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Abstract. Increases in the abundance or density of woody plants in historically semiarid 
and arid grassland ecosystems have important ecological, hydrological, and socioeconomic 
implications. Using a simplified water-balance model, we propose a framework for con­
ceptualizing how woody plant encroachment is likely to affect components of the water 
cycle within these ecosystems. We focus in particular on streamflow and the partitioning 
of evapotranspiration into evaporation and transpiration. On the basis of this framework, 
we suggest that streamflow and evaporation processes are affected by woody plant en­
croachment in different ways, depending on the degree and seasonality of aridity and the 
availability of subsurface water. Differences in landscape physiography, climate, and runoff 
mechanisms mediate the influence of woody plants on hydrological processes. Streamflow 
is expected to decline as a result of woody plant encroachment in landscapes dominated 
by subsurface flow regimes. Similarly, encroachment of woody plants can be expected to 
produce an increase in the fractional contribution of bare soil evaporation to evapotrans- 
piration in semiarid ecosystems, whereas such shifts may be small or negligible in both 
subhumid and arid ecosystems. This framework for considering the effects of woody plant 
encroachment highlights important ecological and hydrological interactions that serve as 
a basis for predicting other ecological aspects of vegetation change—such as potential 
changes in carbon cycling within an ecosystem. In locations where woody plant encroach­
ment results in increased plant transpiration and concurrently the availability of soil water 
is reduced, increased accumulation of carbon in soils emerges as one prediction. Thus, 
explicitly considering the ecohydrological linkages associated with vegetation change pro­
vides needed information on the consequences of woody plant encroachment on water yield, 
carbon cycling, and other processes.

Key words: carbon cycling; ecohydrology; evapotranspiration; vegetation change; woody plant 
encroachment.

Introduction

Woody plant encroachment into semiarid and arid 
systems is a global phenomenon with important hy­
drological and biogeochemical consequences (Hough­
ton et al. 1999, 2001, Schimel et al. 2001). Shrub and
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tree encroachment is often associated with ecosystem 
degradation—declines in forage productivity, biodi­
versity, and socioeconomic potential as well as in­
creased erosion (Grover and Musick 1990). Several 
recent papers have examined the possible consequences 
of woody plant encroachment on the carbon cycle (Ar­
cher et al. 2001, Pacala et al. 2001, Jackson et al. 2002). 
There has, however, been comparatively little discus­
sion concerning potential hydrological changes that ac­
company encroachment and their ecological implica­
tions. The implications of woody plant encroachment 
for both water and biogeochemical cycles are poorly 
understood.
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In this paper, we examine the ecohydrological im­
plications of woody plant encroachment in grasslands 
and savannahs at the scale of landscapes. Interactions 
between ecological processes and societal and econom­
ic activities at this scale are important, but current un­
derstanding of those interactions is incomplete (Chapin 
et al. 2002). Because of the prevailing focus of research 
on site-specific factors, and perhaps on smaller-scale 
changes, ecohydrological generalizations concerning 
the effects of woody plant encroachment at the land­
scape scale have been difficult to develop. Here we 
suggest a framework, composed of two conceptual 
models, that—by formulating such generalizations 
across a range of semiarid and arid ecosystem types— 
improves our ability to predict the hydrological and 
ecological consequences of woody plant encroachment. 
One conceptual model focuses on changes in stream- 
flow; the other on changes in the relative contributions 
of plant transpiration (T) and soil evaporation (E ) to 
total evapotranspirational flux (ET). The interplay be­
tween the two models identifies where ecological pro­
cesses are important in influencing hydrology, and 
where hydrologic processes have important ecological 
implications. In addition, this framework can be used 
to evaluate other aspects of woody plant encroachment, 
such as impacts on biogeochemical cycling.

A simplified representation of the water budget, use­
ful for framing the issue, relates major hydrologic flux­
es as follows:

P = R + S + ET and ET = I  + E  + T  (1)

in which P = precipitation, R = runoff, S = deep soil 
recharge beyond the rooting zone, and ET = total 
evapotranspiration, which is equal to the summation of 
three terms: I  = water that is intercepted by plant fo­
liage and assumed to evaporate, E  = evaporation from 
soil, and T  = water transpired by plants following soil 
water uptake. Notably, ET is far larger than R  and S, 
usually accounting for >90% of P  in dryland ecosys­
tems (Wilcox et al. 2003), although small differences 
in R  and S can have ecological, hydrological, or so­
cioeconomic importance. Each of the terms comprising 
ET can be substantial, although as we will discuss be­
low, the partitioning among them can be quite uncer­
tain. In some environments, deep percolation of soil 
water (S)—past the root zone—may lead to ground­
water recharge (see Seyfried et al. [2005] for more 
detail on recharge in semiarid landscapes). To aid in 
determining how shifts in vegetation might influence 
not only the magnitude but other characteristics of 
these major fluxes, runoff (R ) can be further subdivided 
into overland flow, shallow subsurface flow, and 
groundwater flow—all of which may contribute to 
streamflow.

