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Summary

1. The nature of the relationship between water limitation and facilitation has been one of the
most contentious debates surrounding the stress-gradient hypothesis (SGH), which states that
plant-plant interactions shift from competition to facilitation with increasing environmental
stress.

2. We take a closer look at the potential role of soil moisture in mediating plant-plant
interaction outcomes by assessing effects of climate and soil texture on plant modulation of soil
moisture.

3. Using an empirically-parameterized soil moisture model, we simulated soil moisture dynam-
ics beneath shrubs and in un-vegetated coarse and fine soils for 1000 sites in the Western
United States with <700 mm mean annual precipitation. This threshold reflects the transition
from dryland (<600 mm precipitation) to mesic ecosystems.

4. Positive effects of shrubs on shallow soil moisture (i.e. the difference between shrub and
interspace soil moisture) decreased along the aridity gradient when long-term average condi-
tions were considered, contrary to expectations based on the SGH. Negative effects of shrubs
on deeper soil moisture also increased with aridity.

5. However, when extreme years were considered, positive effects of shrub on soil moisture
were greatest at intermediate points along the spatial aridity gradient, consistent with a hump-
backed model of plant-plant interactions.

6. When viewed through time within a site, shrub effects on shallow soil moisture were posi-
tively related to precipitation, with more complex relationships exhibited in deeper soils

7. Taken together, the results of this simulation study suggest that plant effects on soil mois-
ture are predictable based on relatively general relationships between precipitation inputs and
differential evaporation and transpiration rates between plant and interspace microsites
that are largely driven by temperature. In particular, this study highlights the importance of
differentiating between temporal and spatial variation in weather and climate, respectively, in
determining plant effects on available soil moisture. Rather than focusing on the somewhat
coarse-scale predictions of the SGH, it may be more beneficial to explicitly incorporate plant
effects on soil moisture into predictive models of plant-plant interaction outcomes in drylands.
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Introduction

In their now seminal paper, Bertness & Callaway (1994)
proposed an increase in the frequency and importance of
facilitation with increasing environmental severity, which
became known as the stress gradient hypothesis (SGH).
Many examples of facilitation, including some of the earliest
(Turner et al. 1966; Yeaton 1978), come from dryland
ecosystems, thereby anecdotally supporting the prediction
of the SGH that facilitation should be important in water-
limited relative to mesic ecosystems (Flores & Jurado 2003).
Yet within dryland ecosystems [those experiencing <600 mm
of rain in an average year (Noy-Meir 1973; Sala et al.
1988)], the relationship between plant-plant interactions
and water deficit is less clear. Meta-analyses have found
support for (Lortie & Callaway 2006; Dohn et al. 2013; He,
Bertness & Altieri 2013) and against (Maestre, Valladares &
Reynolds 2005; Soliveres & Maestre 2014; Soliveres et al.
2014) the SGH, which have led to recent refinements and
alternative models for plant-plant interactions along aridity
gradients (Maestre et al. 2009; McCluney et al. 2012). Con-
tradictory conclusions may stem from variation in func-
tional and life history strategies, resource vs. non-resource
stress factors, and a focus on only a small portion of the
community (Michalet 2007; Butterfield 2009; He, Bertness
& Altieri 2013; Michalet et al. 2014). Nevertheless, some
field studies in drylands support the SGH (e.g., Pugnaire &
Luque 2001; Holzapfel et al. 2006; Armas, Rodriguez-
Echeverria & Pugnaire 2011; Dohn et al. 2013; Ziffer-Ber-
ger et al. 2014; Pugnaire et al. 2015), while others do not
(Tielborger & Kadmon 2000; Maestre & Cortina 2004; But-
terfield ez al. 2010). Recent meta-analyses at the individual
plant (Soliveres et al. 2014) and community levels (Soliveres
& Maestre 2014) demonstrate that facilitation is on the
whole weakly negative correlated with aridity (a measure of
water deficit) across a number of studies, contrary to the
SGH, but the variability in this relationship among those
studies was incredibly high.

