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[1] The conversion of grasslands to shrublands by woody plant encroachment is a
common occurrence in arid and semi-arid regions that can have significant effects on
ecosystem hydrology and biogeochemistry, including changes in soil organic carbon
stocks. The mechanisms determining the direction and magnitude of soil carbon change
due to encroachment are unknown but appear to depend on factors that vary along a
gradient of mean annual precipitation. We present a model of coupled steady-state soil
moisture and carbon dynamics that accounts for the effects of structural heterogeneity at
the scale of vegetation patches by representing the local effects of root systems and
canopies. We applied the model to paired grasslands and woody encroachment-produced
shrublands spanning a climate gradient in the American Southwest, and model results were
consistent with measured values. Modeled transpiration, which was used to determine
productivity, was 5%–57% greater in shrublands, with the greatest difference occurring
where the relative difference in leaf area index between grass and shrub patches was
small and vegetation density was low. Patterns of soil carbon abundance were mainly
driven by patterns of productivity, but decomposition rates were also affected by
vegetation structure. Woody encroachment increases heterogeneity in soil carbon
decomposition rates and has the net effect of increasing soil carbon residence times by
3.6–4.9 years. Our model represents an important step toward a mechanistic and
quantitative understanding of the effect of vegetation structure on soil moisture and
carbon dynamics and highlights the need for a better description of belowground
vegetation structure in ecosystem models.
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1. Introduction

[2] Woody plant encroachment into grass-dominated
landscapes is common and well-documented in dryland
regions [Archer et al., 1995; House et al., 2003]. It is attrib-
uted to a number of factors including climate change, CO2
fertilization, overgrazing, and fire suppression [Archer et al.,
1995; Van Auken, 2000; Morgan et al., 2007; Knapp et al.,
2008] that are likely to increase in the future, making it
important to understand the impact of woody encroachment
on ecosystem functions and services. Drylands, which cover
40% of the global land surface, account for around 30% of
global terrestrial net primary productivity [Grace et al.,
2006], with a high fraction of biomass in belowground
pools [Schenk and Jackson, 2002]. The impact of woody

encroachment on dryland carbon stocks and fluxes is poorly
understood, leading to uncertainties in projections of future
regional and global carbon budgets [Goodale and Davidson,
2002; Woodbury et al., 2007].
[3] A number of studies have observed significant chan-

ges in soil carbon stocks following woody encroachment,
though both increases [McCulley et al., 2004; Brantley and
Young, 2010] and decreases [Kieft et al., 1998] have
been reported. In a cross-site comparison of encroachment-
produced shrublands and uninvaded grasslands, Jackson et al.
[2002] found that woody encroachment resulted in increased
soil carbon stocks at sites with low mean annual precipitation
(MAP) and decreased soil organic carbon (SOC) stocks at
more mesic sites. Barger et al. [2011] performed a broader
meta analysis and found that, while the relationship between
MAP and SOC change with woody encroachment was gen-
erally negative, a wide range of outcomes could be observed
at a given MAP value. Understanding the mechanisms
behind the observed pattern is a challenge because the change
in vegetation structure associated with the encroachment of
trees and shrubs affects the soil carbon cycle in several ways.
[4] Soil carbon abundance is determined by a mass bal-

ance between inputs from primary productivity and losses
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from decomposition. Shrublands tend to be more productive
than grasslands under the same growing conditions [Norris
et al., 2001; Knapp et al., 2008], thus woody encroach-
ment can increase input. The effect of vegetation structure
on soil carbon decomposition is more complex. Moisture
availability, the primary control on biotic decomposition in
most dryland ecosystems [Jenerette et al., 2008; Austin et al.,
2009], may be lower or higher beneath shrub canopies [Kieft
et al., 1998; Bhark and Small, 2003; D’Odorico et al., 2007;
Hamerlynck et al., 2011]. Canopies exert a local influence on
several components of the soil moisture balance, including
the direct effects of rainfall interception and reduction of
energy for bare soil evaporation. The root systems of plants
also reduce soil moisture through root water uptake, but their
spatial distribution is less certain. The relative importance of
these mechanisms in the soil moisture balance depends on
characteristics of the vegetation, as well as the soil type and
rainfall climatology [Rodriguez-Iturbe et al., 1999; Laio
et al., 2001a]. Inputs to both aboveground and below-
ground litter pools also occur where canopies and root
systems are present, creating spatial correlation between
substrate availability and soil moisture conditions that may
be more or less favorable for decomposition. Differences in
soil carbon abundance between under-canopy and between-
canopy patches occur in both grasslands [e.g. Hook and
Burke, 2000] and shrublands [e.g. Schlesinger et al., 1990;
Wang et al., 2009], but shrubs create a more pronounced
spatial pattern [Gonzalez-Polo and Austin, 2009; Liu et al.,
2010]. Cable et al. [2012] found that a number of factors,
including soil moisture and litter and root abundance, com-
bined to produce significant differences in soil respiration
among several microsites, including shrubs, grasses, and
open spaces.
[5] Process-based models can provide insight into the

mechanisms underlying patterns observed in complex
systems by predicting the response of the system to
changes in individual parameters. Robust models of soil car-
bon dynamics exist for water-limited ecosystems [Porporato
et al., 2003a], but virtually all soil carbon models assume
spatial homogeneity at the scale of vegetation patches
[Manzoni and Porporato, 2009]. Accurately characterizing
the effect of woody encroachment on soil carbon requires a
model that can simulate the difference in spatial vegetation
structure between a grassland and shrubland. Hibbard et al.
[2003] used the CENTURY model [Parton et al., 1994] to
show how ecosystem carbon pools in a Texas grassland
evolved as simulated shrub encroachment occurred. While
useful in describing temporal dynamics, the need for a sim-
ulation in time and explicit spatial domain makes it difficult
to use this approach to evaluate SOC dynamics over a range
of ecosystem characteristics.
[6] We present a new model of steady-state dryland soil

carbon stocks that uses a probabilistic description of vege-
tation structure to account for spatial heterogeneity at the
patch scale. It is uniquely suited to provide a mechanistic
understanding of the effects of woody encroachment on soil
carbon stocks, because it is able to simulate the local effects
of plant canopies and root systems on both soil carbon inputs
and decomposition microenvironment. We parameterize the
model for three pairs of shrubland and grassland sites
spanning a climate gradient in the western United States and
investigate the role of different ecosystem characteristics in

producing the observed pattern of SOC change. Our analysis
suggests that the spatial structure created by woody
encroachment is a key factor leading to changes in soil car-
bon stocks. Thus, the spatial heterogeneity of both carbon
reservoirs and soil moisture dynamics should be accounted
for in projections of future carbon budgets for dryland
regions.

2. Model Description

[7] The model consists of a system of four coupled dif-
ferential equations describing the mass balances of soil
moisture and three SOC pools. The dynamics of soil mois-
ture and the carbon pools evolve deterministically with
perturbations introduced by stochastic rainfall. To address
the issue of spatial heterogeneity induced by vegetation
structure, we have adapted the approach of Caylor et al.
[2006] and introduce three variables describing the vegeta-
tion structure at a point: nC, the number of shrub canopies
overlapping the point; nR the number of shrub root systems
overlapping the point; and G, which is equal to 1 if the point
is covered by a perennial grass patch and equal to 0 other-
wise. We assume that grass patches do not overlap, and the
“shrubs” in the model could also be trees. The model com-
putes unique results for each combination of nR, nC, and G.
We take a weighted average of the model results to be
indicative of landscape SOC stocks. We assume steady-state
conditions to make possible analyses of the effect of patch-
scale vegetation structure on SOC and the relative sensitivity
of SOC in shrub- and grass-dominated landscapes to vege-
tation, climate, and soil parameters. Hibbard et al. [2003]
modeled the transient dynamics of SOC during shrub
encroachment and found only monotonic changes. Though
many landscapes affected by woody encroachment may not
be in steady state, we would expect this to influence the
accuracy of the absolute SOC abundance predicted by the
model, but not the pattern of relative differences that we are
trying to explain. We describe our temporal and spatial
averaging methods in sections (2.4) and (2.6).