The fundamental questions we seek to address are:

1) Does woody plant encroachment increase ET at 
the landscape scale enough to affect water supply

in the form of streamflow and/or groundwater re­
charge (water yield)? We are primarily concerned 
with relatively large changes in water supply to 
streams as compared to smaller shifts in recharge 
that may be important for contaminant transport.

2) Even if woody plant encroachment does not in­
crease total ET, does it alter the relative contri­
butions of soil evaporation (E ) and plant transpi­
ration (T ) to ET? After interception (I ) and runoff 
(R ) modify the amount of water that infiltrates into 
soil, the subsequent partitioning between E  and T  
is the mechanistic link between the hydrologic 
cycle and ecological characteristics of a land­
scape. Shifts in E  vs. T  likely provide insight into 
ecological processes such as net ecosystem pro­
duction and carbon cycling that may be influenced 
by vegetation change.

In addressing these issues, we focus on the two ex­
tremes for a given site: ( 1 ) little or no woody plant 
cover and (2 ) near the maximum amount of woody 
plant cover that a site can maintain. Further, we focus 
on impacts of vegetation on the hydrologic cycle at the 
landscape scale, and thus do not explicitly consider 
issues related to long-distance water transport through 
semiarid riparian areas and the effect of vegetation 
change on that transport. Such exotic streamflow is 
derived from water abundant areas upstream rather than 
local precipitation, and therefore is beyond the scope 
of our site-specific treatment of hydrology based on a 
simple water budget. Our approach could be expanded 
to consider intermediate levels of woody plant en­
croachment and effects of exotic streamflow, but these 
are beyond the scope of the current paper.

Conceptual Model 1: Effects of Woody Plant 
Encroachment on Water Yield

Whether there is a linkage between woody plant cov­
er and water yield has been extensively investigated in 
a range of climates. And while such a linkage has been 
well established for forests in mesic climates (Bosch 
and Hewlett 1982, Trimble et al. 1987, Stednick 1996), 
there is less consensus concerning semiarid landscapes 
(Wilcox 2002, 2003).

Zhang et al. (2001) provide a comprehensive and 
thoughtful analysis of the influence of vegetation cover 
on evapotranspiration based on data from over 250 lo­
cations globally. They developed a predictive model 
for mean annual evapotranspiration based on annual 
rainfall for tree covered areas vs. grass covered areas. 
We have reproduced the Zhang et al. (2001) model in 
Fig. 1. For the purposes of this paper we express evapo- 
transpiration (ET) as a percentage of precipitation and 
show that the effects of woody plants increase as pre­
cipitation increases. As a result, woody plants influence 
ET to a greater extent in more mesic climates and less 
so in arid climates. In fact, this model predicts a rather 
substantial rise in ET in humid and subhumid land-
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Fig. 1. Evapotranspiration (ET) as a function of precip­
itation (P) across a precipitation gradient (redrawn from 
Zhang et al. 2001). The two lines represent ecosystems dom­
inated by woody vegetation (dotted) and those dominated by 
nonwoody vegetation (solid). These relationships have been 
calculated from watershed data (Zhang et al. 2001) using a 
four-parameter logistic regression model in SigmaPlot ver­
sion 7.0 (SPSS, Chicago, Illinois, USA). Three zones can be 
identified, each having distinct implications regarding the ef­
fects of woody plant encroachment on the hydrologic cycle. 
In arid zones (P <  350 mm), all precipitation is essentially 
lost to the atmosphere, and differences (in ET/P) between 
woody and nonwoody systems are very small. In semiarid 
zones (350 mm < P < 800 mm), the relative effect changes 
dramatically as a function of P. In subhumid zones (P >  800 
mm), the relative effect of woody plants on ET/P is fairly 
constant.

scapes, attributable to the greater coverage of woody 
plants. As discussed below, these predicted differences 
are well supported in the literature. Even for semiarid 
landscapes, the model predicts a significant rise in ET 
as a percentage of precipitation. In this paper, we argue 
that there are important interactions among climatic, 
physiographic, and geomorphic conditions that control 
the effect woody plants have on the water budget of 
semiarid areas.

In humid landscapes (defined as those in which an­
nual precipitation exceeds annual potential evapotrans- 
piration), woody plants have a large effect on the water 
budget: they augment both transpiration and intercep­
tion (Jarvis and McNaughton 1986, Crockford and 
Richardson 2000), which leads to lower streamflow. 
This inverse relationship between forest cover and 
streamflow has been clearly demonstrated for many 
forested landscapes (Bosch and Hewlett 1982, Trimble 
et al. 1987, Calder 1990). At the other extreme, in arid 
environments (those in which potential evapotranspi- 
ration is many times greater than precipitation), woody 
plants have comparatively little effect on the water bud- 
get—for the simple reason that most of the water in 
these landscapes is evaporated regardless of the veg­
etation cover (Wilcox et al. 2003).

