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Significance 

Shifts in woody cover, 
such as shrub encroachment and 
afforestation, are transforming 
drylands across the globe and 
directly impacting the herbaceous 
plants that provide critical forage. 
However, predicting whether 
woody plants will facilitate herb 
growth or inhibit it, and how these 
interactions change with rainfall, 
remains a major challenge. 
Our study translates the classic 
Stress Gradient Hypothesis into 
a quantitative, mechanistic model 
that includes both canopy shading 
and water dynamics. By unpacking 
these physical mechanisms, 
the framework explains why field 
studies often reach conflicting 
conclusions. More importantly, 
it provides a predictive tool to 
determine how changes in woody 
cover affect productivity, offering 
a transparent basis for planning 
conservation, restoration, 
and ecosystem management 
in water-limited environments. 

Woody cover is rapidly changing due to mortality, shrub encroachment, and af-
forestation, reshaping herbaceous communities and ecosystem functioning worldwide. 
Trees and shrubs often facilitate herb growth in dry sites but suppress it in wetter 
environments. Explanations for this facilitation-to-competition transition lack a clear 
link to resource competition theory, despite being a fundamental aspect of the broader 
Stress Gradient Hypothesis. While recent quantitative frameworks exist, explanations 
remain contested and have yet to reproduce the shift along a rainfall gradient from first 
principles. Here, we present a mechanistic framework consisting of two submodels: i) 
canopy shading, which reduces photosynthesis (competition) and evapotranspiration 
(facilitation), and ii) root effects, including water uptake (competition) and increased 
moisture via hydraulic redistribution (facilitation). We elucidate the conditions under 
which interactions shift from facilitation to competition. The models reproduce this 
reversal only when water is not the sole limiting factor at high rainfall or when 
woody density increases with precipitation. The two pathways leave distinct signatures: 
Canopy shading produces a hump-shaped pattern with maximum facilitation at 
intermediate stress, while the root pathway predicts a shift from positive to negative 
interactions as water availability increases. More generally, the reversal is robust across 
mechanisms and gradients: Enhanced infiltration can replace hydraulic redistribution, 
evaporative demand can replace rainfall, and combined canopy–root interactions 
preserve the transition. By translating a classic idea into a quantitative framework, 
this model enhances ecosystem management in a changing world. 

Stress Gradient Hypothesis | aridity gradient | precipitation | plant–plant interactions | 
consumer–resource model 

Global climate and land-use changes are rapidly reshaping woody vegetation worldwide 
(1, 2). These shifts are especially common in drylands, which cover about 40% of Earth’s 
land surface (3, 4). Many water-limited systems are losing woody cover due to widespread 
drought and fire (5). Conversely, other dry regions show woody expansion, driven by 
shrub encroachment (2, 6) and large-scale afforestation aimed at climate mitigation (1, 7). 
In these ecosystems, woody plants (hereafter, trees) strongly shape microclimate and 
resource availability, thereby influencing the abundance and distribution of herbaceous 
plants (hereafter, herbs) that sustain forage production and biodiversity in drylands (2, 6). 

Trees are ecosystem engineers, altering the environment beyond simply consuming 
light and water (8). They can facilitate herb growth through canopy and root 
mechanisms. The canopy suppresses light availability, which reduces carbon assimilation 
(photosynthesis) but also lowers evapotranspiration and therefore water loss (9). This 
reduction in evapotranspiration also results from microclimatic buffering: slower wind 
speeds, higher humidity, and lower temperatures beneath the canopy (10). Tree roots 
not only extract water, thereby drying the soil, but can also increase soil moisture by 
enhancing infiltration (11) and potentially redistributing water from deeper to shallower 
soil layers through hydraulic lift (12, 13). 

Rainfall amount often mediates the balance between these positive and negative effects. 
Meta-analyses find that trees typically benefit herbs at low rainfall but hinder them as 
rainfall increases (14–16). Even so, some studies report inconsistent neighbor effects 
along similar gradients (17), pointing to hidden thresholds or additional factors that alter 
the expected pattern. 

Over the past three decades, the transition from facilitation to competition has 
largely been investigated through the lens of the Stress Gradient Hypothesis (SGH). 
This conceptual framework was proposed to explain why facilitation dominates under 
high abiotic stress (low rainfall), whereas competition prevails under benign conditions 
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(18–23). The original explanations emphasized plant responses 
along water-stress gradients (20), but the hypothesis has since 
been applied to many other stress types (24, 25). The primary 
argument is that tree-mediated relief of water stress dominates un-
der low rainfall, whereas shading-induced inhibition dominates 
under low stress (high rainfall) (9). These verbal arguments were 
later extended using phenomenological models that embedded 
spatial–temporal dynamics (26) and biodiversity feedbacks (27). 

Despite its prominence, the SGH has been questioned both 
mechanistically and in terms of predicted patterns (9, 28– 
31). Some studies argue that species interactions become more 
strongly negative with rainfall (14), whereas others report a 
unimodal (hump-shaped) pattern in which facilitation peaks 
at intermediate stress and weakens under both severe aridity 
and benign conditions (29). This unimodal relationship is 
hypothesized to reflect a shifting balance between simultaneous, 
opposing processes: While trees facilitate herbs via canopy shad-
ing at intermediate stress , they outcompete them under benign 
conditions and ultimately suppress them under extreme aridity 
because belowground competition for scarce water overwhelms 
aboveground benefits. Resolving these discrepancies calls for 
quantitative models that explicitly represent resource dynamics 
and make assumptions transparent, allowing specific processes 
such as shading or water uptake to be identified as drivers that 
generate, sustain, or limit facilitation along the gradient. 