2.1. SOC Dynamics
[8] Following Porporato et al. [2003a], we model SOC as

a three-pool system, with coupled differential equations
characterizing the dynamics of carbon in fast-decaying litter
(Cf), slow-decaying organic matter (Cs), and microbial bio-
mass (Cb) in units of gC m!3, such that

dCf

dt
¼ ADD

Zr
! DECf þ kbCb

dCs

dt
¼ rsDECf ! DECs

dCb

dt
¼ ð1! rr ! rsÞDECf þ ð1! rrÞDECs ! kbCb;

ð1Þ

where rr is the fraction of decomposed organic matter that is
lost as CO2 (i.e. 1 ! rr is the microbial efficiency), rs is the
fraction of fast-decaying litter that is stabilized by physical
and chemical factors that make it less available to decom-
posers, and kb is the rate constant for death of microbial
biomass (m!3 d!1). ADD is the rate of inputs from vegeta-
tion (gC m!2 d!1), which we discuss in section (2.3), and Zr
is the active soil depth (m).
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[9] The decomposition rates of organic matter (DECf and
DECs; gC m!3 d!1) represent the stochastic component of
the equation. We model decomposition of the two substrate
pools using first-order rate kinetics with constants kf and
ks (m!3 d!1; kf ≫ ks) that represent the decomposition
rates in the absence of water stress. This is a simple
approach that works well in cases where a physical fac-
tor, soil moisture in this system, is the dominant limita-
tion on decomposition [Manzoni and Porporato, 2009].
We calculate the DEC terms as

DECf ¼ W ½sðtÞ'kf Cf

DECs ¼ W ½sðtÞ'ksCs;
ð2Þ

where W[s(t)] is a dimensionless parameter describing soil
moisture limitation of decomposition as a function of
relative soil moisture content, s(t) (m3H2O m!3 void
space). This term represents the stochastic forcing in the
SOC system. We incorporate short-term variability in soil
moisture into the decomposition term while assuming a
constant temperature. Temperature-based respiration models
do not perform well in water-limited ecosystems [Reichstein
et al., 2003; Bahn et al., 2010], and soil moisture controls the
variability of respiration at short time scales [Xu and
Baldocchi, 2004] due to the necessity of water for both
microbial activity and substrate diffusion [Davidson et al.,
2006]. We calculate W[s(t)] using the formulation presented
by Cabon et al. [1991] and Gusman and Marino [1999] in
which the parameter increases linearly from 0 at a microbial
wilting point (sb) to 1 at field capacity (sfc) and decreases
hyperbolically up to soil saturation (s = 1), such that

W ½sðtÞ' ¼

0; s ≤ sb;

s
sfc

; sb < s ≤ sfc

sfc
s
; sfc < s ≤ 1:

8
>>>>>><

>>>>>>:

ð3Þ

[10] We determine s with a model of soil moisture
dynamics forced by stochastic rainfall, as described in the
following section.

2.2. Soil Moisture Dynamics
[11] Rodriguez-Iturbe et al. [1999] and Laio et al. [2001a]

model the daily soil moisture balance of the plant rooting
zone with the stochastic differential equation

nZr
dsðtÞ
dt

¼ RðtÞ ! IðtÞ ! Q½sðtÞ; t' ! ET ½sðtÞ' ! L½sðtÞ'; ð4Þ

where n is the soil porosity, Zr is the depth of the active root
zone, and s(t) is the relative soil moisture content. Inputs of
water from stochastic rainfall [R(t)] are modeled as a marked
Poisson process of storms with arrival rate lr (d!1) and
exponentially distributed depth with mean a (mm). Inputs
are balanced by losses due to canopy interception [I(t)],
runoff (Q[s(t); t]), evapotranspiration (ET[s(t)]), and drain-
age (L[s(t)]).
[12] Caylor et al. [2006] extend the probabilistic soil

moisture modeling framework to heterogeneous landscapes

by parameterizing equation (4) for each combination of nC
and nR to account for the local effects of shrub canopies and
root systems on the soil moisture balance. We modify this
approach to include grass. We characterize the influence of
the structural differences between grasses and shrubs on
aboveground processes but are unable to account for
potential differences in rooting depth between shrubs and
grasses within the modeling framework. When averaged
globally, shrublands have deeper roots than grasslands
[Jackson et al., 1996]. However, there is mixed evidence on
whether shrubs and grasses growing in the same conditions
have different rooting depths [Schenk and Jackson, 2002],
especially in the case of fine roots [Bai et al., 2009], which
produce most below ground contributions to labile carbon
pools. Additionally, the majority of water uptake by woody
plants is from surface layers [Kulmatiski et al., 2010]. Since
soil moisture and SOC input are the processes of interest in
this study, we assume equal active soil depths for grasses
and shrubs.
[13] At points covered by grass and shrub canopies, some

rainfall will be intercepted by and evaporated directly from
plant canopies without reaching the soil. The depth of rain-
fall reaching the soil in a given storm is the storm depth
minus a characteristic interception value, D(nC, G) (mm), or
0 if the storm depth is less than D(nC, G). We estimate D
empirically as

DðnC ;GÞ ¼ LAIs ( h( nC þ LAIg ( h( G; ð5Þ

where LAIs and LAIg are the leaf area index (LAI; m2 m!2)
beneath a single shrub canopy and a typical grass patch,
respectively. The parameter h is the characteristic amount of
interception per unit leaf area, which we take to be 1 mm
[Aston, 1979]. If the depth of non-intercepted rainfall
exceeds available storage in the soil, the excess is converted
to surface run-off (Q[s(t); t]).
[14] Once water has infiltrated the soil, it leaves via

drainage and evapotranspiration, which constitute the soil
moisture-dependent loss function of the system. Following
Laio et al. [2001a], we model the rate of gravity-driven
drainage as an exponential decay from the saturated
hydraulic conductivity of the soil (Ks; mm d!1) at s = 1 to 0
at soil field capacity, independent of nC, nR, and G. Plants
reduce bare soil evaporation by shading and determine the
spatial distribution of water loss via root uptake, so we
model the evaporation and transpiration components sepa-
rately, following Caylor et al. [2006]. The interception of
energy and loss of water through leaves, which we will refer
to as transpiration, may be spatially decoupled from the
absorption of soil moisture by roots, which we will refer to
as uptake. In the original model formulation, potential
evapotranspiration (PET; mm d!1) provided an upper bound
on the rate of soil moisture loss via evapotranspiration. To
provide upper bounds on the processes of shrub transpira-
tion, grass transpiration, and bare soil evaporation we mul-
tiply PET, which we take to be a constant, long-term value,
by the fractions of incoming energy absorbed by shrub
canopies, grass canopies, and the soil surface. We model
canopy energy interception using Beer’s law and assume
shrub canopies are taller than grass canopies. Thus, the
fractions of incident radiation at a point contributing to
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potential shrub transpiration (Fs), grass transpiration (Fg),
and evaporation (FE) are given by