Semiarid landscapes represent a transitional zone be­
tween humid environments, in which woody plants 
have a large effect, and arid ones, in which the effect

is minimal. It is for the semiarid environments that the 
most confusion exists, and therefore the need for 
knowledge is most critical. The Zhang et al. (2001) 
model (Fig. 1) is based primarily on semiarid land­
scapes in which precipitation occurs predominantly 
during the winter when evaporative potential is low. In 
these climate zones (broadly referred to here as ‘‘Med­
iterranean-type,’’ but inclusive of systems such as the 
cold deserts of North America), precipitation and po­
tential evapotranspiration peak out of phase seasonally 
(precipitation is high when potential evapotranspiration 
is low). In fact, the grasslands-vs.-woodlands compar­
ison in the Zhang et al. (2001) model for semirarid 
regions was validated primarily via two sets of data, 
both from regions having predominantly winter pre- 
cipitation—California in the USA and Victoria in 
southwestern Australia (Turner 1991; J. W. Holmes and 
J. A. Sinclair, unpublished manuscript).

There are vast semiarid areas in non-‘‘Mediterra- 
nean-type’’ climates for which the Zhang et al. (2001) 
model may not apply. In these landscapes, a change in 
woody plant coverage can have little effect on stream- 
flow (see Table 1 for examples from the southwestern 
United States). The only plant communities in the 
southwestern United States that conform to the pre­
dictions of Fig. 1 are the chaparral communities, in 
which rainfall is above 600 mm/yr and precipitation 
occurs during periods of low potential evapotranspi- 
ration (PET). This suggests that in semiarid landscapes, 
other factors—in addition to climate—determine how 
and to what extent vegetation cover influences the wa­
ter budget. Empirical relationships between streamflow 
and woody plant cover, similar to that shown in Fig.
1, have in fact been developed for shrublands (Bosch 
and Hewlett 1982, Hibbert 1983), but these are based 
largely on results from chaparral communities in Med­
iterranean climates. ‘‘Rules of thumb’’ from such re­
lationships have been broadly and, we would argue, 
inappropriately applied to semiarid shrublands else­
where.

Understanding the potential effect of woody plants 
on streamflow or groundwater recharge in semiarid re­
gions requires an understanding of the processes that 
partition soil water into ET, runoff, and recharge. 
Streamflow is the passage of water through a defined 
and permanent channel, and as such is a landscape- or 
watershed-scale phenomenon. Because water may 
reach the stream channel through both surface and sub­
surface pathways (Dunne 1978), the explicit mecha­
nism of streamflow generation must be known for the 
role of woody plants to be understood. Streamflow and 
groundwater recharge are often linked: perennial and 
intermittent streams have a baseflow component that is 
fed by groundwater. In contrast, transmission losses 
through the bed of intermittent streams may be sub­
stantial, and these losses are the primary source of 
recharge in some semiarid landscapes (Smakhtin 2001).
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Ta ble  1. A summary of studies at sites in the western United States where the influence of woody plant cover on the water 
budget has been evaluated experimentally.

Dominant plant 
or community Location

No.
sites

Precipitation
(mm)

ET/P

High woody Low woody 
plant plant Method Source

Juniperus
osteosperma

Beaver Creek, 
Arizona

2 458 0.97 0.96 small watershed Clary et al. 
(1974)

Juniperus
deppeana

Beaver Creek, 
Arizona

1 514 0.89 0.87 small watershed Clary et al. 
(1974)

Chaparral Mingus,
Arizona

2 480 0.99 0.98 small watershed Hibbert
(1983)

Chaparral Whitespar,
Arizona

1 589 0.92 0.9 small watershed Hibbert
(1983)

Chaparral Three Bar, 
Arizona

3 673 0.92 0.77 small watershed Hibbert
(1983)

Prosopis gladu- 
losa

Throckmorton,
Texas

1 658 0.97 1 soil lysimeter Carlson et 
al. (1990)

Prosopis gladu- 
losa

Alice, Texas 1 887 0.99 0.94 soil lysimeter Weltz and 
Black­
burn 
(1995)

Juniperus ashei Seco Creek, 
Texas

1 596 0.73 0.68 Bowen ratio Dugas et al. 
(1998)

Juniperus ashei Sonora, Texas 1 574 0.99 0.83 small watershed, 
soil lysimeter

Thurow and
Hester
(1997)

Note: Evaportranspiration (ET) was determined using a number of experimental procedures. For the small-watershed studies, 
evaporation was determined by difference (precipitation minus runoff; P — R); for the soil lysimeter studies, evapotranspiration 
was determined by monitoring soil moisture and surface runoff; and for the Bowen ratio study, evapotranspiration was directly 
estimated. Water not evapotranspired would be available for runoff or recharge.

Woody vegetation may alter both surface and sub­
surface streamflow generation, with the relative abun­
dance o f vegetation determining the extent of alter­
ation. Woody plants alter overland flow primarily by 
their influence on soil infiltration, which they can either 
increase or decrease (W ilcox 2002). They potentially 
alter subsurface flow either by intercepting precipita­
tion, thus preventing water from reaching the soil; by 
increasing infiltration via stemflow and preferential 
root channels; and/or by transpiring water that would 
otherwise recharge groundwater and/or streams. It is 
these ‘‘tree-scale’’ findings that are often invoked to 
make a case for reducing or controlling woody plants 
as a means o f increasing streamflow (Bednarz et al. 
2001, Lemberg et al. 2002). However, significant in­
creases in streamflow in semiarid landscapes through 
reduction o f woody plant cover have been experimen­
tally documented in only a few semiarid locations (Ta­
ble 1).