Consumer–resource theory is the leading modeling framework 
for mechanistic explanations of species interactions (32–35). Yet, 
it has only recently been applied to the SGH (36, 37). These 
recent applications yielded insights into the role of trees in 
elevating resource availability during early succession (36) and 

into the joint effects of drought and grazing (37). However, they 
focused exclusively on root mechanisms and did not consider 
canopy shading, the main mechanism emphasized in the classical 
conceptual hypothesis (20). Crucially, and contrary to the SGH’s 
prediction of a facilitation-to-competition shift, these consumer– 
resource models produced an interaction sign that remained 
constant (either positive or negative) along the rainfall gradient, 
rather than a transition from facilitation to competition. 

Here, we develop a minimal consumer–resource framework 
that generates the classic shift from facilitation to competition 
as rainfall (resource supply rate) increases. First, in the canopy 
submodel (Fig. 1A), trees suppress both carbon assimilation 
and evapotranspiration, but reduce evapotranspiration more 
strongly, a condition that enables net facilitation under water-
limited conditions. Next, in the root submodel (Fig. 1B), trees 
simultaneously extract soil water (competition) and redistribute 
it upward from deep layers via hydraulic lift (facilitation), with 
the balance shifting as soil moisture increases. We show that 
both mechanisms can reproduce the SGH crossover (Fig. 1C ): 
facilitation at low rainfall giving way to competition as rainfall 
rises. Furthermore, the transition is also preserved in combined 
models where canopy shading acts together with root water 
uptake, even without hydraulic lift, and can also arise when trees 
enhance infiltration. 

Results 

We developed a consumer–resource model that describes the 
coupled dynamics of herbs’ biomass and soil moisture as 
follows: 

A C

B

Fig. 1. Focal assumptions of the two submodels (A and B) and potential model outcomes (C). (A) The canopy mechanism represent the case in which tree 
density suppresses both photosynthetic assimilation (yellow) and water loss by evapotranspiration (brown), but the reduction in evapotranspiration is greater 
than the reduction in photosynthesis (a necessary condition for facilitation under shading). (B) root mechanism include water uptake (light blue) and hydraulic 
lift (dark blue), where water from deep layers is transported upward by the tree and increases moisture in shallow soil. The curve fr (S) shows the net effect 
of these two opposing processes across the full range of soil water content (S ∈ [0, 1]) as assumed in the main text. At low soil moisture, steep water-potential 
gradients between deep and shallow layers favor upward water movement through the roots, so net uptake is negative (fr (S) < 0; dark blue), meaning the 
tree is a net supplier of water to the upper soil. At intermediate moisture, uptake becomes more efficient and overtakes hydraulic lift, shifting fr (S) to positive 
values (light blue). At high soil moisture, net uptake saturates at its maximum. (C) Potential model outcomes are illustrated by comparing rainfall–biomass 
relationships with and without trees (black line). In the two simple scenarios (gray), trees either consistently facilitate or consistently inhibit herb growth across 
the rainfall gradient, whereas the Stress Gradient Hypothesis (SGH; red line) predicts a transition from facilitation to competition, marked by the intersection 
between the black and the red lines. Oak by Levi, roots by wahab marhaban, and grass by Jhonatan all from the Noun Project and licensed under CC BY 3.0. 
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herb biomass: 
dB 
dt 

= 

growth' '' ' 
a fa(d ) fk(B)B S − 

mortality'''' 
mB [1a] 

soil water: nzr'''' 
active 

soil depth 

dS 
dt 

= p'''' 
precipitation 

− qsSc '''' 
drainage 

− e0 fe (d )B S ' '' ' 
evapotranspiration 

− fr (S, d )' '' ' 
tree root 

. 

[1b] 

The first equation tracks the change in herb biomass (B) over 
time, which is governed by growth and mortality processes. The 
second equation represents the dynamics of soil moisture (S), 
which is influenced by gains from precipitation (p) and losses 
due to drainage, evapotranspiration, and a tree-root effect. Due 
to their much slower dynamics, trees are represented as a constant 
parameter for tree density (d representing canopy cover or root 
density). This parameter affects both the canopy-suppression 
factors on herb growth (fa(d )) and on evapotranspiration (fe (d )), 
as depicted in Fig. 1A. In the main model, tree density d is fixed 
to isolate the immediate resource-mediated mechanisms. We 
relax this assumption in SI Appendix, section S1, by considering 
precipitation-dependent woody cover. The impact of the root 
mechanism fr (S, d ) on soil water is depicted in Fig. 1B. We 
further assumed that when water and light are ample, other 
factors such as nutrients, pathogens or self-shading, limit herb 
growth, represented by a carrying capacity term fk (B) = 1−B/k. 
For simplicity, we started by investigating each mechanism sepa-
rately: When examining canopy effects, we removed root effects, 
and vice versa and only later tested the combined effects. 

When water is the main limiting factor and tree density is 
constant, our model, like previous mechanistic models (36, 37), 
shows that the interaction between trees and herbs remains 
either facilitative or competitive along the entire precipitation 
gradient. However, a key finding is that the facilitation-to-
competition transition does not arise from water limitation alone. 
Under constant tree density, an additional growth-limiting factor 
(represented by fk(B)) is a necessary condition for the transition 
to occur (SI Appendix, section S2). When this condition is met, 
both the canopy and root mechanisms can produce a clear shift 
from facilitation to competition as precipitation increases. The 
following explores how each of these mechanisms drives this 
transition in steady-state solutions. An extended discussion on 
transient solutions can be found in SI Appendix, section S3. 