As the primary limiting resource, water plays a central
role in mediating plant-plant interactions in drylands, and
it stands to reason that interactions mediated by water
should play an important role in determining support for
or against the SGH. Plants in drylands can also increase
soil nutrient content and organic matter compared to
interspaces (Pugnaire, Haase & Puigdefabregas 1996;
Armas, Pugnaire & Sala 2008), reduce incident radiation
and ameliorate microclimatic conditions through shading
(Callaway 2007; Holmgren et al. 2012), all of which can
directly or indirectly ameliorate soil moisture conditions
under plants compared to interspaces. These mechanisms
are not mutually exclusive, but act simultaneously to deter-
mine the outcome of plant-plant interactions (see review in
Callaway 2007). Nevertheless, an assessment from first
principles of plant effects on soil moisture would help to
identify whether plant modulation of soil water along arid-
ity gradients, and by extension effects on the growth, sur-
vival and population dynamics of neighboring plants, are

Soil moisture and facilitation 11

alone likely to provide support for the SGH. Plants can
have positive effects on available surface soil moisture by
reducing evaporation through shading (Domingo et al.
2011), enhancing moisture retention through increased lit-
ter or soil organic matter (Pugnaire, Armas & Valladares
2004), and increasing shallow soil moisture via hydraulic
redistribution from deeper soil layers (Prieto et al. 2011).
Plants can also reduce soil moisture via canopy intercep-
tion (Dunkerley 2000) and of course through uptake by
roots (Armas & Pugnaire 2009). Understanding how the
combined effects of these mechanisms are expected to
influence soil moisture availability along aridity gradients
could help direct the study of plant-plant interactions in
drylands in new and productive ways.

Plant effects on soil moisture are dependent in large part
on the interactions between precipitation inputs, evapora-
tive demand and soil texture. Precipitation can be highly
temporally variable within and among years in many dry-
land ecosystems (Noy-Meir 1973). Variability in precipita-
tion event size and frequency across time and space may
play a pivotal role in determining plant effects on available
soil moisture, particularly in the extremely wet or dry years
that typically drive regeneration and mortality in dryland
ecosystems (Holmgren et al. 2006). Soil texture can further
modulate precipitation inputs and evapotranspiration. In
dryland systems, above-ground net primary productivity
(ANPP) is expected to be greater on coarse textured (with
low-water holding capacity) than on fine-textured soils
(with high water-holding capacity), and increasingly so with
increasing aridity (Noy-Meir 1973; Sala et al. 1988). The
rationale behind this expectation is that coarse dryland soils
have a high infiltration potential relative to finer-textured
soils; this increases percolation to deeper soil layers that
may reduce soil evaporation, thereby increasing water avail-
ability for vegetation (i.e., sustaining higher ANPP) in coar-
ser soils, but presumably deeper into the soil. Much of the
variation in soil texture can in turn be attributed to parent
material and landscape position (McAuliffe 1994; Michalet
et al. 2002). Thus, the effects of plants on available soil
moisture and the outcome of plant-plant interactions can
be expected to change based on temporal and spatial varia-
tion in precipitation, as well as soil texture and depth.

A number of studies have presented conceptual models
of plant effects on soil moisture as a function of aridity
(Holmgren, Scheffer & Huston 1997; Butterfield 2009;
Holmgren & Scheffer 2010), but none have applied pro-
cess-based soil moisture models to the question of how
plants influence water availability, and hence their poten-
tial effects on neighbours via facilitation or competition.
The complex interactions between exogenous and endoge-
nous factors outlined above indicate that such a modelling
exercise could be highly beneficial. Here, we present simu-
lations using an empirically-parameterized soil moisture
model to predict variation in plant effects on available soil
moisture relative to bare interspaces along an aridity
gradient. Specifically, we use 40 years of real weather
conditions (daily precipitation and temperature) from a
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randomly-selected set of points across drylands of the Wes-
tern United States to assess both spatial and temporal
variation in simulated plant effects on soil moisture. We
arrayed these sites along a spatial gradient of aridity based
on long-term average precipitation and temperature data.
We asked three specific questions: (i) What are the long-
term average effects of plants on soil moisture along a spa-
tial gradient of aridity?; (ii) In the most mesic and arid
years within a site, what are the effects of plants on soil
moisture, and do these effects in extreme weather years
exhibit a different relationship along the aridity gradient
than do average effects; and (iii) What is the temporal rela-
tionship between aridity and plant effects on soil moisture
within a site, and does it differ from the relationship across
sites in space? We then discuss the answers to these
questions in the context of the SGH.