Streams and rivers in drylands are somewhat o f a 
contradiction; that is, on the basis o f climate, they 
should not be present in drylands, where the ‘‘drying 
power’’ or potential evapotranspiration (PET) exceeds 
precipitation (P). Such conditions imply that all pre­
cipitation will evaporate, leaving no water available 
for groundwater recharge or streamflow. But streams 
are found in many dryland ecosystems, even though 
they typically account for only a small fraction of the 
total water budget. Either they originate from some 
upstream, wetter location, or the PET/P process is

somehow ‘‘short-circuited.’’ Short-circuiting may oc­
cur in a number of circumstances: (1) if  the intensity 
o f precipitation exceeds the soil infiltration capacity 
and overland loss of water occurs (Horton overland 
flow); (2) if  the total amount o f precipitation or snow- 
melt exceeds the capacity o f the soil to store it, the 
result is saturated overland flow; and (3) if water passes 
through the soil and substrate before the vegetation can 
transpire all o f it, the result is shallow subsurface flow 
and/or groundwater flow.

The interactions between woody plants and stream- 
flow in drylands are complex, but some general link­
ages can be made, especially at the landscape scale 
(Fig. 2). At each hierarchical level, a distinction is 
made on the basis of availability o f subsurface water—  
the rationale being that if  there is an excess of sub­
surface water, there is more opportunity for woody 
plants to modify the water cycle (particularly stream- 
flow and groundwater recharge). The framework de­
picted in Fig. 2 is hierarchical or a decision tree. At 
each decision point a question is used to guide whether 
there is a low or high probability that woody-dominated 
vegetation differs from herbaceous vegetation in its 
effects on water yield.

Level 1—physiographic distinction: is the 
physiographic setting riparian or upland?

In assessing the influence of woody plants, perhaps 
the most important distinction is between riparian and 
upland landscapes. In riparian zones, woody plants
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F ig . 2. Conceptual model 1: the probable connection between type of shrub cover and water yield. The boxes on the 
right side designate areas where the linkage with water yield (streamflow and/or appreciable recharge) is likely to be strongest.

have access to groundwater for a significant part of the 
year, whereas at upland sites water is limited by pre­
cipitation. Where woody plants are directly accessing 
water from saturated zones adjacent to stream channels, 
the potential exists for decreases in streamflow (Scott 
1999, Scott et al. 2004). In the southwestern United 
States, the invasive shrub salt cedar (Tamarix sp.), 
which has spread along semiarid flood plains and 
stream channels over the last 5 0  years, is the best 
known example (Busch and Smith 1995, Cleverly et 
al. 1997). The economic costs of reduced streamflow 
and diminished channel capacity associated with salt 
cedar encroachment may be substantial (Zavaleta
2 0 0 0 ).

Level 2—climatic distinction: are P and PET 
out o f  phase?

For upland (nonriparian) sites, understanding the in­
fluence of woody plants on streamflow requires a dis­
tinction based on climate, i.e., whether the evaporative 
demand exceeds P for substantial portions of time; e.g., 
‘‘Mediterranean-type’’ climates. When the evaporative 
demand exceeds P, there is generally no ‘‘surplus’’ of 
water (exceptions to this are discussed below). Con­
versely, when P exceeds the evaporative demand, there 
is ‘‘surplus’’ water available for groundwater recharge 
or streamflow, even if  only for a limited time. In humid 
landscapes, for example, average P will exceed the 
evaporative demand, at least during some months or

seasons of the year. Arid or semiarid landscapes, on 
the other hand, typically have climates such that the 
seasonal evaporative demand almost always exceeds P , 
often by many times. ‘‘Mediterranean-type’’ climate 
regions, where winter P often exceeds the evaporative 
demand, is a major exception. Not coincidentally, it 
has been in this type of climate that dramatic increases 
in streamflow have been documented in response to the 
removal of chaparral shrubs (Ffolliott and Thorud 
1974, Hibbert 1983). Similarly, removal of Eucalyptus 
scrub in southern Australia, where the climate is Med­
iterranean-like (high winter precipitation), has led to 
rising groundwater tables (Walker et al. 1993).

Level 3—runoff processes: is there the potential fo r  
rapid subsurface flow or deep drainage (bypass flow, 

fracture flow, or deep sandy soils)?

The final distinction required to understand the link 
between streamflow and woody plant cover is based on 
the nature of subsurface flow, which influences how 
runoff is generated. In some semiarid upland systems, 
runoff is generated only as Horton overland flow; in 
others, there is a subsurface component to runoff. Little 
or no recharge occurs in systems where there is no 
subsurface flow into stream channels and runoff is gen­
erated only when precipitation overwhelms the infil­
tration capacity of the soil (Horton overland flow). In 
contrast, in semiarid landscapes where subsurface flow 
does occur, it is often because the surface soils have
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TABLE 2. Estimates of the ratio of transpiration (T ) to evapotranspiration (ET) for several different semiarid and arid 
ecosystems based on different methodologies (empirical and modeling assessments).