In the canopy mechanism, in the absence of trees, herb biomass 
increases with precipitation, showing a saturation pattern as the 
curve’s slope decreases (black line in Fig. 2A). With some trees 
(light curve), herb biomass is higher than the no-tree baseline 
at low precipitation but is reduced at higher precipitation levels, 
showing a clear transition from facilitation to competition. At 
very high tree density (dark curve), herb biomass is suppressed 
across the entire precipitation gradient. 

This pattern is a result of a tug of war between two opposing 
forces exerted by the trees. First, trees facilitate growth by 
providing shade, which reduces evapotranspiration and conserves 
soil water. This effect is represented by the function fe (d ), leading 
to greater soil water availability relative to a no-tree environment 
(Fig. 2C ). Second, trees inhibit herb growth by reducing light 
availability through the function fa(d ). This factor, along with 
other limiting elements (captured by the carrying capacity term, 
fk(B)), down-regulates herb assimilation. The combined effect is 
represented by the product fa(d )fk (B). 

At low precipitation, herb biomass is low, so the carrying 
capacity term fk (B) is very weak (close to 1). In this dry scenario, 
the tug of war is mainly between the water-saving benefit of 
fe (d ) and the assimilation reduction effect of fa(d ). When tree 

A 

C D 

B 

Fig. 2. The transition from facilitation to competition can be produced by 
both shading and hydraulic lift. Herb biomass and soil water solutions of Eq. 1 
are shown for the canopy mechanism (A and C) and the root mechanism 
(B and D). Black lines give the no-tree baseline (d = 0), light solid curves show 
moderate tree density (d = 0.4) and dark solid curves high tree density 
(d = 0.9). Facilitation (competition) occurs when the herb biomass solid 
curves are above (below) the baseline curve. Other parameter values are 
as reported in Table 1. 

density is low, the extra soil water overpowers the minor loss 
in assimilation, facilitating herb growth (light curve in Fig. 2A). 
However, when tree cover is high, the reduction in assimilation 
becomes too strong, suppressing the herbs (dark curve). As 
precipitation increases, herb biomass also rises. This strengthens 
the carrying capacity term fk(B) (making it closer to zero) and 
tips the balance. The combined competitive effect of reduced 
assimilation and carrying capacity (fa(d )fk (B)) becomes stronger 
than the facilitative effect of water conservation. In other words, 
under high rainfall, water is no longer the limiting factor, and 
therefore, the benefit of reduced water loss is not enough to 
compensate for the reduction in photosynthesis, leading to a 
transition from net facilitation to net competition. 

For the root mechanism, all nonzero tree densities show 
a similar transition pattern: Herb biomass is higher than the 
baseline at low precipitation and lower at high precipitation 
(Fig. 2B). As tree density increases, both effects intensify along 
the precipitation gradient. This is because the tug of war between 
facilitation and competition is expressed by a single function, 
fr (S, d ), which represents the net effect of tree roots on soil water 
available in the herb root zone. 

This function captures the tipping of the balance as soil water 
content changes. At low soil water levels, tree roots can lift 
water from deeper soil layers to the herb root zone, facilitating 
growth. As soil water content increases, hydraulic lift is no longer 
possible. Beyond this point, roots begin to compete with herbs 
by taking up water from the same soil layer. Counterintuitively, 
the root term fr (S, d ) by itself does not produce a facilitation-
to-competition switch (SI Appendix, section S2). With water as 
the only limiting resource (i.e., fk (B) = 1), the equilibrium soil 
moisture S* is set by the consumer and is independent of the 
precipitation supply p [R* logic (33)]. Because fr acts through S 
rather than directly through p, the sign of the interaction is fixed 
by whether S* lies below or above the hydraulic switching range, 
so it does not change along the rainfall gradient. However, when 
a second growth constraint is introduced through the carrying-
capacity term fk(B), the outcome changes: As p increases, biomass 
approaches its limit and cannot deplete water further, so S* rises. 
This upward shift in S* carries the system across the hydraulic 
threshold, turning facilitative lift into competitive uptake and 
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Table 1. Variables and parameters with typical value ranges 
Symbol Units Values Description 

Variables 
B g m-2 0 to 1,000 Herb biomass density (73) 
S — 0 to 1 Relative soil water content (70) 

Parameters 
a d-1 0.05 Assimilation rate (74) 
𝛽a — 1/3 Shading function exponent (49–51) 
𝛽e — 4 Shading function exponent (49–51) 
k g m-2 1000 Carrying capacity (75) 
m d-1 0.01 Mortality rate 
p mm y-1 0 to 600 Precipitation rate (76) 
e0 mm d-1/(g m-2) 0.005 Max evapotranspiration rate per unit biomass density 
qsat mm d-1 800 Saturated hydraulic conductivity (70) 
c — 10 Deep infiltration exponent (70) 
n — 0.4 Soil porosity (70) 
zr mm 300 Herb rooting depth (70) 
d — 0 to 1 Woody plant density 
Sh — 0.3 Hygroscopic point (70) 
Sfc — 0.6 Field capacity (70) 
𝜆h mm d-1 

−2 Max tree water provision (77) 
𝜆fc mm d-1 10 Max tree water usage (78) 

yielding the observed transition. Put simply, fk(B) caps biomass 
at high rainfall, weakening consumption and allowing soil water 
to accumulate, which moves S* into the competitive domain of 
fr (S, d ). 