Materials and methods

MODEL DESCRIPTION

We utilized SOILWAT, a multiple soil layer, process-based, simu-
lation model of daily ecosystem water balance (Parton 1978; Brad-
ford & Lauenroth 2006; Lauenroth & Bradford 2006; Bradford,
Schlaepfer & Lauenroth 2014a). SOILWAT has been applied and
validated in grasslands (Parton 1978; Lauenroth er al. 1994),
shrublands (Schlaepfer, Lauenroth & Bradford 2012; Bradford
et al. 2014b) and low-elevation forests (Bradford, Schlaepfer &
Lauenroth 2014a). Inputs to SOILWAT include weather, vegeta-
tion structure and soil properties. In order to simplify the model
assessment, vegetation structure and soil texture were constrained
to two states each (see below), whereas real weather data were
used in order to assess potential effects of spatiotemporal variation
in climate on plant modulation of soil moisture. We randomly
selected 1000 points within the Western United States that receive
on average <700 mm of annual precipitation (Fig. 1). We set our
precipitation threshold at 700 mm in order to ensure that any pat-
terns at and above the typical upper precipitation limit for dry-
lands (600 mm) were observable. Weather inputs to SOILWAT
include mean daily temperature and precipitation, mean monthly
relative humidity, wind speed, cloud cover and latitude. We
extracted temperature and precipitation data for each site for
1970-2010 from 1/8 degree-resolution interpolated data (Maurer
et al. 2002), and the first year of the simulation period was dis-
carded as a burn-in period to exclude effects of initial conditions.
We obtained estimates of relative humidity, wind speed and cloud
cover from the ‘Climate Maps of the United States’ (http://
cdo.ncde.noaa.gov/cgi-bin/climaps/climaps.pl).

For the purposes of this study, we applied identical vegetation
(no vegetation or plant canopy) and soil property (coarse, inter-
mediate and fine) treatments to each site. The no vegetation (here-
after ‘interspace’) treatment consisted of bare soil, while the plant
canopy treatment consisted of a shrub and associated litter. SOIL-
WAT estimates interception by vegetation and litter, evaporation
of intercepted water, snow melt and loss (sublimation and wind
redistribution), infiltration into the soil profile, percolation and
hydraulic redistribution for each soil layer, bare soil evaporation,
transpiration from each soil layer and deep drainage (Lauenroth
& Bradford 2006; Schlaepfer, Lauenroth & Bradford 2012). For
details of the specific plant characteristics applied here, see Brad-
ford, Schlaepfer & Lauenroth 2014a). We simulated water balance
for all sites under three different soil texture conditions: sandy
loam (75% sand particles by weight, 15% silt, 10% clay), silt loam
(15% sand, 75% silt, 10% clay) and clay loam (33% sand, 37%

silt, 30% clay.) These textures were consistent throughout the soil
profile, and are henceforth referred to as sand, silt and clay. We
simulated nine soil layers (bottom depths of 5, 10, 20, 30, 40, 60,
80, 100 and 150 cm). Grass, rather than shrub, and a shrub/grass
mix as predicted from climate (Bradford, Schlaepfer & Lauenroth
2014a) were analysed in addition to the shrub treatment, but the
results were qualitatively similar along aridity gradients, so only
the results for simulations with shrubs are presented below. Only
results for the coarse and fine soil treatments, hereafter referred to
as ‘sand’” and ‘clay’, respectively, are reported for brevity, as the
intermediate soils produced intermediate simulation results.