Fs ¼ e!kLAIsnC

Fg ¼ ½1! Fs'e!kLAIgG

Fe ¼ 1! Fs ! Fg;
ð6Þ

where k is the extinction coefficient of evaporative demand,
which we take to be 0.35 [Brutsaert, 1982]. We calculate
these terms recursively to represent the vertical structure of
the ecosystem.
[15] Evaporation and uptake by grasses, which we assume

do not have roots extending beyond their canopies, extract
water from areas of soil directly below the surfaces absorb-
ing the energy that drives these processes. Therefore, the
maximum rates of soil moisture loss from evaporation and
grass uptake (je and jg; mm d!1) at a point are a function of
the energy interception pattern at that point:

jeðnC ;GÞ ¼ FeðnC ;GÞ ( PET

jgðnC ;GÞ ¼ FgðnC ;GÞ ( PET :
ð7Þ

The root system of a shrub may extend well beyond its
canopy edge, so shrubs can extract water from the soil at
points not overlapped by their canopies. By doing this,
shrubs spatially decouple transpiration and uptake. In some
landscapes grasses also have laterally extensive root systems
[Casper et al., 2003], in which case the formulations for the
belowground structure and function of shrub roots could be
applied to grasses. To estimate the maximum rate of uptake
by shrubs for a point with nR overlapping shrub root sys-
tems, it is necessary to estimate the energy absorbed by the
canopy associated with each root system. Some canopies
will absorb less energy per unit area because they overlap
with others, but it would be computationally intensive to
model them individually. We simplify the system by calcu-
lating the fraction of incident energy absorbed by a shrub
canopy with an average amount of overlap with other can-
opies, Fs , following [Caylor et al., 2006]. This is given by
the summation of the fraction of energy absorbed by a can-
opy at a point with each nC value, weighted by the fraction
of the canopy-covered landscape (nC ≥ 1) with that nC value,
such that

Fs ¼
X∞

nC¼1

1! e!knC

nC

! "
PnC ðnCÞ

1! PnC ð0Þ
; ð8Þ

where PnC(nC) is the probability that a point on the landscape
is overlapped by nC canopies. Its derivation is described in
section (2.5). We update an earlier form of the model
[Caylor et al., 2006] by multiplying Fs by the ratio of the
average canopy area (AC, m

2) to the average root system area
(AR, m

2), because energy absorbed by the canopy drives
uptake through the entire root system. This results in a lower
estimate of potential uptake at a point. The potential shrub
uptake at a point (mm d!1) is given by

jsðnRÞ ¼ nR (
AC

AR
( Fs ( PET : ð9Þ

[16] Evaporation and uptake may also be limited by soil
moisture. The bare soil evaporation rate ranges from zero at

the soil hygroscopic point to its maximum rate (je) at the
soil field capacity and above. We model the rate with a
linear increase between these two points (following
Caylor et al. [2006]). We model uptake with a similar
linear model ranging from zero at the plant wilting point,
sw, to a maximum at the point of incipient stomatal clo-
sure, s∗ [following Laio et al., 2001a]. This leads to a
unique soil moisture loss function for each combination
of nC, nR, and G.

2.3. Productivity and SOC Input
[17] The SOC model also requires that vegetation produc-

tivity be estimated so the addition term, ADD (gC m!2 d!1),
can be determined. Water is the primary limitation on pho-
tosynthesis in the ecosystems considered in this study, so we
model carbon assimilation as the product of transpiration
(mm) occurring over the course of a day and measured water
use efficiency values (gC mm!1 H2O; measured values from
Scholes and Walker [1993]). In doing this, we assume that
water use efficiency does not decrease when plants are under
water stress. However, this simplifying assumption could
easily be removed if information on the relationship between
water use efficiency and soil moisture were available. We
calculate grass and shrub net primary productivity (NPP)
separately, such that

NPPg ¼ WUEg ( Tg½sðtÞ'
NPPs ¼ WUEs ( Ts½sðtÞ';

ð10Þ

where WUEg and WUEs are the water use efficiency
values for grasses and shrubs. Measured values of NPPg
and NPPs could be substituted if available. Growth and
mortality create a time lag between transpiration and SOC
input. We assume that these processes are in equilibrium,
so SOC input rate can be modeled using the equations in
(10). This assumption allows us to derive a steady-state
solution to the SOC model, which we describe in section
(2.4). We present a comparison of our simple empirical
representation of productivity with more complex, mech-
anistic physiology models in Appendix B. The simple
model captures the trend of increasing productivity with
increasing rainfall and vegetation density, while allowing
us to develop a tractable model that accounts for patch-
scale vegetation heterogeneity.
[18] One of our goals is to account for the local effects of

vegetation patches on both inputs to and decomposition of
SOC. Therefore, it is necessary to calculate ADD, the SOC
addition rate defined in equation (1), as a function of nC, nR,
and G. Grasses and shrubs affect the SOC input rate differ-
ently, so we introduce separate addition terms that sum to
ADD. The aboveground and belowground biomass of
grasses contributes to SOC over the same area, but shrub
root systems and canopies, which respectively determine the
spatial distribution of inputs from belowground and above-
ground biomass cover different areas. Therefore, it is nec-
essary to divide NPPs into aboveground and belowground
components. We make the simplifying assumption that
aboveground/belowground plant allocation is proportional
to the ratio of average canopy area to average root system
area, so the fraction of biomass allocated aboveground is
equal to AC/AR.
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[19] We then determine the addition term at a point by
multiplying NPPg and NPPs by vegetation structure
weighting terms, which are a function of nC, nR, and G:

ADD ¼ JgðGÞ ( NPPg þ JsðnC ; nRÞ ( NPPs: ð11Þ

The vegetation structure weighting terms are determined by
dividing nC, nR, and G by their expected values, such that

JgðGÞ ¼
G

E½G' ð12Þ

for grasses and

JsðnC ; nRÞ ¼
nC

E½nC '
AC

AR

! "
þ nR
E½nR'

1! AC

AR

! "
ð13Þ

for shrubs. Expected values are denoted by the operator E[⋅]
and are derived from the probability distributions of nC, nR,
and G, which we define in section (2.6).
[20] Abiotic processes, primarily photodegradation, have

been identified as having significant effects on surface litter
dynamics in dryland ecosystems [Austin and Vivanco, 2006;
Rutledge et al., 2010]. A term could be added to reduce the
addition rate to account for this. We did not do so, because
reported rates of mass loss from photodegradation are less than
16 gm!2 yr!1 [Austin, 2011], which is small compared to NPP
and thus unlikely to significantly reduce soil carbon inputs.

2.4. Temporal Averaging
[21] The SOC model given by equation (1) represents a

system that exhibits deterministic behavior with perturba-
tions driven by stochastic rainfall, as described in section
2.1. Previous stochastic models of hydrologically-driven
soil biogeochemistry have relied on a rainfall simulation to
force the model [Porporato et al., 2003a;Wang et al., 2009].
The simulation approach, which models soil moisture
dynamics with a daily time step, is useful in drylands, where
decomposition rates respond quickly to rainfall events [Xu
and Baldocchi, 2004; Jarvis et al., 2007]. Such a model is
impractical in our case, because unique simulations would
need to be run for each combination of nC, nR, and G. To
address this, we introduce a steady-state version of the SOC
model. For simplicity, we describe the three state variables
in the SOC system, fast-decaying litter (Cf), stabilized
organic matter (Cs), and microbial biomass (Cb), as a vector:

xt ¼
Cf ðtÞ
CsðtÞ
CbðtÞ

2

4

3

5: ð14Þ

The temporal dynamics of the SOC pools, driven by sto-
chastic soil moisture, for a given combination of nC, nR, and
G can be described as a function of xt. It is derived from
equation (1) by substituting the expressions relating
decomposition rates (DECf and DECs) and SOC input rate
(ADD) to soil moisture, which are described by equations
(3) and (11), respectively, giving

dxt
dt

¼
JgWUEgTg ½sðtÞ' þ JsWUEsTs½sðtÞ'!W ½sðtÞ'kf Cf þ kbCb

rsW ½sðtÞ'kf Cf !W ½sðtÞ'ksCs

ð1! rs ! rrÞW ½sðtÞ'kf Cf þ ð1! rrÞW ½sðtÞ'ksCs ! kbCb

2

4

3

5:

ð15Þ

The terms relating transpiration (Tg[s(t)] and Ts[s(t)]) and
decomposition rate (W[s(t)]) to soil moisture control the
variability of xt in time.
[22] We simplify equation (15) by dividing it into two

components: (1) a deterministic expression, given by H(xt),
describing the behavior of the system under average condi-
tions, and (2) an expression, given by h(xt), describing the
variability introduced to the system by the stochastic nature
of soil moisture. The deterministic component is given by
evaluating dxt/dt for temporal averages of Tg[s(t)], Ts[s(t)],
and W[s(t)]:

HðxÞ ¼
jgWUEg Tg½sðtÞ'

# $
þjsWUEs Ts½sðtÞ'h i! W ½sðtÞ'h ikf Cf þ kbCb

rs W ½sðtÞ'h ikf Cf ! W ½sðtÞ'h iksCs

ð1! rs ! rrÞ W ½sðtÞ'h ikf Cf þ ð1! rrÞ W ½sðtÞ'h iksCs ! kbCb

2

4

3

5;

ð16Þ

where 〈 ⋅ 〉 indicates a temporal average. To determine the
temporal averages in equation (16), we follow the approach
presented by Rodriguez-Iturbe et al. [1999] and Laio et al.
[2001a] and modified by Caylor et al. [2006]. We solve
the stochastic differential equation describing the soil mois-
ture balance (equation (4)) for the steady-state probability
density function of soil moisture in time, pS(s), for each
combination of nC, nR, and G. The temporal averages of
transpiration rate and the decomposition limitation term are
given by their expected values:

X ½sðtÞ'h i ¼
Z 1

0
X ðuÞpSðuÞdu; X ¼ W ; Ts; Tg: ð17Þ

[23] The deterministic system described by equation (16)
is an adequate representation of soil carbon additions,
because growth and mortality decouple this process from the
temporal variability of soil moisture. However, it is impor-
tant to account for the influence of soil moisture variability
on decomposition rate through the limitation term W[s(t)].
To do so, we first define the system h(xt) as all components
of equation (15) that multiply W[s(t)]:

hðxÞ ¼
!kf Cf

rskf Cf ! ksCs

ð1! rs ! rrÞkf Cf þ ð1! rrÞksCs

2

4

3

5: ð18Þ

We then approximate W[s(t)] as the sum of its temporal
average and zero-mean, normally distributed perturbations
(white noise), such that

W ½sðtÞ' ≈ W ½sðtÞ'h iþ x
ffiffiffiffiffiffiffi
s2
W

q
; ð19Þ

where x is a normally distributed random variable with
mean 0 and variance 1, and sW2 is the variance of W[s(t)].
This approximation of the variability of decomposition
conditions as white noise assumes no temporal autocorre-
lation in the values of W[s(t)], which is physically unreal-
istic. However, other applications of multiplicative noise
models in environmental systems have made the same
assumption about temporally autocorrelated variables such
as wind speed [Brubaker and Entekhabi, 1996] and pre-
cipitation [Rodriguez-Iturbe et al., 1991] without introduc-
ing significant model error. We present a comparison of our
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model results with a simulation-based form that does not
make this assumption in Appendix A.
[24] The variance of W[s(t)] in equation (19) is given by

s2
W ¼ E½W ½sðtÞ'2' ! E½W ½sðtÞ''2: ð20Þ

The expected value of W[s(t)] is its temporal average, given
by equation (17). Following the approach used in equation
(17), we derive the expected value of W[s(t)]2 using the
probability density function of s, so that the full expression
for the variance of W[s(t)] is

s2
W ¼

Z 1

0
W ðuÞ2pSðuÞdu! W ½sðtÞ'h i2: ð21Þ

[25] Combining the deterministic and stochastic compo-
nents leads to a single expression describing the dynamics of
the system:

dxt ¼ HðxtÞdsþ sWhðxtÞdwt; ð22Þ

where dwt is the infinitesimal of a Wiener process. We then
solve equation (22) numerically to determine the steady-state
sizes of the SOC pools for a point on the landscape covered
by a given combination of nC, nR, and G. In our analysis of
the interactions between vegetation structure, soil moisture,
and soil carbon, it is useful to determine temporal averages
of all components of the soil moisture balance as a function
of nC, nR, and G. The temporal means (mm d!1) of the soil
moisture-dependant processes of leakage, evaporation, and
transpiration are calculated in the same way as mean soil
moisture, as described in equation (17). We calculate the
average daily canopy interception following Laio, et al.
[2001a]:

IðnC ;GÞh i ¼ alr 1! exp !DðnC ;GÞ
a

& '! "
: ð23Þ

In the following sections, we describe the spatial averaging
methods used to determine landscape averages of the SOC
pools and components of the soil moisture balance.

2.5. Vegetation Structure
[26] Following the approach presented by Caylor et al.

[2006], we use a probabilistic description of vegetation
structure based on a two-dimensional, marked Poisson point
process. Using a random point process neglects any clus-
tering or inhibition in the location of shrubs but enables us to
determine analytically the fraction of the landscape covered
by each combination of nC, nR, and G. We model shrub
locations as a Poisson process of rate ls (individuals m!2)
with circular canopies having radii drawn from an expo-
nential distribution of mean ms (m). We assign the ratio
of root radius to canopy radius of an individual, at, a
constant value of 2, following Caylor et al. [2006].
Because we assume this description of shrub location and
size, the probability that a point on the landscape is covered
by a number of root systems, nR, is given by a Poisson
distribution

PnRðnRÞ ¼
ð2lspm2

r a
2
t Þ

nRe!2lspm2
r a

2
t

nR!
ðnR ¼ 0; 1;…Þ ð24Þ

where 0! is, by definition, equal to 1. The probability that a
point is overlapped by a number of canopies, nC, is given
by

PnC ðnCÞ ¼
ð2lspm2

r Þ
nC e!2lspm2

r

nC !
ðnC ¼ 0; 1;…Þ: ð25Þ

Because canopies and root systems are connected, nC and
nR are not independent. We address this by calculating the
conditional probability that a point overlapped by nR root
systems is overlapped by a number of canopies, nC, given
by

PnC jnRðnC jnRÞ ¼
nR
nC

! "
1
a2t

! "nC

1! 1
a2t

! "nR

nC ¼ 0; 1;…; nRð Þ:

ð26Þ

Equations (24) and (26) can be used to find the joint dis-
tribution of nR and nC and the expected fraction of the
landscape covered by any combination of nR and nC values
such that nR ≥ nC.
[27] We consider the shading effects of shrub canopies

when calculating the probability that G is equal to one for
a point, because grass productivity has been shown to be
inversely related to shrub LAI in mixed shrub-grass sys-
tems [Caylor et al., 2004]. As with our calculation of
canopy energy interception, we estimate shading effects
using Beer’s law. G is determined so that its expected
value equals measured grass fractional cover, cg. We cal-
culate the probability that G = 1 for a point overlapped by
nC canopies as

PGjnC ð1jnCÞ ¼ cge!knC
X∞

i¼0

e!ikPnC ðiÞ

" #!1

: ð27Þ

Note that the term in brackets is the expected value of
e!knC on the landscape.

2.6. Spatial Averaging
[28] As outlined in section (2.4), we calculate unique, steady

state values of the SOC pools (〈Cf(nC, nR,G)〉, 〈Cs(nC, nR,G)〉,
and 〈Cb(nC, nR, G)〉) and components of the soil moisture
balance (〈I(nC, G)〉, 〈E(nC, nR, G)〉, 〈Tg(nC, nR, G)〉,
〈Ts(nC, nR, G)〉, and 〈L(nC, nR, G)〉) for each combination of
nC, nR, and G. To find a landscape average of any of these
values, we take an average over the combinations of nC, nR,
and G values weighted by the fraction of the landscape cov-
ered by each combination. Utilizing the conditional proba-
bility distributions presented in the previous section, this is
given by

Xh i ¼
X∞

nR¼0

½PnRðnRÞ
XnR

nC¼0

PnC jnRðnC jnRÞ

( X ðnC ; nR; 1Þh iPGjnC ð1jnCÞ þ X ðnC ; nR; 0Þh iPGjnC ð0jnCÞ
( )