Notably, the two mechanisms produce very different biomass 
responses at low precipitation. In the canopy mechanism, 
precipitation is the only water source, so all curves must start 
from the origin, zero biomass at zero rainfall. A small initial 
increase in precipitation leads to stronger facilitation, which is 
visible as a widening gap between the low-tree-density curve 
and the no-tree baseline (light and black curves in Fig. 2A, 
respectively). This facilitative gap eventually narrows before 
disappearing at the transition to competition. In contrast, the 
root mechanism includes an additional water source: hydraulic 
lift from deeper soil layers during dry surface conditions. This 
allows herb biomass to persist even without precipitation. The 
gap between tree-density curves and the baseline shrinks steadily 
as precipitation increases, until it reaches the transition point. 
This distinct pattern in the biomass gap is key to understanding 
the contrasting responses in interaction intensity between the two 
mechanisms. 

For the canopy mechanism, the interaction intensity based 
on the absolute difference is unimodal (Fig. 3A). This pattern 
directly results from the widening and eventual vanishing of the 
gap between the biomass curve with trees and the no-tree baseline 
curve, as previously discussed. However, when using the relative 
log response ratio (Fig. 3C ), the interaction intensity decreases 
monotonically for p below the transition threshold. In contrast, 
the root mechanism yields monotonically decreasing positive 
interaction intensities, regardless of whether absolute difference 
or relative log response ratio is used. A broader discussion of 
the canopy mechanism’s interaction intensity in the full (p, d ) 
parameter space is given in SI Appendix, section S4. 

Discussion 

The Stress Gradient Hypothesis has guided decades of work 
but has largely been articulated in verbal or phenomenological 
terms (9, 19, 20, 26, 27, 29, 30). We show that a minimal 

consumer–resource model linking canopy shading or root water 
redistribution to herb biomass generates the observed shift 
from facilitation to competition along rainfall gradients. Our 
model also specifies when the shift should and should not arise. 
Finally, the framework also clarifies the expectation on interaction 
intensity, with a mid-gradient peak in the facilitation under 
shading and a monotonic decline from positive to negative effect 
under the root pathway. 

Our aim is to provide general insight and testable predictions 
rather than site-specific accurate description. Accordingly, the 
model is intentionally simple yet mechanistic: Water balance is 
explicit, and interaction signs emerge from the equations rather 
than being imposed a priori. This simplicity enables a thorough 
understanding of each parameter (SI Appendix, section S5). 

A 

C D 

B 

Fig. 3. Interaction intensity patterns depend on both mechanism and 
metric. The gray lines represent zero interaction. Positive interactions 
indicate facilitation by trees; negative interactions indicate competition. 
Panels (A and B) show the absolute interaction intensity, BT − B0, where 
B0 and BT denote herb biomass in the absence and presence of tree density, 
respectively. Panels (C and D) show the relative log response ratio, ln(BT /B0). 
Parameters: d = 0.0 and d = 0.4 were used to compute B0 and BT , 
respectively; other parameters are given in Table 1. 
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This parsimony rests on two modeling choices that define the 
scope of the framework. First, the herbaceous layer is represented 
as a single biomass compartment governed by logistic growth. 
This formulation is most appropriate when herb biomass is 
dominated by a single species, but can also serve as an effective 
description of multispecies communities when species are similar 
in their growth and interaction parameters (SI Appendix, section 
S6). When communities contain strong trait differences among 
herbs, or when woody plants alter competitive interactions 
within the herbaceous layer, biomass responses may depend on 
community composition. In such cases, the model should be 
interpreted as a baseline against which composition-dependent 
responses can be compared. 

Second, the deterministic rainfall–biomass curve should be 
interpreted as a mean-field expectation under constant envi-
ronmental conditions. Its declining slope captures the general 
presumption that marginal biomass gains decrease as water 
limitation weakens (38, 39), but not the exact curvature or 
threshold of any particular site. Reproducing the scatter observed 
in natural systems would require extensions that incorporate 
spatial heterogeneity (e.g. soil) and time-varying drivers such 
as stochastic rainfall and grazing, producing a distribution of 
biomass outcomes rather than a single predicted value. 

The framework also clarifies which stress gradients it add-
resses. The Stress Gradient Hypothesis has been invoked for 
many stress types (9, 18–23). Yet, as Maestre et al. noted, 
“Stress is not a precise concept, and therefore it is difficult to 
apply quantitatively to communities or ecosystems” (29). Here 
we focus on mechanisms tied directly to plant water balance, 
while recognizing that other stressors, such as freezing, toxicity, 
or salinity, and other interaction pathways, such as grazing 
protection, enhanced nutrient supply, spatial patterning, and tree 
density dynamics, are likely to require different model structures 
(31, 36, 37, 40, 41). The same framework can also be applied 
to evaporative demand, another driver of aridity influenced by 
temperature and humidity. This driver can change the magnitude 
of facilitation and competition and shift the transition point along 
the gradient. Still, the model consistently predicts a shift from 
net facilitation to net competition as water limitation relaxes 
(SI Appendix, Fig. S6 and section S7). 

Notably, our model resolves the empirical question whether 
stress should be represented by resource supply rate (pre-
cipitation) or by resource abundance (soil water content) 
(9, 36, 37, 42). It shows that precipitation or evaporative demand 
are the appropriate measures for quantifying water stress in such 
systems (SI Appendix, section S8). Soil water content, in contrast, 
is not an independent driver but an emergent outcome of 
interacting processes including precipitation, evapotranspiration, 
biotic uptake, and substrate properties (9, 36, 42). Treating 
soil water as externally fixed cuts off these mechanistic links 
and removes the causal connection between resource supply and 
species interactions. Only when stress is parameterized as a supply 
rate can the facilitation–competition interplay characteristic of 
the SGH be captured (9, 36, 37, 42). 