MODEL ANALYSIS

We aggregated the SOILWAT output in several ways within each
site in order to facilitate interpretation. First, we aggregated results
into three soil layers (average of 0-10 cm, 10-30 cm and 30—
150 cm) that in general represent distinct rooting zones in drylands.
The shallowest depth is likely to have the strongest effect on seed
germination and seedling survival, and is most strongly influenced
by evaporation and canopy interception. The intermediate depth
represents the highest concentration of roots in arid to semi-arid
ecosystems (Schenk & Jackson 2002), and is likely to have the
strongest soil moisture effects on the establishment and mature
phases. The deepest soils may be most relevant to species with a
strong tap root and/or greater overall size or longevity (Schenk &
Jackson 2002). Second, soil water potential was classified into wet
(>—1-5 MPa: a commonly-applied threshold of wilting point;
Brady & Weil 1999) and dry (<—3-9 MPa: the soil pressure poten-
tial below which 50% cavitation is observed in a common north
American dryland shrub; Kolb & Sperry 1999) days for simplicity.
These thresholds are more-or-less relevant to growth and mortality,
respectively. Alternative thresholds of —3 and —3-5 MPa resulted
in patterns that were intermediate and sequential between —1-5 and
—3.9 (Fig. S1, Supporting information), indicating that the latter
represent physiologically relevant thresholds that fall along a pre-
dictable continuum of soil moisture dynamics. Because few days
>—1.5 MPa were generated for fine-textured surface soils,
>—3 MPa was used as the threshold for wet days in that specific
treatment. The latter likely reflects conditions that are above wilt-
ing point for many dryland plants (—1-5 MPa is a very conservative
estimate of wilting point for dryland species), and should therefore
be a useful indicator of wet days in the dryer (relative to sand) clay
soils of dryland systems. Third, the difference in number of wet or
dry days between shrub and interspace soils (effects of shrubs or
shrub effects, henceforth) was used as the response variable in fur-
ther analyses. Finally, all of the above calculations were conducted
separately for each season (Winter, January—March; Spring, April-
June; Summer, July—September; Autumn, October—December).
Patterns for spring and autumn were qualitatively similar to those
for summer (Fig. S2), and effects of shrubs during the winter were
minimal, so only simulations for summer are discussed further.

In order to relate our results to the SGH, we analysed the
effects of shrubs (the difference in number of wet or dry days
between shrub and interspace soils) on the number of wet and dry
days as a function of aridity (i.e. the stress gradient) across sites.
Specifically, we used the 40 year average climatic water deficit (D)
for each site, calculated as potential minus actual evapotranspira-
tion (PET-AET; Stephenson 1998). PET is driven primarily by
temperature and AET by precipitation, thus D is a proximate esti-
mate of long-term water stress. Shrub effects on the number of
wet and dry days were then analysed in three ways. First, we cal-
culated the 40 year average simulated effects of shrubs at each site
and compared them to the long-term D, allowing us to assess
average shrub effects as a function of site aridity. Second, we cal-
culated the simulated effects of shrubs during just the wettest and
driest years in each site over the 40 years of variation in weather,
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Fig. 1. Distribution of mean annual precipitation (a), mean average temperature (b), climatic water deficit (potential minus actual evapo-
transpiration) (c), and study sites (by latitude and longitude decimal degrees) with respect to coarse biome categories (d; after Ricklefs

2008). Maps are masked to <700 mm mean annual precipitation.

which can provide insights into the potential role of extreme
events in modulating shrub effects on the population dynamics of
beneficiary species, both in terms of regeneration and mortality.
Third, we estimated the correlation (r) between precipitation and
simulated shrub effects across years within each site, then assessed
how these temporal relationships within sites varied across the
gradient of long-term D in order to compare temporal vs. spatial
responses to water availability.

Results

LONG-TERM AVERAGE EFFECTS OF PLANTS ON SOIL
MOISTURE ACROSS A SPATIAL ARIDITY GRADIENT

Simulated long-term average effects of shrubs on soil
moisture varied with depth and soil texture (Fig. 2). In