'
ðX ¼ Cf ;Cs;Cb; I ;E; Tg; Ts; LÞ; ð28Þ

where the overbar indicates a spatial average.
[29] The turnover time for the stabilized organic matter

pool is usually larger than the timescales on which changes
in vegetation structure occur. Therefore, if we wish to cal-
culate the total SOC abundance for a point on the landscape,
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we add point-specific values for Cf and Cb to the landscape
average of Cs abundance, such that

CðnC ; nR;GÞ ¼ Zr ( ½ Csh i þ Cf ðnC ; nR;GÞ
# $

þ CbðnC ; nR;GÞh i'
ð29Þ

where we multiply by the active soil depth, Zr, to express C
in units of gC m!2. As with the individual pools, we deter-
mine a weighted landscape average of SOC abundance for
intersite comparisons, which is given by

C ¼ Zr ( Cf
# $

þ Csh i þ Cbh i
h i

: ð30Þ

3. Results

3.1. Model Verification and Application
[30] We tested the ability of the model to replicate SOC

dynamics in mixed woody plant-grass ecosystems using data
from a series of research sites spanning a climate gradient in
Southern Africa. Data on SOC abundance are available for
these sites, along with the vegetation structure data neces-
sary to determine the model parameters. The model pro-
duced reasonable SOC abundance values for a variety of
vegetation types (Appendix B).
[31] To investigate the mechanisms behind SOC loss or

accrual following woody encroachment, we parameterized
the model for data from three sites in the American South-
west collected by Jackson et al. [2002]. The data were pre-
sented as part of a six-site analysis of the effect of woody
encroachment on SOC stocks along a gradient in MAP. We
selected three sites for which the vegetation structure data
necessary to determine model parameters was available in
the literature. The driest site, Jornada, New Mexico, is a
desert grassland dominated by Bouteloua eriopoda (black
grama) and subject to invasion by Larrea tridentata (creo-
sote bush), which has been associated with an increase in
near-surface (0–1 m depth) SOC stocks. At the semi-arid
Central Plains Experimental Range (CPER) in Colorado,
Atriplex canescens (saltbush) invasion of Bouteloua gracilis
(blue grama) steppe led to a decrease in SOC stocks. An
even larger decrease in SOC stocks was observed at the most

mesic of the three sites, Riesel, Texas, where Schizachyrium
scoparium (little bluestem)-dominated tallgrass prairie is
invaded by Prosopis glandulosa (honey mesquite). These
three sites span the precipitation gradient, with mean annual
totals of 270, 322, and 840 mm, respectively. For each site,
we parameterized the model for two communities, one an
uninvaded grassland and one a shrubland produced by
encroachment at least 30 years prior to SOC measurements.
General and site-specific model parameters are given in
Tables 1 and 2.
[32] A comparison of the model results with data from

Jackson et al. [2002] is shown in Table 3. The model suc-
cessfully replicated the general pattern of increasing SOC
storage for all ecosystems with increasing MAP, and of
shrublands storing more SOC in the most arid regions and
grasslands storing more SOC at sites with higher MAP, as
shown in Figure 1. In the following sections, we use our
modeling approach to examine the mechanisms behind the
observed pattern.

3.2. SOC, Climate, and Vegetation Couplings
[33] Determining the mechanisms driving the pattern of

SOC change observed along a precipitation gradient is a
challenge because a number of factors influencing produc-
tivity and decomposition are related to MAP. Our modeling
approach makes it possible to isolate these factors and their
influence on SOC stocks. The sites analyzed also have
increasingly fine soil texture with higher precipitation.
Increasing rainfall or changing soil texture while holding the
other parameters constant did not produce a shift towards
grass-dominated systems storing more SOC (see analysis in
Appendix C). Thus, the indirect effects of climate and soil
texture on vegetation structure are more important in deter-
mining the effect of woody encroachment on SOC stocks.
[34] The sites differ greatly in abundance and structure of

vegetation. The fractional vegetation cover, equal to the
grass fractional cover (cg) for grasslands and the sum of
woody and grass fractional cover for shrublands (cs + cg;
Table 2), increases along the climate gradient but was
largely unchanged by shrub encroachment at the individual
sites. Additionally, the LAI of individual shrub canopies and
grass patches (LAIs and LAIg) both increase along the

Table 1. General Model Parameters

Parameter Symbol Value Source

Soil hygroscopic pointa Yh !10 MPa Laio et al. [2001a]
Microbial wilting pointa Yb !6 MPa Porporato et al. [2003a]
Vegetation wilting pointa Yw !5 MPa Laio et al. [2001a]
Point of incipient stressa Y* !0.03 MPa Laio et al. [2001a]
Active soil depth Zr 1b m Jackson et al. [2002]
Characteristic canopy interception h 1 mm/unit LAI Scholes and Walker [1993]
Extinction coefficient of evaporative demand k 0.35 Brutsaert [1982]
Shrub water-use efficiency WUEs 3.6 ( 10!3 gC gH2O

!1 Scholes and Walker [1993]
Grass water-use efficiency WUEg 5.0 ( 10!3 gC gH2O

!1 Scholes and Walker [1993]
Root system to canopy radius ratio at 2 Caylor et al. [2006]
Cf decay constant kf

c6.5 ( 10!3 m3 d!1 D’Odorico et al. [2003]
Cs decay constant ks

c2.5 ( 10!4 m3 d!1 D’Odorico et al. [2003]
Microbial death rate kb 8.5 ( 10!3 d!1 D’Odorico et al. [2003]
Isohumic coefficient rs 0.25 D’Odorico et al. [2003]
Microbial efficiency rr 0.4 D’Odorico et al. [2003]

aConverted to relative soil moisture (s) values using soil texture-specific relationships from Clapp and Hornberger [1978].
bAverage 95% rooting depth for study sites.
cBased on an average microbial biomass abundance of 100 gC m!3.
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gradient, but LAIg, which goes from 0.5 to 2 m2 m!2

between Jornada and Riesel, increases by a larger proportion
than LAIs, which goes from 1.5 to 3 m2 m!2.
[35] To investigate the relationship between vegetation

cover and relative SOC abundance, we compared a grass-
only with a shrub-only version of the model. We ran the two
models over a range fractional covers, setting the parameter
equal to grass fractional cover (cg) for the grass-only model
and woody fractional cover (cs) for the shrub-only model
(Figure 2). We did this once using soil, climate, and vege-
tation parameters (other than vegetation cover) for Jornada
and once for Riesel. Changing fractional cover replicated the
pattern observed in the measured data only slightly for the
landscapes parameterized for Jornada, but markedly for the
Riesel landscapes. A high vegetation density appears to be
necessary for grasslands to store more SOC than shrublands,
but it is clear that other conditions must be met.
[36] We performed a similar analysis holding fractional

cover constant at the site-specific values, but varying the
LAI of a single shrub canopy and the LAI of a grass patch

between the values observed at Jornada and Riesel
(Figure 3). Moving from low to high values for both LAI
parameters, LAIg increases relative to LAIs. Again, the model
produced the observed pattern of relative shrubland-grass-
land SOC abundance, but the change was more pronounced
for the Riesel sites. This suggests that both vegetation cover

Table 2. Site-Specific Model Parameters

Parameter Symbol Units Jornada, NM CPER, CO Riesel, TX

Soil texture - - Loamy sanda Sandy clay loamb Clay loamc

Mean storm depth a mm 5.2d 5.3d 10e

Storm frequency lr d!1 0.25d 0.30d 0.28e

Potential evapotranspiration PET mm d!1 4.3f 3.7g 4.8e

Shrub canopy LAI LAIs m2 m!2 1.5h 2.0i 3.0j

Grass patch LAI LAIg m2 m!2 0.5h 1.0k 2.0j

Community Type Grass Shrub Grass Shrub Grass Shrub

Mean canopy radius ms m - 0.62h - 1.2l - 1.7m

Shrub frequency ls ind m!2 - 0.14n - 0.036n - 0.049n

Woody fractional cover cs - - 0.29h - 0.28o - 0.59m

Grass fractional cover cg - 0.33h 0.04h 0.59b 0.29o 0.95p 0.37m

Landscape LAI LAI m2 m!2 0.16q 0.53q 0.59q 0.94q 1.9q 3.4q

aHowes and Abrahams [2003].
bHooke and Burke [2000].
cHarmel et al. [2006].
dClimate and Hydrology Database Project.
eUSDA Agricultural Research Service.
fKnapp et al. [2008].
gLaio et al. [2001b].
hGibbens et al. [1996].
iGlenn et al. [2008].
jSavabi et al. [1989].
kHazlett [1992].
lPetersen and Ueckert [2005].
mAnsley et al. [2001].
nCalculated using the relationship cs = 1 ! exp(!2plsms2).
oBestelmeyer and Wiens [2001].
pDerner and Wu [2004].
qCalculated using the relationship LAI = E[G] ( LAIg + E[nC] ( LAIs.