Canopy Mechanism. Shading is a ubiquitous factor in plant 
growth and community dynamics (43–46). This mechanism is 
central in conceptual models that generate the transition from 
facilitation to competition (9, 20). Our findings indicate that 
shading can simultaneously enhance and constrain growth, with 
implications far beyond tree–herb interactions. 

In the model, shading acts solely by reducing light, so any 
reduction in radiation, whether caused from trees, slope aspect, 

buildings, or solar panels, should generate similar responses. In 
dry conditions, shaded hillslopes, north-facing in the northern 
hemisphere and the reverse in the southern hemisphere, should 
be more productive than sun-exposed slopes. In wet conditions, 
the pattern should reverse. Variation with slope aspect is a long-
standing observation in botany (47, 48). 

The model highlights several conditions that have seldom been 
investigated in theoretical and empirical studies along gradients. 
First, a necessary condition for facilitation under shading is that 
the proportional reduction in evapotranspiration with increasing 
shade exceeds the proportional reduction in photosynthesis. This 
condition can hold for many plants because assimilation often 
saturates at high light, whereas transpiration may continue to 
increase when water is not limiting (49–51). However, there 
are clear exceptions, such as species that require high light and 
are sensitive to shade. We therefore suggest that empirical tests 
of the canopy mechanism begin by verifying this assumption. 
From the theoretical side, consumer–resource models have 
traditionally assumed a full coupling of evapotranspiration and 
assimilation represented by a constant conversion factor of 
resource uptake to biomass, that is, fixed water-use efficiency 
(52, 53). While some degree of coupling is clearly expected, since 
both processes are shaped by stomatal conductance, assuming 
a fixed proportionality is unlikely to be realistic. We therefore 
relaxed this assumption, which was necessary for producing the 
SGH pattern. 

For the transition from facilitation to competition to occur 
without a change in tree cover, another condition must be 
met. Under high rainfall, water must cease to be the main 
limiting factor (the carrying capacity effect). This implies that 
a qualitative switch is less likely when moving from an arid to a 
semiarid system if both remain water-limited. Instead, a switch 
is expected only when crossing into a system limited by another 
resource, such as nutrients (SI Appendix, section S9 which shows 
that carrying capacity is equivalent to an additional essential 
resource). This result may explain empirical studies that do not 
observe a shift along precipitation gradients (17, 29, 54, 55) 
and underscores that the transition should not be viewed as 
inevitable. 

Alternatively, shading can lead to a facilitation-to-competition 
transition without introducing carrying capacity, but only when 
tree density increases with rainfall (SI Appendix, section S1). This 
occurs because at high tree cover, light becomes the primary 
limiting factor and offsets the positive effects of shading on 
water balance. This density effect can be further enhanced by 
photoinhibition, where moderate shade inhibits photosynthesis. 
We therefore recommend that future empirical studies quantify 
how tree density changes along the gradient and manipulate 
tree cover directly, or mimic shading with shade cloth. Such 
an approach is necessary to determine whether interaction 
outcomes change under a constant shade level (Fig. 2), or arise 
from shifts in canopy density along the gradient (SI Appendix, 
section S1). 

To analyze the canopy mechanism, we adopted a two-layer 
simplification (56), assuming that because tree roots extend 
deeper than those of herbs, trees do not compete with herbs 
for the same soil water pool. This allowed us to isolate the 
consequences of reduced radiation. In most systems, some 
degree of rooting overlap is likely, so trees also consume water 
potentially available to herbs. Incorporating tree water uptake 
together with shading preserved the facilitation-to-competition 
transition, but shifts it to lower precipitation levels (SI Appendix, 
section S10). 
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Root Mechanisms. Below-ground, trees can modify herb water 
availability through several mechanisms, including competitive 
water uptake, hydraulic redistribution, and changes to soil 
infiltration properties. Root-mediated effects in natural settings 
can be highly variable because they depend on root architecture 
and soil properties (11, 57). 

Under the hydraulic-lift mechanism, trees increase soil mois-
ture under dry conditions and reduce it under wet conditions, so 
a transition from facilitation to competition can occur. Although 
we initially expected this transition to arise inevitably from 
this mechanism, we found that it occurs only when another 
factor limits biomass at high rainfall; otherwise, equilibrium soil 
moisture remains constant along the gradient. 

Hydraulic redistribution has been documented across a wide 
range of ecosystems, including temperate forests (58), Mediter-
ranean shrublands (59), and pine woodlands (60, 61), as well as 
semiarid savannas (62, 63). Yet in semiarid savannas, overstory 
trees were found to use nearly all hydraulically lifted water to meet 
their own transpirational demands, yielding net competition 
rather than facilitation for understory grasses (62). Moreover, the 
direction and magnitude of hydraulic redistribution can reverse 
between seasons and years even at a single site (63). We therefore 
treat hydraulic lift as a secondary and more uncertain mechanism 
relative to canopy shading. When combined with canopy 
shading (SI Appendix, section S10), a facilitation-to-competition 
transition still occurred, but we found no synergistic effect leading 
to a qualitatively new pattern. Instead, the combined response was 
intermediate between the patterns produced by each mechanism 
alone, with a subadditive effect such that the joint impact was 
weaker than expected from their separate effects. Alternatively, 
a more common way trees may increase soil moisture is by 
enhancing infiltration (11). While infiltration alone does not 
cause a facilitation-to-competition transition (37), our model 
shows that it can do so when combined with shading: Under 
low precipitation, the positive effects of increased infiltration 
dominate, whereas at high rainfall, the negative effects of shading 
prevail (SI Appendix, section S11). 