both sand and clay surface soils (0-10 cm), shrubs had
positive effects on water availability (i.e. more wet days
and fewer dry days) at the mesic end of the aridity gra-
dient, shifting toward approximately neutral -effects
toward the xeric end of the gradient. This decline was
more rapid in sand than clay soils. In intermediate and
deeper layers, shrubs had nearly universal negative
effects on soil moisture. With the exception of deep sand
soils (which are relatively wet), shrubs decreased? the
number of dry days (i.e. drier beneath shrubs than in
the open) with increasing aridity. Shrubs had increas-
ingly negative effects on number of wet days with
increasing aridity in sand soils, but the opposite pattern
in clay soils.
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Fig. 2. Effects of shrubs on the 40 year mean number of wet
(Usoir>—1-5MPa in general; but note go;>—3-0MPa for 0-10 cm
clay soils only) and dry (<—3-9MPa) days during the summer as a
function of mean summer climatic water deficit (PET-AET), and
varying with soil depth and texture. Aridity increases from left to
right. Positive values of wet day difference (i.e. more wet days
under shrubs than interspaces) indicates a positive effect of shrubs
on soil moisture relative to interspaces (bare ground), and negative
values of dry day difference (i.e. less dry days under shrubs than
interspaces) indicate an ameliorative effect of shrubs on drought.
Points indicate values for each of the 999 simulated sites, and lines
are smooth-spline regressions. Correlation coefficients are reported
for both wet (blue) and dry (red) days.

EFFECTS OF PLANTS ON SOIL MOISTURE IN EXTREME
YEARS ACROSS A SPATIAL ARIDITY GRADIENT

In shallow sand soils, shrubs had increasingly positive
effects on the number of wet days (i.e. more days where
soil moisture was higher beneath shrubs) in wet years with
increasing aridity, peaking at moderately high aridity, and
shifting toward negative effects in the most xeric sites
(Fig. 3). Shrub effects in extreme years were strongly posi-
tively related to long-term temperature across sites, con-
trary to the trend for long-term average effects of shrubs
to increase primarily with long-term precipitation across
sites (Table 1). The former reflects the strong difference in
PET between shrub and interspace microsites in hot
environments during particularly wet years, such that large
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Fig. 3. Effects of shrubs on number of wet days in the wettest
year, and number of dry days in the driest year within a site over
40 years. Shrub effects are plotted as a function of long-term
mean summer climatic water deficit (PET-AET; i.e. same axis as
in Fig. 2), and varying with soil depth and texture. Rest of the
legend as in Fig. 2.

precipitation pulses are retained beneath shrubs but evapo-
rate rapidly in interspaces. In contrast to changes between
long-term mean and extreme effects on wet days, shrub
effects on the number of dry days in dry years were similar
to the long-term mean effects, though with a more pro-
nounced negative effect at the mesic end of the gradient
(Fig. 3).

In shallow clay soils, shrubs had generally stronger posi-
tive effects on number of wet days in wet years than the
long-term average effects across most sites, and declined at
the xeric end of the gradient, much like the long-term aver-
age effects did. The effect of shrubs on number of dry days
in dry years was generally neutral, due to both shrub and
interspace soils being dry for the entirety of the season in
the driest years. In general, shallow clay soils exhibited
weaker differences between long-term average and extreme
effects of shrubs than did shallow sand soils.

In intermediate and deep soils, shrub effects in extreme
years were highly dependent upon texture (Fig. 3). In dee-
per sand soils, the increase in positive effects of shrubs on
dry days found for long-term average conditions became
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Table 1. Correlations (Pearson r) between precipitation or temperature (P, 7) and the effect of shrubs (i.e., difference between shrub and
interspace) on the number of wet or dry days. Correlations are presented for both long-term mean effects of shrubs (Mean) and effects of
shrubs in extreme wet and dry years (Extr). Shrubs had no effects on number of dry days in deep sand soils

Sand Clay
P T P T
Depth Shrub effect Mean Extr Mean Extr Mean Extr Mean Extr
1-10 cm Wet days 0-70 —0-07 —0-32 0-61 0-74 0-25 0-06 0-36
Dry days —0-51 —0-35 —0-03 0-01 —0-77 —0-28 —0-09 —0-17
10-30 cm Wet days 0-60 0-30 —0-61 —0-35 —0-74 —0-36 —0-10 —0-35
Dry days —0-75 —0-57 0-56 0-11 —0-62 —0-23 0-67 0-13
30-150 cm Wet days 0-64 0-29 —0-55 —0-25 —0-58 —0-08 —0-19 —0-40
Dry days - - - - —0-76 0-39 0-49 —0-18