Community type Desert MAPt (mm) T/ET£ Source

Empirical assessments
Larrea Chihuahuan 230 72.0 Schlesinger et al. (1987)
Larrea Sonoran 280 7.0 Sammis and Gay (1979)
Mixed Sonoran 280 (5.0-25.0) Evans et al. (1981)
Mixed shrub Mojave 150 35.0 Smith et al. (1995)
Mixed shrub Mojave 50 53.0 Stark (1970)
Ceratoides/Atriplex Great Basin 244 54.0 Caldwell et al. (1977)
Prosopis Sonoran 343 85.0 Yepez et al. (2003)

Modeling assessments
Mixed shrub Chihuahuan 230 (6 .0-60.0) Reynolds et al. (2000)
C4 grassland Chihuahuan 230 (1.0-58.0) Reynolds et al. (2000)
Larrea Sonoran 250 80.0 Liu et al. (1995)
Mixed shrub Sonoran 266 27.0 Young and Nobel (1986)
Mixed shrub Mojave 165 (15.0-37.0) Lane et al. (1984)
Artemisia Great Basin 250 76.0 Campbell and Harris (1977)

t  Mean annual precipitation.
£ Average reported ratio of transpiration to evapotranspiration, or (in parentheses) the range of ratios observed throughout 

multiple years.

limited storage capacity and the subsurface materials 
allow for the rapid movement o f excess water. In such 
areas, subsurface flow is important for sustaining base- 
flow in streams and for groundwater recharge. A classic 
example is the Edwards Plateau of Texas, where soils 
are very shallow and overlie a fractured limestone par­
ent material (Maclay 1995). These features explain 
why, in spite of the semiarid climate, perennial streams 
are abundant in this region (recharge to the underlying 
aquifer is abundant). Another example is that o f mes­
quite growing on deep clays that crack when desic­
cated. I f  precipitation occurs when cracks are expressed 
at the surface, water may move rapidly beyond the 
rooting zone of herbaceous vegetation (Richardson et 
al. 1979). Similarly, water may move beyond the her­
baceous rooting depth where deep sandy soils exist.

Conceptual M o del 2: Effe c t s  of W o o d y  Plant 
E ncroachment on E v a po ra tiv e  Pr o c esse s

As previously discussed, there are some semiarid 
environments in which changes in woody plant cover 
lead to changes in the magnitude of ET, which in turn 
translate to changes in streamflow. For many semiarid 
and arid landscapes, however, total ET is insensitive 
to changes in vegetation cover; nearly all the water that 
is available within a hydrologic year will be evaporated 
or transpired (W ilcox et al. 2003). Even so, changes in 
woody cover in such landscapes influence the char­
acteristics of water loss through biological or physical 
means. For example, a change in woody plant cover 
may alter the relative contributions of plant transpi­
ration to total system evapotranspiration (T/ET), which 
represents the relative contribution of ecological pro­
cesses to hydrological fluxes. M echanistically, T/ET 
links water balance processes with plant activity in a 
landscape. For example, we would expect ecosystems 
having a high T/ET to be highly productive compared

with ecosystems having a low T/ET— especially if wa­
ter transport through plants is proportional to growth 
rate and production (Enquist 2002). Indeed, modeling 
o f T/ET for a semiarid shrubland shows that the ratio 
varies from year to year as a result of seasonal patterns 
o f precipitation, differential water use by grasses vs. 
shrubs, and the infrequent ET contribution of annual 
plants (Reynolds et al. 2000). Despite the fundamental 
importance o f T/ET to the ecological and hydrological 
dynamics o f drylands, it has been estimated only for 
a relatively small number of locations in water-limited 
regions, and those field and modeling estimates vary 
greatly in methodology (Table 2; Reynolds et al. 2000, 
Wilson et al. 2001).

Does woody plant encroachment alter how T and E 
contribute to total evaporative flux, and if so, how? 
Few studies have explicitly examined this question, so 
here we develop hypotheses about how T/ET is affected 
by woody plant encroachment based on the limited field 
data and modeling results available, and based on doc­
umented and expected effects o f woody plants on the 
system energy balance and water budget. Our hypoth­
eses result from four basic assumptions relating climate 
and woody plants to soil water dynamics and evapo­
ration.

Assumption I. Effect o f  climate on soil water dynam- 
ics.— Increasing precipitation from xeric to mesic sys­
tems results in greater depths of soil water infiltration 
and hence a smaller fraction of water at shallow depths 
where it is subject to evaporation (Loik et al. 2004; 
Fig. 3a).