Table 3. Comparison of Measured and Modeled Steady-State Soil
Organic Carbon (SOC) Abundance

Site MAPa (mm)

Grassland SOC
(MgC ha!1)

Shrubland SOC
(MgC ha!1)

Measuredb Modeled Measuredb Modeled

Jornada, NM 230 24.6 19.4 32.9 33.9
CPER, CO 322 89.3 43.6 70.8 41.9
Riesel, TX 840 229 168 164 146

aMAP, Mean Annual Precipitation.
bMeasured values from Jackson et al. [2002].

Figure 1. Comparison of modeled and measured percent
difference between SOC stocks in paired grassland and
shrubland communities at three sites in the American South-
west. White bars show model results with general para-
meters from Table 1 and site-specific parameters from
Table 2. Gray bars show measured values for the top meter
of soil from Jackson et al. [2002].
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and LAI are important in determining which type of land-
scape will store more SOC at a given site. The vegetation
structure characteristics identified as drivers of the pattern of
SOC abundance influence multiple components of the soil
moisture balance and SOC cycle, which we will examine in
the following sections.

3.3. Vegetation Structure and Productivity
[37] The fractional cover and LAI of the vegetation in a

landscape are key determinants of transpiration rates and
thus productivity. The relative contribution of transpiration
to the soil moisture balance of grasslands and shrublands at
the three study sites is shown in Figure 4, which compares
the temporal and spatial averages of the soil moisture bal-
ance components (derived in equation (27)). Landscape
average transpiration of the shrubland is around twice that of
the grassland at Jornada. While transpiration for the two
landscape types is similar at the more mesic sites, grassland
transpiration does not surpass the shrubland at Riesel, as
might be expected.
[38] Shrubs, with roots extending beyond the canopy,

spatially decouple the processes of root water uptake and
leaf-level transpiration to a much greater extent than grasses.
This has a different effect on sparsely- and densely-vege-
tated landscapes. Table 4 describes root uptake and distri-
bution in grass- and shrub-dominated landscapes at the three
sites. At points on the landscape where roots are present (i.e.
nR ≥ 1 and/or G = 1), the soil moisture uptake of grasses and
shrubs is similar. While shrub canopies have a higher LAI
and intercept more energy at a point, the energy absorbed
must drive uptake over a larger root system area. The later-
ally-extensive root systems of shrubs cover a much higher
fraction of the sparse landscape at Jornada, resulting in
higher landscape-level uptake. However, as total vegetation
cover increases, landscape-level uptake of grasslands and
shrublands converges.
[39] It is difficult to separate the effects of vegetation density

and LAI from the study site model results. To address this, we
modeled the ratio of landscape average uptake rates for paired
landscapes of only shrubs and only grasses, using intermediate

Figure 2. Modeled ratio of SOC stocks in paired land-
scapes containing only grasses or only shrubs across a range
of vegetation densities. Other model parameters for Jornada,
NM (black line), and Riesel, TX (dashed line), were used
(Table 2). Grassland fractional cover is varied by changing
grass percent cover. Shrubland fractional cover is varied by
increasing or decreasing mean canopy radius (ms). The open
circles show the observed vegetation densities at the two
sites. Grassland to shrubland SOC ratio may vary from
results in Table 3 and Figure 1, which model the shrubland
as a mixed shrub-grass community. General model para-
meters are taken from Table 1.

Figure 3. Modeled ratio of SOC stocks in paired land-
scapes containing only grasses or shrubs across a range of
shrub canopy and grass patch leaf area index values. Leaf
area index values were increased linearly from the minimum
to maximum observed values. Other model parameters for
Jornada, NM (black line), and Riesel, TX (dashed line), were
used (Table 2). General model parameters are given in
Table 1.

Figure 4. Contribution of leakage (black bars), transpira-
tion (dark gray bars), evaporation (light gray bars), and can-
opy interception (white bars) to the temporally- and
spatially-averaged soil water balance of grass- and shrub-
dominated landscapes at three sites in the American
Southwest.
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values for the other model parameters (Figure 5). For a given
fractional cover, which is closely related to precipitation, a
range of uptake ratios is possible based on the relative LAI of
the grass and shrub species.
[40] Despite having lower transpiration, the grasslands at

CPER and Riesel are more productive than paired shrub-
lands because of the higher water use efficiency of grass
(5.0 ( 10!3 gC gH2O

!1) relative to shrubs (3.6 ( 10!3 gC
gH2O

!1). The difference in productivity does not translate
directly to differences in SOC storage, because vegetation
structure also affects decomposition, which we discuss in the
next section.

3.4. Spatially Variable Decomposition
[41] Vegetation structure is important in determining the

productivity of a semi-arid ecosystem, but it also influences
the decomposition side of SOC dynamics. Structural het-
erogeneity creates spatial correlation between SOC inputs,
which are concentrated where plant canopies and root sys-
tems are present, and soil moisture conditions, which may be
made more or less favorable for decomposition by the local

presence of vegetation. At Jornada, the modeled average
residence time (yr) of SOC, equal to SOC pool size
(gC m!2) divided by the input rate (ADD; gC m!2 yr!1) for
a steady-state system, was 27.6 years for the shrubland and
24.0 years for the grassland (assuming a growing season
length of 177 days, for unit conversion from days to years),
indicating that the structure of the shrubland slightly
decreases decomposition. At Riesel the pattern was more
pronounced, with mean residence times of 20.5 years for the
shrubland and 15.6 years for the grassland.
[42] Figure 6 shows the distribution of SOC residence

times for Jornada and Riesel shrublands as percent deviation
from the landscape average. Riesel is much more heteroge-
neous, because the high vegetation density creates more
combinations of overlapping roots, canopies, and grass pat-
ches. In both cases there are small pools with very high
decomposition rates, but they are countered by large pools
with slower than average decomposition rates. As shown in
Figure 7, the fastest decomposition rates occur where the
number of root systems contributing to uptake is low. At low
root densities, the presence of canopies leads to wetter soils,
because of the reduction in evaporation. However, at high
root densities, root uptake keeps soil moisture at low values

Table 4. Modeled Root Uptake and Abundance for Grasslands (G), Shrublands (S), and the Ratio of Grassland to Shrubland Values (G:S)
at the Three Study Sites

Site

Jordana CPER Riesel

G S G:S G S G:S G S G:S

Average uptake in root-occupied soil (mm d!1) 0.28 0.29 0.97 0.49 0.43 1.13 1.3 1.3 0.99
Fraction of soil occupied by roots 0.33 0.75 0.44 0.59 0.82 0.72 0.95 0.99 0.96
Landscape average uptake (mm d!1) 0.09 0.21 0.43 0.29 0.36 0.80 1.2 1.3 0.95

Figure 5. Ratio of landscape average transpiration rate for
landscapes containing grass only versus shrubs only over a
range of fractional vegetation covers and canopy or grass
patch leaf area index values. The black line shows a 1:1
ratio of grassland to shrubland transpiration. Other para-
meters are mean storm depth a = 7.5 mm, storm frequency
ls = 0.27 day!1, PET = 4.3 mm d!1, soil parameters for a
loamy sand, and general model parameters given in
Table 1. Locations of study sites in the parameter space
are shown by black circles. Transpiration ratios at these
points may differ from site model results because average
climate and soil parameters are used.