more pronounced in dry years, resulting in very strong
positive effects on number of dry days in all but the most
mesic sites. Shrubs only had moderate negative effects on
the number of wet days in wet years at the xeric end of the
gradient. Taken together, these patterns indicate that dry
years were very dry beneath shrubs vs. interspaces at
greater depths, and wet years were relatively similar
between shrubs and interspaces, except in the most arid
sites. In deeper clay soils, the relationships between shrub
effects and aridity in extreme years were the opposite of
those for long-term effects in nearly all cases. Negative
effects of shrubs on number of wet days became stronger
with increasing aridity, and positive effects on number of
dry days in dry years became weaker with increasing arid-
ity (in deep, but not intermediate soils). Relationships
between long-term climate and shrub effects were generally
weaker in extreme years than under average conditions
(Fig. 3), and shrub effects on deeper
(>10 cm) tended to become decoupled from long-term cli-
mate in extreme years, which is reflected in the weaker
relationships between long-term climate variables and
shrub effects in extreme years compared to long-term aver-
age conditions (Table 1).

soil moisture

TEMPORAL VARIATION IN PLANT EFFECTS ON SOIL
MOISTURE

Within a site through time, the effects of shrubs on water
availability were highly dependent upon weather (i.e.
between-year variation in precipitation, temperature and
water deficit), though the nature of these relationships var-
ied substantially with depth and in some cases texture
(Fig. 4). In shallow soil layers, shrub effects on number of
wet days were generally positively correlated with precipi-
tation and negatively correlated with climatic water deficit,
with temperature having a more moderate negative effect.
These relationships were more pronounced in clay than in
sand soils. Relationships between shrub effects and
weather were weaker at intermediate soil depths, with the
notable exception of consistently negative effects of tempo-
ral variation in precipitation on the effect of shrubs on

number of dry days. At greater depths, shrub effects on
number of wet days exhibited contrasting relationships
with precipitation in sand (positive) and clay (negative)
soils. Interestingly, shrub effects on wet and dry days
exhibited similar responses to variation in weather in deep
clay soils.

Temporal variation in precipitation played the most
consistent role in driving temporal variation in shrub
effects on soil moisture (Fig. 4). When the temporal corre-
lations between shrub effects and precipitation are consid-
ered along our gradient of long-term climatic water deficit,
we see very strong effects of both soil texture and depth
(Fig. 5). In shallow soils, shrub effects on wet days were
positively correlated with precipitation, and effects on dry
days negatively correlated with precipitation, in all but the
most mesic sites. Shallow clay soils exhibited the opposite
pattern, with effects on wet and dry days being positively
and negative correlated, respectively, with precipitation in
all but the most xeric sites. Temporal relationships
between shrub effects and precipitation were weakly
dependent upon the position of a site along the long-term
aridity gradient, exhibiting a negative relationship for
number of wet days and a u-shaped relationship for dry
days at intermediate depths in sand soils, and positive and
negative relationships for wet and dry days, respectively, in
deeper clay soils.

Discussion

The original proposition of Bertness & Callaway (1994)
regarding the balance of plant-plant interactions was cast
in the context of very broad contrasts between productive
and unproductive ecosystems. Instead, much of the current
debate over the balance between competition and facilita-
tion within dryland systems revolves around variation in
interaction outcomes among unproductive ecosystems.
Recent models (Butterfield 2009; Maestre et al. 2009;
Holmgren & Scheffer 2010), meta-analyses (Soliveres &
Maestre 2014; Soliveres et al. 2014) and the results of the
present study suggest that we might do better to shift our
focus from the SGH to more precise hypotheses when
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Fig. 4. Distribution of correlations (Pearson r) between temporal
variation in weather (precipitation — P; temperature — 77 and cli-
matic water deficit; D) and shrub effects on number of wet (blue)
and dry (red) days (i.e. difference between number of wet or dry
days between shrub and interspace, see legend for Fig. 2) over
40 years within each site. Shrubs had no effects on number of dry
days in deep sand soils.

discussing variation in plant-plant interaction outcomes
along stress gradients within already low productivity, dry-
land ecosystems. The results of our simulation model sug-
gest that plant-plant interactions mediated primarily by
soil moisture are unlikely to result in support for the SGH
based on long-term average effects of plants, likely to pro-
duce highly variable support for or against the SGH across
short gradients or different soil types, and may consistently
support a hump-shaped model if extreme years are taken
into account (see below). Our results also suggest a critical
need for explicitly integrating spatial and temporal varia-
tion in plant effects on soil moisture and subsequent conse-
quences for the performance of neighbours if we are to
develop better predictive models of plant-plant interactions
in drylands.