Assumption II. Effect o f  climate on soil evapora- 
tion.— Increasing precipitation from xeric to mesic sys­
tems produces an associated increase in total vegetation 
cover, which results in reduced bare ground as a cover 
class (Schlesinger et al. 1990) and thus, decreased soil 
evaporation (Fig. 3b).
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Fig. 3. Conceptual model 2: the relative change in the 
contribution of either transpiration (T) or bare soil evapo­
ration (E) to total evapotranspirational flux (ET) for land­
scapes dominated by woody plants as compared to herbaceous 
vegetation across a climatic gradient. The processes under­
lying expected changes in T relative to ET include aspects of 
climate (panels a and b) along with interactions that arise 
from woody vs. nonwoody plant presences (panels c and d). 
Relationships plotted are relative values either as a function 
of climate ( ‘‘climate effects’’) or the presence of woody plants 
as compared to nonwoody plants ( ‘‘woody plant effects’’). 
(a) Increasing precipitation (P) from arid to mesic systems 
increases infiltration depths resulting in a greater proportion 
of shallow available soil water subject to evaporation in arid 
regions. (b) Increasing P from arid to mesic systems increases 
total vegetation cover resulting in smaller proportional con­
tributions of E  to ET. (c) The ability of woody plants to access 
deep soil H2O increases T in climates that allow for deep 
infiltration. (d) Increasing connectivity of bare soil patches 
and changes in bare soil energy balance result in increases 
in E  for midrange climates. As a result of these changes in 
flux components, the relative contribution of T to ET will 
increase for systems dominated by woody plants as compared 
to those dominated by nonwoody plants in more mesic climate 
zones, with the opposite effect in semiarid systems. Four 
zones can be delimitated where changes in the T/ET are likely 
to occur. In Area 1, there is little change in T/ET because 
leaf area remains about the same and ET is dominated by E 
from large expanses of bare ground. In Area 2, E  increases 
substantially in woody plant systems as a result of the loss 
of herbaceous cover in intercanopy spaces. Area 3 is a tran­
sition zone (no further changes in T are being caused by 
woody plants, and herbaceous vegetation still dominates in­
tercanopy spaces). In Area 4, differences in T/ET are due to 
increased T by shrubs (shrubs are using ‘‘extra’’ water that, 
in a grassland system, would become groundwater recharge).

Assumption III. Effect o f  woody plants on soil water 
dynamics.— Woody plants are generally able to access 
sources of soil water that extend below the zone of soil 
evaporation in climates that produce such sources of 
soil water (Walter 1971, Breshears and Barnes 1999, 
House et al. 2003; Fig. 3c).

Assumption IV. Effect o f  woody plants on soil evap­
oration. — In more mesic systems, woody plant cover 
substantially reduces the near-ground solar radiation 
(Martens et al. 2000) and associated rates of soil evap­
oration (Breshears et al. 1998), with the magnitude of 
this effect increasing with the proportion of woody 
plants and with their mean height (Martens et al. 2000). 
However, in systems with greater water limitation, 
woody plant encroachment can result in a loss of her­
baceous understory plants and greater connectivity and 
cover of bare-ground microsites (Small and Kurc 
2003), which should increase potential soil evaporation 
(Fig. 3d).

Based on these four assumptions, we pose three gen­
eral hypotheses. First, we hypothesize that woody plant 
encroachment should indeed alter the T/ET and the way 
in which T/ET is altered is largely driven by climate 
(assumptions I and II). More specifically, we hypoth­
esize that, across a gradient of decreasing aridity, the 
T/ET ratio should increase for both nonwoody and 
woody systems (Fig. 3e).

Second, we hypothesize that T/ET in nonwoody- 
plant-dominated sites at the extreme ends of the gra­
dient (zones 1 and 4  in Fig. 3) are less sensitive to 
changes in woody vegetation than sites that are inter­
mediate within the continuum (semiarid sites in zones 
2 and 3 of Fig. 3). For the subhumid sites (zone 4 of 
Fig. 3), assumption II— the effect of climate on soil 
evaporation— is critical: there will be nearly complete 
vegetation cover whether or not woody plants domi­
nate, and hence evaporation is not likely to differ great­
ly between the two plant conditions. However, there 
should be more soil water below the evaporative zone 
for subhumid than for semiarid or arid systems, and 
hence woody plant access to this deeper water is ex­
pected to produce more T and a greater T/ET for woody 
as opposed to nonwoody systems (assumptions I and 
III). As a result, these climate regions tend to have 
greater leaf area (Scholes and Archer 1997), and more 
expansive root systems (Canadell et al. 1996, Jackson 
1999, Gibbens and Lenz 2001) associated with woody 
plant dominance. For arid sites (zone 1 of Fig. 3), as­
sumption II is also central: the smaller amounts of pre­
cipitation associated with arid sites leaves greater in­
tercanopy bare soil microsites which are subject to high 
evaporation potential. Reduced precipitation minimizes 
deep soil water infiltration (assumption I) and the ef­
fects of shading by woody plants are reduced due to 
their sparseness and low stature (assumption IV). Fur­
ther, because most of the precipitation does not infil­
trate beyond the evaporative zone in these systems (as­
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sumption II), effects o f woody plants on T/ET are min­
imal.