Concluding Remarks. Our findings help reconcile conflicting 
reports on interaction strength along rainfall gradients by show-
ing that the expected pattern depends first on the mechanism. 
Under the canopy pathway, the absolute difference in biomass 
is hump-shaped, with maximum facilitation at intermediate 
rainfall, whereas under the root mechanism, the interaction 
declines monotonically from positive to negative. A second source 
of variation is the metric, and this sensitivity applies to shading in 
particular: Only the absolute measure yields a unimodal pattern, 
whereas relative measures decline with rainfall, consistent with 
earlier suggestions (9). 

Importantly, tree density further modulates these patterns of 
interactions along aridity gradients (SI Appendix, section S4). 
Hence, empirical patterns can only be interpreted accurately 
when tree density is quantified. Under low precipitation, fa-
cilitation peaks at intermediate density, while low and high tree 
densities weaken it. As precipitation increases, progressively lower 
densities are sufficient to shift the balance from facilitation to 
competition. Eventually, at high rainfall, even near-zero tree 
density reduces herb performance, so further changes in density 
no longer cause a qualitative shift (9). 

Many empirical studies report a shift from facilitation to 
competition (14–16), and many do not (9, 28–31). In the lens of 
our framework, cases without a shift arise when i) other pathways 
dominate, for example, protection from herbivory, or ii) when 

the conditions for a shift are not met, for example, when shade 
suppresses photosynthesis more than evapotranspiration. This 
perspective moves the discussion from whether the hypothesis 
holds to which mechanism operates. It also points to practical 
tests, pairing shade manipulations with canopy and soil water 
measurements, and reporting both absolute and proportional 
changes. 

The broader relevance of this framework lies in the fact that 
canopy cover is drastically changing. Drylands are undergoing 
massive afforestation efforts intended to green degraded land-
scapes, while climate change is driving widespread woody mor-
tality (1, 2, 5–7). Importantly, because the canopy mechanism 
operates through reduced radiation rather than any tree-specific 
property, it applies equally to artificial shading, making it relevant 
to the rapid expansion of solar energy infrastructure and the new 
shade regimes it creates worldwide (64). These shifts make it 
increasingly crucial to predict not only whether shade matters, 
but when it should enhance productivity and when it should 
suppress it. 

By identifying the conditions under which canopy-mediated 
facilitation should arise and when a facilitation-to-competition 
transition should occur, this framework gives the Stress Gradient 
Hypothesis practical predictive power. It thereby connects a 
classic ecological idea to the management of dryland ecosystems 
in a rapidly changing world. 

Methods 

We developed a consumer–resource model (Eq. 1) that describes the dynamics 
of herbaceous biomass density (B, g m-2) (36, 37), and relative soil-water content 
(S, dimensionless) (65). 

The model makes three key assumptions: i) Tree biomass changes on a 
much longer time scale than herb biomass, so tree density is treated as constant 
relative to the herbs and soil water. ii) Herb roots occupy only the upper soil layer, 
whereas tree roots also reach deeper layers, allowing trees to lift water upward 
or to draw water away from the herb rooting zone; iii) Herb growth is limited by 
light and by soil moisture, but only soil water is an accumulative resource that 
requires a balance equation. Light availability is set instantaneously by canopy 
density and therefore enters the growth term through fa(d), while additional 
nonfocal constraints, such as nutrients, pathogens, or self-shading within the 
herbaceous layer, are represented phenomenologically by fk(B) (SI Appendix, 
sections S5 and S9). 

The dynamics of herbaceous biomass density B are governed by growth 
and mortality terms (Eq. 1a). The dynamics of relative soil-water con-
tent S are dictated by a water-balance equation (65), whose input is 
precipitation and whose outputs are drainage to deeper soil layers and 
evapotranspiration, while tree-root processes can function as both inputs 
and outputs depending on direction of water flow (Eq. 1b). Herb biomass 
and water are averaged over the horizontal dimensions, and water is 
averaged over the active soil depth nzr , following a traditional bucket-model 
approach (66). 

The functions fa(d), fk(B), fe(d), fr(S, d) are modular components of 
the model that can be turned on or off, either when switching between 
model variants or when testing the impact of different limiting factors. The 
features that are common to all realizations of the model are: i): Herb 
biomass growth rate is linearly dependent on soil water content S (when 
the carrying capacity term is negligible). ii) Herb biomass mortality rate is 
proportional to biomass. iii) Evapotranspiration is down-regulated by soil 
moisture availability, following a linear 𝛽 function of S (67, 68), and is 
proportional to herb biomass density. iv) Drainage is modeled by a highly 
nonlinear function of soil moisture (69), commonly used in ecohydrological 
modeling (70). v) The logistic growth term fk(B) = 1 − B/k was used 
throughout this paper and was only turned off (fk(B) = 1) in SI Appendix, 
sections S1 and S2, where we studied the effects of removing additional 
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growth-limiting factors beyond water and light. vi) All the model parameters 
(Table 1) are constant. In particular, precipitation rate p is understood as 
the total precipitation of the growing season divided by its duration; it is 
reported in mm y-1 instead of mm d-1 throughout the paper to enhance 
interpretability. 

Our model belongs to the family of coupled soil moisture and biomass 
models developed for other purposes (52, 71, 72). The key difference is that 
many earlier models treated biomass growth and evapotranspiration as the same 
function scaled by a constant conversion factor, water use efficiency, defined 
as water loss per unit carbon assimilation. Here, both processes depend on 
moisture, biomass, and tree density, but they have different functional forms, 
so water use efficiency varies across environments. This follows from the fact 
that shading can affect evapotranspiration and assimilation differently (Fig. 1A). 
In addition, relative biomass growth declines with size through the logistic 
term, whereas evapotranspiration remains proportional to biomass. These 
assumptions are both biologically plausible and necessary for the mechanisms 
we study: If water use efficiency were constant across shading levels, the trivial 
pattern where partial shade is beneficial but heavy shade is detrimental could 
not arise. 