Figure 6. Distribution of SOC residence times at Jornada
(white bars) and Riesel (gray bars) shrublands, expressed
as the percent deviation from the landscape average. Resi-
dence time in each patch type is the modeled SOC pool size
divided by the modeled productivity. Distributions are in
terms of the fraction of input to pools with a given residence
time.
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where evaporation is limited by the availability of water
rather than the availability of energy. In this case, the role of
canopy interception is more important and the presence of
canopies leads to drier soil.

4. Discussion

[43] We modeled the coupled soil moisture and carbon
cycles of semi-arid grasslands and shrublands, accounting for
the local effects of plant canopies and root systems. Our
results help to explain why woody encroachment can
increase SOC stocks under certain climate, soil, and vegeta-
tion conditions but cause a decrease under others. The
observed pattern of SOC gain or loss with woody encroach-
ment was driven by the relative difference in productivity
between grasslands and shrublands at each site, as the mod-
eled effect on decomposition rates followed the opposite
pattern. Most data on the change in productivity associated
with woody encroachment include only aboveground net
primary productivity. Except at the most arid sites, above-
ground productivity increases with woody encroachment,
and there is a positive relationship between this increase and
MAP [Knapp et al., 2008; Barger et al., 2011], though a
relationship between change in aboveground productivity
and change in SOC was not shown. Our model predicted a
decrease in shrubland productivity relative to grassland pro-
ductivity with increasing MAP. There are two possible rea-
sons for the discrepancy.
[44] First, the increase in aboveground net primary pro-

ductivity with woody encroachment observed by Knapp
et al. [2008] showed a strong positive correlation with
an increase in landscape LAI. Some instances of woody
encroachment summarized in the meta analysis were esti-
mated to have produced LAI increases of more than
10 m2 m!2, though results vary with different measurement
techniques [Brantley and Young, 2007]. The grasslands at
the Riesel site are highly productive rangelands [Guo and

Gifford, 2002], so the predicted increase in landscape LAI
with encroachment (1.5 m2 m!2) was small. The data set
used in our analysis showed an increase in SOC stocks with
woody encroachment for xeric sites, and a decrease in SOC
stocks at more mesic sites. However, more recent studies
have found examples of mesic systems in which woody
encroachment increased SOC stocks [McKinley and Blair,
2008; Brantley and Young, 2010]. The native grasslands at
these sites, a temperate prairie and a barrier island, were less
productive and had lower initial SOC stocks than the Texas
rangelands used in the study by Jackson et al. [2002]. Our
model identifies scenarios in which shrubs have a higher
relative LAI as conditions under which shrublands will have
higher transpiration and productivity, even at high vegetation
densities (Figure 5).
[45] Second, aboveground net primary productivity is not

a direct proxy for total net primary productivity. Water-
limited ecosystems can have large root biomass pools
[Schulze et al., 1996; Schenk and Jackson, 2002], which
provide input to SOC pools through root turnover. Herba-
ceous vegetation has been shown to increase belowground
allocation with decreasing plant water availability [Hui and
Jackson, 2006; Armas and Pugnaire, 2011]. Theoretical
predictions suggest that woody vegetation should follow the
same pattern [Laio et al., 2006; Guswa, 2008], but a rela-
tionship between climate and belowground allocation in
woody vegetation has yet to be shown empirically
[Bhattachan et al., 2012]. If a shrub community encroaches
on a grassland with a higher belowground to aboveground
allocation ratio, it could increase aboveground net primary
productivity while still decreasing total productivity and
SOC stocks. A meta analysis of allocation across biomes
found that on average grasses allocate a greater fraction of
biomass to roots than shrubs, though there was a large
amount of variability in the data [Poorter et al., 2012]. A
better understanding of the drivers of belowground alloca-
tion in woody plants is needed to predict the conditions
under which this could happen.
[46] Most analyses of the spatial heterogeneity of hydro-

logical and biogeochemical cycling in drylands divide the
landscape into two categories: under- and inter-canopy [e.g.
Bhark and Small, 2003; Hamerlynck et al., 2011]. However,
conditions of both lower and higher soil moisture under can-
opies have been observed within the same landscape in the
field [D’Odorico et al., 2007; Cable et al., 2012] and in the
results of our model. Soil moisture, and thus decomposition
rates, in patches classified as “under-canopy” (nC ≥ 1 in our
model) could be anomalously high or low (Figure 6),
depending on the balance of canopy interception, root uptake,
and reduced evaporation. An approach like ours that considers
the local influence of both canopies and root systems can help
to explain the variability in field observations of under-canopy
microsites. Other sources of heterogeneity, such as the size and
age of the overlapping canopies and root systems, may also be
important in determining soil nutrient cycles [Throop and
Archer, 2008; Brantley and Young, 2010].
[47] Modeling the effects of woody encroachment on

hydrological dynamics requires that evapotranspiration,
which is normally modeled as a single flux, be partitioned
into evaporation and transpiration [Huxman et al., 2005;
Moore and Heilman, 2011]. Our approach, based on the
partitioning of incident radiation, is simplistic but produces

Figure 7. SOC residence times in shrubland vegetation
patches as a function of the number of shrub canopies (nC)
and root systems (nR) overlapping a point for patches also cov-
ered by grass or not covered by grass. Residence times are
expressed as the percent deviation from the landscape average.
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results that fall well within the range of measured values
from studies in the American Southwest reviewed by
Reynolds et al. [2000]. It could provide a starting point for
more detailed models of the effects of woody encroachment
on ecosystem water and energy balances. Both are impor-
tant, as changes in streamflow have been observed where
woody encroachment affects a riparian zone [Wilcox, 2002],
and there is evidence that shrubs facilitate their own estab-
lishment and proliferation by increasing surface tempera-
tures [He et al., 2011].
[48] Accurately describing the “sphere of influence” of a

root system based on parameters that can be measured
aboveground presents a significant challenge. Data on
belowground structure, particularly of woody vegetation, are
lacking, even though the sensitivity of models to changes in
rooting parameters is often high [Jackson et al., 2000]. In a
meta analysis of root excavations and isotope tracer studies,
Casper et al. [2003] found that lateral root spread is roughly
proportional to canopy size, with higher lateral spreads
observed at dry sites with coarse soils. To reflect these
findings, we defined the parameter at, the ratio of root sys-
tem radius to canopy radius, as constant within a landscape.
The data necessary to assign site-specific values of at based
on climate and soil parameters were not available, but the
sensitivity of the SOC model to changes in at was small.
Assigning an increased at value of 3.5 to Jornada (the dry
site with coarse soil) produced a 4% increase in the shrub-
land SOC estimate, while reducing the at value at Riesel to
1.5 lowered the SOC estimate by 1%. However, the effect of
changing at produced proportionally larger changes in pro-
ductivity and SOC residence time. The effects compensated

for each other, leading to small changes in modeled SOC.
Thus, determining realistic at values is necessary to ensuring
that the internal dynamics of the model are correct and can
accurately predict response to change.