Third, for semiarid systems, which are intermediate 
along the gradient, the T/ET ratio is more sensitive to 
changes in woody plant coverage than it is for sub- 
humid or arid systems, with wetter semiarid sites hav­
ing greater T/ET in woody than nonwoody systems 
(zone 3 of Fig. 3) and drier semiarid sites having less 
T/ET in woody than nonwoody systems (zone 2 of Fig. 
3). As precipitation decreases from subhumid to semi- 
arid zones, changes in soil evaporation due to climate 
and woody plants (assumptions II and Iv )  drive a re­
duction in the difference between woody vs. nonwoody 
systems (zone 3 of Fig. 3). For drier semiarid systems 
(zone 2 of Fig. 3), there is a transition from an increase 
in woody plants increasing T and associated T/ET to 
woody plants simply shifting acquisition of the T from 
herbaceous to woody plants without producing a net 
change in T/ET (assumption III). More importantly, in 
some cases changes in woody vegetation reduces the 
near-ground energy budget and associated soil evap­
oration, while in other cases it causes an enhancement 
and increase in soil evaporation (assumption Iv ) .

The hypotheses we pose about how T/ET varies 
along a gradient from subhumid to arid and for non- 
woody versus woody vegetation provide an agenda for 
future research aimed at linking ecological and hydro­
logical processes in water-limited climates. Both mod­
eling and field studies are needed to more rigorously 
test the predictions and assumptions that they are based 
on. Nonetheless, we believe these hypotheses are based 
on assumptions that are both logical and supported by 
research to date. More generally, we believe that ex­
plicitly focusing on partitioning T and E  represents one 
o f the most important ecohydrological challenges if  we 
are to improve our understanding of vegetation dynam­
ics in drylands.

V a ria tio n  in Components of the Hyd ro lo g ic  
Cy c l e : E c olog ical Im plications

The framework described above helps facilitate our 
understanding o f the hydrological consequences of 
woody plant invasion. Building on this framework, we 
may also gain some insight into how woody plants 
affect other ecologically important processes, such as 
patterns and rates o f biogeochemical cycling. It is like­
ly that the carbon cycle, for example, is influenced in 
ways that are mechanistically linked to the effects of 
woody plant encroachment on water movement within 
a landscape. It has long been assumed that in grassland 
ecosystems, an increase in woody plant species results 
in greater accumulation of carbon from the atmo­
sphere— owing to the ability of woody species to access 
water stored at depth and spatially redistribute it across 
the landscape, which increases plant biomass. Over 
time, the additional carbon from this distributed root 
biomass (Jackson et al. 1999, 2000) can sometimes 
transfer to long-term storage in the soil (Archer et al.

2001, Jackson et al. 2002). I f  this occurs, the effect on 
regional carbon cycles could be quite large considering 
the aerial extent o f landscapes undergoing woody plant 
encroachment (Goodale and Davidson 2002), and it 
may be one of several important biotic feedbacks re­
lated to anthropogenic changes in the climate system 
(Schimel et al. 2001). However, as with the question 
o f how woody plants affect the hydrologic cycle, the 
extent of changes in carbon accumulation and the mag­
nitude of such changes are not clear (Archer et al. 2001, 
Jackson et al. 2002, Pacala et al. 2001).

It is generally accepted that an increase in the plant- 
biomass pool of carbon is a consequence of woody 
plant encroachment, but for carbon sequestration to in­
crease in an ecosystem, net ecosystem production 
(NEP) must increase— a process that is poorly under­
stood for these landscapes (House et al. 2003). NEP is 
the difference between gross primary production (GPP: 
the absolute amount of carbon entering an ecosystem 
through autotrophic means) and ecosystem respiration 
(Re: the absolute loss of carbon through autotrophic 
and heterotrophic metabolic activity), both of which 
are intimately linked to the hydrologic cycle. Given 
that plant T can be considered directly proportional to 
GPP (Enquist 2002), we can suggest, on the basis of 
the hypothesized changes in E  and T, how biomass 
production may vary with woody plant encroachment. 
Further, since Re is primarily a function of temperature 
and the availability o f resources (Enquist et al. 2003; 
in this case, primarily soil water content), shifts in the 
seasonal availability o f water can be used to predict 
changes in carbon efflux. Thus, through the linkage 
with water processes and their effect on NEP, our con­
ceptual framework allows us to predict how woody 
plant species may influence the influx and efflux of 
carbon from an ecosystem.

We have suggested that, in arid ecosystems, T may 
not shift significantly with woody plant encroachment, 
which would translate to little or no change in GPP 
other than greater carbon accumulation in the pool of 
plant biomass. However, woody plant species tend to 
have longer seasonal periods of active water extraction 
than do grassland species (Kemp 1983, Smith et al. 
1997) and thus can reduce soil water content consis­
tently throughout a year (Kemp 1983, Scott et al. 2000). 
As a result, in arid shrubland ecosystems Re may be­
come constrained by the availability of soil water (du­
ration and magnitude) for longer periods than in arid 
grassland systems. Thus, while the influx of carbon 
may not be very different between shrubland and grass­
land ecosystems (or may differ only as a function of 
the different allocation patterns of shrubs vs. grasses), 
the efflux of carbon may be lowered by extended pe­
riods during which soil water content is limited. In 
other words, from a simplistic influx-efflux perspective 
as the processes are linked to the soil water, woody 
plant encroachment in arid systems brings the potential
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for relatively greater accumulation of carbon in soils 
(Jackson et al. 2002).