Below, we discuss in more detail the two main mechanisms employed in this 
paper. 

Canopy Mechanism. Shading affects both plant growth, by reducing light 
availability and thus photosynthesis, and transpiration, by lowering temperature 
and radiation levels, which helps retain soil moisture and improve water 
availability for herbs. When the canopy mechanism is “on,” the root mechanism 
is disabled by setting fr (S, d) = 0, implying a complete partitioning of the 
soil into two distinct niches, the top available for herbs only, and deeper layers 
accessible to trees only. 

Biomass growth is down-regulated by shading via fa(d), while evapotranspi-
ration is down-regulated via fe(d). The shading functions are fj(d) = (1−d)𝛽j , 
where j = {a, e}. Fig. 1A shows the nonlinear decline of these functions 
with tree density. This formulation was chosen for mathematical simplicity 
and is not intended to capture the full complexity of shading response 
that vary among species and ecosystems. Rather, it provides a flexible 
phenomenological representation of differential shading effects on assimilation 
and evapotranspiration. A necessary, though not sufficient, condition for 
facilitation under shading is that assimilation is proportionally less inhibited 
than transpiration, which in our formulation requires 𝛽e > 𝛽a. 

Root Mechanism. Trees can influence herbs access to water in two ways: They 
can lift water from deeper layers into the herbs rooting zone when surface soil 
is dry (facilitation), and they can uptake water from that zone (competition). 
The combined effects of hydraulic lift and tree water uptake is described by the 
function fr (S, d). When the root mechanism is “on,” the canopy mechanism is 

disabled by setting fa(d) = fe(d) = 1. The expression for the root function 
reads: 

fr (S, d) = d [𝜆h + 𝜑 max(0, S − Sh) − 𝜑 max(0, S − Sfc )] , 

where the slope 𝜑 = (𝜆fc −𝜆h)/(Sfc −Sh). For S smaller than the hygroscopic 
point Sh, the upper soil is too dry for tree roots to uptake water, and hydraulic 
lift reaches its maximum ability to bring water from deeper soil layers to the 
topsoil (𝜆h). For S greater than the field capacity Sfc , trees cease to benefit from 
increasing soil water content, and uptake water at a rate 𝜆fc . Between Sh and 
Sfc , the root function varies linearly between 𝜆h and 𝜆fc . Regardless of soil water 
content, the root function depends linearly on tree density d. Fig. 1B shows 
the function fr in the range Sh < S < Sfc , for zero tree density (d = 0) and 
maximal tree density (d = 1). 

Numerical Solutions. Numerical analyses were performed with Python 3.12, 
using the libraries NumPy 2.0 and SciPy 1.13. Steady-state solutions (dB/dt = 
dS/dt = 0) were obtained by finding the roots of the right-hand side of 
Eq. 1 with scipy.optimize.fsolve, using random starting estimates for the roots 
(500 < B < 1,500 g m−2 and 0.5 < S < 0.6). A root is accepted when 
B > 10 g m−2 and 0 < S < 1; if these criteria are not met, a new set of 
random starting estimates is chosen. This procedure is repeated up to 10 times, 
after which the steady-state solutions are estimated by numerically integrating 
Eq. 1 with scipy.integrate.solve_ivp (stiff solver, default tolerances) up to a final 
time of 10 thousand days, and the final configuration is taken as the steady-state 
solutions. 

Model Parameters. The specific parameter values (or their ranges) were chosen 
from typical values found in the literature; details of how these values connect 
to their sources are given in SI Appendix, section S12. 

Data, Materials, and Software Availability. Code data have been deposited 
in Zenodo (https://doi.org/10.5281/zenodo.17641468) (79). All other data are 
included in the manuscript and/or SI Appendix. 
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S1 Tree density dependent on precipitation

The arguments in Supporting Information S2 will state that there can be no SGH transition in the
absence of a carrying capacity term for constant tree density. This picture changes if instead we
allow for precipitation-dependent tree density (as observed in many systems). Higher precipitation
supports greater tree density, which, in turn, exerts a stronger shading impact on herbaceous
species. We consider here two distinct functional forms of d(p):

d(p) = min
( p

1000
, 1
)

(S1a)

d(p) =
p

300 + p
. (S1b)

While the model internally uses p in mmd−1, we present the equations d(p) in mmy−1 for simplicity
and practical relevance.

Figure S1a illustrates the transition from facilitation to competition for these two functional forms.
Figure S1b shows the absolute interaction intensity in the (p, d) plane, and helps us interpret the
graph on the top. When a dark curve in the bottom panel crosses the border between facilitation
and competition, we see in the top panel that the dark curves cross the no-tree solution. For higher
values of d, when the dark curves in the bottom panel cross into the no-viable-biomass zone, we also
see a collapse of the vegetated solutions in the top panel. Finally, Fig. S1b helps us understand,
from another point of view, why there cannot be a transition from facilitation to competition
in the case of no carrying capacity and constant tree density, as will be shown in Supporting
Information S2. Constant density solutions (see for example the dotted line at d = 0.2) always
cross from competition to facilitation as p increases, never the other way around. By changing
tree density from a constant value to increasing functions of precipitation, as depicted by the solid
dark lines, one can get the usual transition pattern of the SGH.
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Figure S1: The precipitation-dependent tree density mechanism produces the SGH
transition even without a carrying capacity term. Panel a: Steady-state herb biomass
solutions (Eq. (S2b)) for a scenario without any tree density (dotted line) and for two possible
instantiations of the tree-density dependence on precipitation (dark curves). Panel b: The
absolute interaction intensity is shown in the (p, d) plane: warm colors denote positive interactions
(facilitation), while cold colors denote negative interactions (competition). The hashed region in
the top indicates no viable herb solutions (B = 0). The two functional forms for tree-density are
plotted in solid dark curves. Parameters: βa = 0.9 and βe = 1.1, and other parameters as shown
in Table 1 in the main text.