The simulated long-term average effects of plants are
consistent with the idea that decreasing precipitation
inputs result in weakening positive effects of plants on
shallow soil moisture. Evaporative demand in interspaces
is much higher than beneath canopies, even at the rela-
tively mesic end of the dryland continuum. Thus, shallow
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Fig. 5. Temporal correlation over 40 years between summer pre-
cipitation and shrub effects on number of wet and dry days, plot-
ted along a spatial gradient of aridity averaged across those
40 years. The horizontal axis is the same as in Figs 2 and 3, but
the vertical axis represents temporal relationships between precipi-
tation and shrub effects within a site. Rest of the legend as in
Fig. 2.

soil moisture is relatively similar in interspaces in both
mesic and xeric sites, whereas the decline in shallow soil
moisture from mesic to xeric sites beneath plants is much
steeper (Butterfield 2009). The simulated long-term average
effects on shallow soil moisture are consistent with a recent
meta-analysis of the relationship between aridity and inter-
action outcomes at the community level (Soliveres &
Maestre 2014). In addition to finding a weak negative
effect of aridity on facilitation, Soliveres and Maestre
demonstrated that studies finding support for the SGH
were typically along shorter gradients than those that
rejected the SGH, and argued that this could be due to dif-
ferences between intraspecific responses on short gradients
vs. the effects of species turnover across broader gradients.
Our results suggest an additional possibility: a great deal
of variability in simulated plant effects on available soil
moisture was not explained by aridity, thus selection of
sites along a short gradient could produce positive, nega-
tive or neutral effects of plants on soil moisture as a func-
tion of aridity. This variability in plant effects is likely due
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to substantial variation in the frequency, timing and size
of precipitation pulses among sites that may nonetheless
have similar long-term patterns of aridity.

The variable and stochastic nature of weather patterns
in dryland systems generated substantial differences
between simulated plant effects in extreme vs. average
years. Extreme conditions had the general effect of shifting
the pattern of plant effects along the gradient, with posi-
tive effects of plants in wet years occurring further toward
the xeric end of the aridity gradient, and negative effects in
dry years extending further toward the mesic end. These
extreme years and associated plant effects on soil moisture
have the potential to most strongly influence population
and community structure. Facilitation has the greatest
potential to influence community composition at the
regeneration phase, and if seedling establishment is primar-
ily driven by shallow soil moisture in wet years, facilitative
effects may in fact peak at moderate to high levels of arid-
ity in fine and coarse soils, respectively, though still declin-
ing in the most extremely xeric environments (Fig. 3).
Conversely, the greatest potential effects of competition on
community composition is through mortality of more
mature individuals rather than seedlings, and during extre-
mely dry years plants have increasingly negative effects on
water availability in more mesic environments (Fig. 3).
Differences in the climatic drivers of plant effects between
average and extreme years also indicate an equalizing
effect of extreme years on differences in plant effects across
sites, as long-term precipitation and temperature generally
became weaker predictors of plant effects in extreme rela-
tive to average years (Table 1). Considering these patterns
together, extreme years could shape community composi-
tion by decoupling competitive and facilitative effects on
community composition, resulting in greater dominance of
competition in driving mortality in less arid environments
and greater effects of facilitation on regeneration in more
arid environments. Thus, if extreme years are the primary
determinants of population and community structure, and
plant effects on soil moisture during those years strongly
influence regeneration and competition, the hump-shaped
model of a shift from competition to facilitation to neutral
interactions with increasing aridity may be supported
(Michalet et al. 2006).