In many mesic ecosystems, woody plant encroach­
ment increases T, which results in greater ET. As sug­
gested in Fig. 1, the woody plants take up water (which, 
in a grassland system, would have left the landscape 
as streamflow) and transform it into biological activity, 
thereby increasing GPP. W hile this greater influx of 
carbon is straightforward to predict, changes in carbon 
efflux, or Re, may depend on several additional factors 
that determine soil water content (similar to the hier­
archical model in Fig. 2). Where the seasonal pattern 
of soil water availability is not reduced by woody plant 
encroachment (streamflow still exists within the system 
following the establishment o f woody plants), Re 
should remain constant or simply increase in proportion 
to the total ecosystem biomass. Where climatic con­
ditions are such that streamflow is reduced significantly 
by woody plant encroachment, giving rise to frequent 
periods o f low soil water content, Re will be con­
strained, as it is in arid systems. If, through time, GPP 
sees a net increase and Re a net decrease, these systems 
could become carbon sinks. This thought exercise does 
not consider explicitly differences in biomass alloca­
tion between grasslands and shrublands, differences in 
the input of different quality litter, feedbacks on nitro­
gen cycling from decomposition processes. However, 
as such, this pattern is consistent with the relationship 
observed by Jackson et al. (2002), between soil carbon 
content and climate, for a series o f sites in the south­
western United States characterized by woody plant 
encroachment where proportionally greater carbon ac­
cumulation is seen in more arid sites.

Several additional factors should be very important 
in determining the balance between carbon influx and 
efflux for a given system. In semiarid ecosystems, year- 
to-year variability in precipitation and the presence/ 
activity o f different life forms influence not only the 
input of carbon into the system but also efflux, by af­
fecting the seasonal pattern o f soil water availability. 
For example, changes in the distribution of water under 
shrub canopies, from diffuse to preferential infiltration 
(Devitt and Smith 2002, Bhark and Small 2003), will 
alter soil water availability, magnifying differences in 
the sensitivities o f carbon processes to changes in veg­
etation structure. In more mesic areas, woody species 
often do not replace grass and intercanopy zones re­
main occupied by herbaceous vegetation. The presence 
of different vegetation types having different seasonal 
activity profiles further complicates the dynamics of 
carbon input into soils and its linkages with soil water. 
At the landscape scale, R e will depend on the magnitude 
of canopy/intercanopy respiration flux, scaled by the 
spatial extent o f intercanopy vs. canopy space. R e­
solving the partitioning o f E  and T and the potential 
degree o f decoupling of GPP from precipitation should 
help to clarify the net effect of woody plant encroach­

ment on NEP at the landscape scale, allowing us to 
understand potential changes in carbon storage.

Su m m a r y  and Conclusions

The fact that woody plant encroachment has the po­
tential to change how water moves through semiarid 
and arid landscapes has important implications for hy­
drology, ecology, and society. We have proposed a 
framework for understanding how woody plant en­
croachment is likely to affect components of the water 
budget within dryland ecosystems. How recharge/run­
off and evaporative processes are affected will depend 
on the degree of aridity within a given landscape and 
the availability o f subsurface water. B y  using two con­
ceptual models that focus on different features of a 
simple water-balance model and their component var­
iables, we are able to make several important gener­
alizations that have been missing from the field to date.

1) From a hierarchical comparison o f different land­
scape physiographies, climate, and runoff mech­
anisms (nature of subsurface flow), it can be con­
ceptualized that woody plants have the potential 
to modify streamflow/runoff/recharge when sub­
surface water is available.

2) Shifts in the ratio o f plant transpiration T to total 
evapotranspiration ET can be expected when 
evaporative leaf area, volume of root systems, and 
duration of physiological activity are influenced 
by the presence of woody plant species within a 
landscape. Large shifts are more likely to occur 
in semiarid environments than in either more me- 
sic (subhumid) or more xeric (arid) landscapes, 
where the increasing influence o f bare ground and 
surface energy budgets on evaporation is linked 
to woody plant presence.

3) Predicted changes in the hydrologic cycles can be 
used to evaluate the influx and efflux o f carbon 
for different climate-vegetation combinations, as 
a means o f understanding NEP under conditions 
of woody plant encroachment. Where the propor­
tional change in T is large (increase in GPP) and 
the additional water use by plants results in re­
duced seasonal soil water content (limiting Re), 
woody plant encroachment can lead to increases 
in carbon accumulation in an ecosystem. Where 
soil water content or T are unaffected by woody 
plant encroachment, losses o f carbon from the 
ecosystem are possible.

It is important and necessary to consider such eco­
logical and biogeochemical consequences o f shifts in 
the hydrologic cycle when assessing the effects of dif­
ferent climate scenarios on biosphere function. Our 
conceptual models illustrate how, in one case, ecolog­
ical processes (changes in vegetation structure) can in­
fluence hydrology (water yield; model 1 ) and how, in 
another case, hydrological characteristics (ratio of E  
and T ) have important ecological implications (pro­
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ductivity; model 2). Moreover, there are a number of 
other important ecohydrological interactions that will 
also affect hydrology and biogeochemistry through 
other avenues, not solely first-order functions of shifts 
in our simple water-balance model. These interactions 
represent critical areas for which research generaliza­
tions may be developed— especially through an inter­
disciplinary ecohydrological approach.
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