation struc-

ture and water availability for both trees and

grasses emphasize the importance of assessing the

biophysical function of Kalahari savannas through

ecohydrological techniques. We do not see the

observations we have made here using a biophys-

ical model of plant canopies as invalidating other

theories so much as enriching them. Indeed, our

conclusion that in semi-arid ecosystems tree can-

opy effects can be highly dependent on the extant

climatic conditions — is supported by a number of

Tree Canopy Effects on Water Stress 29



field observations (compare Belsky and others

1993; Ludwig and others 2001). Furthermore, the

strong interactions between climate and vegetation

in determining the spatial and temporal variability

in soil moisture have been anticipated from a the-

oretical perspective (Rodriguez-Iturbe and others

1999). The unique Kalahari Transect, with its rel-

atively similar deep sandy soil along a strong

moisture gradient in a similar climatic regime, is

central to the establishment and testing of the

theory we have developed here.
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