5. Conclusions

[49] We developed a steady-state model of coupled SOC
and soil moisture dynamics that accounts for the effects of
structural heterogeneity at the scale of vegetation patches. Our
temporal averaging approach uses a multiplicative noise
model to account for the temporal variability in decomposition
rate at the daily scale. Themodel determines a unique solution
for points overlappedby agivennumber of shrub canopies and
root systems with the presence or absence of grass. We used a
probabilistic description of vegetation structure to determine
landscape averages of the state variables.
[50] We used the model to investigate the mechanisms

behind observed patterns of SOC change following woody
encroachment. A change in vegetation structure affects both
the productivity and decomposition components of the SOC
balance, but patterns of SOC abundance are primarily
determined by productivity. An increase in transpiration and
productivity following woody encroachment is likely under
two conditions: (1) low vegetation density, where shrubs
spread roots laterally and utilize more soil for uptake, and (2)
the LAI of shrub canopies is much higher than that of grass
patches and more energy is utilized for transpiration than
evaporation. The increase in structural complexity associ-
ated with encroachment increased spatial heterogeneity in
SOC decomposition environments, with patches of both
increased and decreased SOC residence time present in the
landscape. The presence of vegetation can lead to higher or
lower soil moisture conditions depending on the density of
vegetation cover and climatic conditions because root sys-
tems and canopies influence the water balance through
several mechanisms. At the landscape scale, shrublands
concentrated SOC inputs in patches with drier soil, leading
to overall lower decomposition rates than in grasslands.
[51] The model presented here provides a framework for

representing spatial heterogeneity in hydrological and bio-
geochemical processes induced by patchy vegetation that is
easily upscaled to address landscape-scale issues. Additional
work is needed to determine the most accurate description of
the spatial extent of the influence of a root system. Though we
focused on soil carbon change, our spatial framework may also
be useful in evaluating the effect of woody encroachment on
other components of the water, energy, and carbon balances.

Appendix A: Comparison of Multiplicative Noise
Approach with a Simulation-Based Model

[52] Our steady-state approximation of the dynamics of
the SOC pools (equation (15)) using a multiplicative noise
model (equation (22)) does not represent temporal autocor-
relation of soil moisture values. To ensure that this simpli-
fication did not introduce significant bias, we compared our
model results to a version of the model that simulates a time
series of the state variables forced by a stochastically-gen-
erated rainfall record. Figure A1 shows a comparison of the
steady-state model with ensemble averages of the simula-
tion-based model over a range of precipitation conditions.

Figure A1. Comparison of the steady-state model of SOC
pool size (line) with ensemble averages (N = 10) of a simu-
lated time series (duration 100,000 days) of SOC dynamics
forced by a stochastically-generated rainfall pattern (circles)
over a gradient of mean annual precipitation. Precipitation
was varied by changing rainfall frequency (lr), while mean
storm depth (a) was held constant at 10 mm. A constant
value of 1 gC m!2 d!1 was used for the SOC addition rate
(ADD). The models were parameterized for a spatially
homogeneous grass layer on sandy soil with a potential
evapotranspiration of 4.3 mm d!1. Other model parameters
are given in Table 1.
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The models deviated slightly under very dry and very wet
conditions, where extended dry or wet periods increase the
temporal autocorrelation of soil moisture. However, the
models were in good agreement for the range of MAP values
encompassing most semi-arid ecosystems.

Appendix B: Model Verification: The Kalahari
Transect

[53] The Kalahari Transect in southern Africa has been a site
of intensive research on the biogeochemistry, structure, and
function of water-limited ecosystems. The Kalahari sands are
deep, homogeneous, sandy soils that span a large gradient in
MAP, enabling the study of the links between climate and
ecosystem processes without the confounding effect of soil
texture [Scholes and Parsons, 1997]. Prior work on the Kala-
hari Transect includes detailed surveys of vegetation structure
[Scholes et al., 2002; Caylor et al., 2003], which provide the
parameters needed for the SOC model. SOC abundance has
also been measured along the transect [Ringrose et al., 1998],
making it an ideal site for model verification.
[54] Site-specific model parameters for 10 Kalahari

Transect sites are given in Table B1. Sites 4–10 span the
same portion of the transect surveyed by Ringrose et al.
[1998] and are used in the verification of the SOC model
(Figure B1). The seven verification sites represent six
vegetation community types. All but one of the model
estimates fall within the 95% confidence bounds of the
field data for the community type they represent.
[55] Long-term data on net primary productivity are not

available for the Kalahari, but community-level productivity
models have been applied to the region [Caylor et al., 2004;
Woodward and Lomas, 2004]. We use these to evaluate our
simplified representation of productivity as the product of
transpiration and water use efficiency (Figure B2). We use
sites 1–9 from Table B1, which overlap the portion of the
transect analyzed in the other studies. Caylor et al. [2004]
apply a canopy productivity simulation developed by
Dowty [1999], which includes mechanistic leaf physiology
routines for C3 and C4 plants and is forced by daily meteo-
rological data. The study predicted much higher net primary
productivity across the transect than Woodward and Lomas
[2004], who applied the Sheffield Global Dynamic Vegeta-
tion Model, a global-scale model that predicts vegetation

structure and dynamics from inputs of monthly climate data.
Our estimates of net primary productivity fell within the
range predicted by the two models for six of nine sites. The
broad range of productivity values predicted by physiology
models suggests that using a more complex formulation in
our model is unlikely to constitute a verifiable improvement.

Appendix C: Effects of Precipitation and Soil
Texture on SOC Abundance

[56] We tested the sensitivity of the model to changes in
rainfall and soil texture parameters to determine if abiotic

Table B1. Site-Specific Model Parameters for Kalahari Transect Sites Used in Model Verification

Site Community Typea
Storm

Frequency (d!1)b
PET

(mm/d)c
Shrub

Frequency (ind/m2)d
Woody

Cover (%)a
Grass

Cover (%)e

1. Mongu, Zambia Kalahari woodland 0.38 4.9 0.097 64.8 7
2. Senanga, Zambia Kalahari woodland 0.35 4.9 0.046 53.7 10
3. Sioma, Zambia Dry Kalahari woodland 0.32 4.9 0.084 61.0 12
4. Katima Mulilo, Zambia Dry deciduous forest 0.31 4.9 0.017 29.9 15
5. Pandamatenga, Botswana Dry deciduous forest 0.30 4.9 0.043 32.3 17
6. Maun, Botswana Mophane woodland 0.20 4.6 0.097 36.1 21
7. Ghanzi, Botswana Northern Kalahari savanna 0.17 4.6 0.030 32.0 16
8. Gobabis, Namibia Central Kalahari savanna 0.18 4.4 0.098 19.1 11
9. Tshane, Botswana Southern Kalahari savanna 0.16 4.3 0.018 13.8 12
10. Upington, South Africa Arid shrub savanna 0.09 4.3 0.029 5.8 17

aScholes et al. [2002].
bPorporato et al. [2003b].
cScholes et al. [2004].
dCaylor et al. [2003].
eScanlon et al. [2002]

Figure B1. Comparison of SOC model results for seven
sites (red circles) on the Kalahari Transect with data from
Ringrose et al. [1998] (black box plots) from 57 sampling
locations, grouped by community type. Notches show 95%
confidence intervals for the data, and the number of sam-
pling locations in each community type is given. General
model parameters are given in Table 1 and site-specific para-
meters in Table B1. Results for sites 4–10 from Table B1 are
presented. Parameters used for all Kalahari sites are mean
storm depth (a; 10 mm), soil texture (sand), shrub canopy
leaf area index (LAIs; 2.0 m2 m!2), and grass patch leaf area
index (LAIg; 1.0 m2 m!2).
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factors alone could explain the observed pattern of SOC
abundance at the sites in the American Southwest. Increas-
ing rainfall while holding the other parameters constant did
not produce a shift towards grass-dominated systems storing
more SOC. Figure C1 shows the effect of increasing MAP
through either an increase in storm frequency (lr) or mean
storm depth (a) on the relative SOC abundance in paired
grassland and shrubland communities in the arid Jornada
landscape. Changing rainfall alone produced the opposite of
the pattern observed by Jackson et al. [2002], with SOC
stocks in the shrubland increasing more with rainfall than
those in the grassland.
[57] Barger et al. [2011] found a positive relationship

between soil clay content and SOC accumulation with
woody encroachment. Even though our sites do not reflect
this pattern, we ran the model varying only soil texture to
determine if it has a direct effect on SOC change. The results
of running the SOC model for Jornada but changing the soil
texture parameters from loamy sand to sandy clay loam, as
occurs at the CPER, or clay loam, as occurs at Riesel, are
shown in Figure C2. As with changing rainfall alone,
changing soil texture does not produce the observed pattern
of relative grassland-shrubland SOC abundance.
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