Contrasting temporal and spatial variation in plant
effects on soil moisture may help to resolve some contra-
dictory patterns among empirical studies. In shallow soils,
where positive effects of plants on soil moisture are
observed, precipitation is almost always positively corre-
lated with simulated positive effects of plants on soil mois-
ture (Figs 4 and 5), which would not be expected to
provide support for the SGH. This further reinforces the
importance of differences in evaporation rates between
canopy and interspace microsites in determining the reten-
tion of precipitation pulses. Wet years are almost univer-
sally wetter beneath shrubs than in interspaces (Fig. 3).
This corresponds with the findings of two studies of arid
plant communities that found a positive temporal correla-
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tion between precipitation and facilitation (Tielborger &
Kadmon 2000; Butterfield er al. 2010). However, this con-
trasts with another very large study of plant-plant interac-
tions in afforestation of semi-arid Mediterranean
woodlands (Gomez-Aparicio et al. 2004), where facilitative
effects were greater in two dry, hot years than in one wet,
cool year, though they did find that shrubs had the stron-
gest positive effects on soil moisture in the wet year, in
agreement with our model. The contradictory patterns
between plant effects on soil moisture and the responses of
neighbours in the latter study points to direct effects of
irradiance on plant performance (Holmgren et al. 2012
and citations therein), as the dryer years were much hotter
than the wetter one. Thus, while temperature may indi-
rectly influence plant-plant interactions via differential
evaporation rates between canopy and interspace micro-
sites, negative covariation between precipitation and tem-
perature across years may result in countervailing direct
and indirect effects of temperature in different years.

Many of the patterns found in this study were contin-
gent upon soil type, which adds another layer of complex-
ity to predicting the role of soil moisture in mediating
plant-plant interactions in drylands. In general, a shift
from coarse to fine soils had the effect of increasing aridity
and vice versa (data not shown), and subsequent shifts in
the importance of competition and facilitation in influenc-
ing soil moisture. In general, plants had stronger effects on
water availability in coarse soils, whereas physical pro-
cesses were more important in fine soils. In coarse soils,
plants had increasingly negative effects on deep soil mois-
ture with increasing aridity due to increasingly efficient
uptake of declining precipitation inputs, whereas plant
effects on number of wet days became weaker with increas-
ing aridity in clay soils. This switch with texture is consis-
tent with an overwhelming effect of physical processes on
water availability in fine soils in very arid sites and pro-
vides an interesting twist to the hypothesis of Goldberg &
Novoplansky (1997) that resource availability should
become supply-driven, rather than demand-driven, in par-
ticularly arid ecosystems. Our results support this hypothe-
sis for deeper fine soils, but not for deeper coarse soils.

Conclusions

It has been difficult to come to general conclusions about
the role of aridity in determining plant-plant interaction
outcomes through comparisons of empirical studies with
disparate methods, systems, taxa and experimental designs
(Lortie & Callaway 2006; Maestre et al. 2009). Given that
our simulation results do not consistently predict spatial
trends in plant-plant interactions in a number of empirical
studies, other factors beyond water must play a role in
mediating plant-plant interactions in drylands (Callaway
2007; Butterfield & Briggs 2011; Butterfield & Callaway
2013). However, our results also provide baseline expecta-
tions for the role of soil moisture in mediating plant-plant
interaction outcomes, such that when studies disagree with
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these predictions (e.g. Gémez-Aparicio et al. 2004), other
mechanisms can become the focus. Understanding the sce-
narios under which specific mechanisms determine interac-
tion outcomes, and those in which they do not, is a critical
step toward developing better predictive models of plant-
plant interactions and consequences for the distribution of
biodiversity.
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Figure S1. Simulated 40 year average and maximum plant effects
on summer soil moisture (difference between shrub and interspace)
as a function of 40-year mean summer climatic water deficit at
intermediate soil water content thresholds (wet days >—3-0 MPa,
dry days <—3-5 MPa) relative to those presented in the body of
the manuscript (wet days >—1.5 MPa, dry days <—3-9 MPa).

Figure S2. Simulated 40 year average and maximum plant effects
of shrubs (difference between shrub and interspace) on spring
(top) and autumn (bottom) soil moisture as a function of 40-year
mean spring and autumn climatic water deficit, respectively.
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