S2 Role of carrying capacity in the SGH patterns

We explore here the model results for each of the two mechanisms in the case where the logistic
growth term is rendered inactive. This is achieved by taking the carrying capacity k → ∞, which
makes fk(B) = (1−B/k) → 1. We can now find analytical expressions for the steady-state
solutions of the model described in Equations (1) in the main paper. The nontrivial (B ̸= 0)
steady-state solutions (B⋆, S⋆) read:

S⋆ =
m

afa(d)
(S2a)

B⋆ =
p− fr(S

⋆, d)− qs (S
⋆)

c

e0fe(d)S⋆
(S2b)

These solutions are a typical instance of the R-star rule [1], and from them we can express two
important features:
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1. The steady-state resource level S⋆ (generally called R⋆ in consumer-resource modeling,
therefore the name of the rule) is independent of the resource supply rate, p.

2. The nontrivial (B ̸= 0) steady-state consumer level B⋆ is linear in the resource input rate, p.

Figure S2 shows the steady-state biomass B⋆ (top panels) and relative soil water content S⋆

(bottom panels). The left and right columns correspond to the canopy mechanism and the root
mechanism, respectively. A careful examination of the steady-state solutions (S2) teaches us that:

• For the canopy mechanism, 0 ≤ fe(d) < fa(d) < 1 for any d > 0 (see inset in
Fig. S2c). From these facts it follows that the linear function for the positive tree-density
solution (B⋆(p, d > 0)) has a higher slope and a lower intercept2 than the no-tree solution
(B⋆(p, d = 0)). Because of its lower intercept, the positive density solution surpasses the
zero-tree density solution from below (lower B). This means that eliminating the logistic
growth term from the model reverses the order of the transition described by the SGH:
we have competition for p below the transition point, and facilitation for p above that point.
Furthermore, for the parameter values we used here, the transition point occurs at extremely
low values of p and B. Looking from ‘farther away’, the interactions appear facilitative for
most of the precipitation gradient (Fig. S2a).

• For the root mechanism, two straight-line solutions B⋆ always have the same slope,
regardless of their d value, and therefore never intersect. The root mechanism can be
either facilitative or competitive, depending on the soil water content (see inset in Fig. S2d).
Figure S2b shows a scenario where the interaction is always facilitative. By changing the
model parameters m, a, d (see Eq. S2a), one can also find higher soil water content levels that
always yield competitive interactions.

The arguments above demonstrate that, whenever tree density is constant, the introduction
of an additional growth-limiting factor that strengthens with increasing precipitation is a
necessary condition for the emergence of the transition described by the SGH.

2Slope σ: for d = 0 the slope is σ0 = a/(e0m), whereas for d > 0 it is σd = σ0 ·(fa(d)/fe(d)). Since fa(d) > fe(d),
we have that σd > σ0.
Intercept ω: for d = 0 the intercept is ω0 = −(qs/e0)(m/a)c−1, whereas for d > 0 it is ωd = ω0(1/fe(d))(1/f

c−1
a (d)).

Since fa(d), fe(d) < 1 and c > 2, we have that each of the parenthesis in the expression for ωd is greater than 1,
and therefore ωd < ω0 (remember the minus sign in ω0).
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Figure S2: Steady-state biomass (panels a,b) and soil water content (panels c,d) solutions as
functions of precipitation. The left column corresponds to the canopy mechanism, and the right
column corresponds to the root mechanism. The inset in panel a shows an extreme amplification in
p and B of the solutions, emphasizing the intersection points between the no-tree solution (d = 0)
and the other solutions with d > 0. The insets in panels c and d are provided as reminders of the
relevant functions of each mechanism.

S3 Transient dynamics

The typical timescale for the dynamics of herb biomass (B) is comparable to the length of the
growing season used in this study, 180 days. Figure S3 shows the time dynamics (left column)
and phase space (right column) for three precipitation levels (p = {150, 300, 600} mm year−1) and
three tree conditions: no tree (d = 0, top row), canopy mechanism (d = 0.3, middle row), and root
mechanism (d = 0.3, bottom row). Linear stability analysis of the numerically found steady-state
solutions (hollow circles) reveals them to be stable nodes (real and negative eigenvalues).
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Figure S3: Time dynamics (left) and phase-space portrait (right) of (B,S) solutions. Panels a,b:
zero tree density. Panels c,d: Tree density d = 0.3, canopy mechanism on. Panels e,f: Tree density
d = 0.3, root mechanism on. Blue, red and black orbits denote precipitation levels of 150, 300 and
600 mm year−1, respectively. The same eight initial conditions were used for all cases: S = 0.2 and
B ranging from 100 to 800, with 100 increments. Hollow circles denote the value of the solution
with initial condition (B = 400, S = 0.2) at time 500 days.

Crucially, the facilitation–to–competition switch persists when we examine transient dynamics,
not only steady-state outcomes. In Fig. S4, we compare the steady-state pattern (panel a) with
solutions obtained by integrating Eqs. (1) in the main text for 180 days (panel b). The qualitative
result is the same in both cases, with positive tree effects at low precipitation and negative effects
at high precipitation. Temporal dynamics, however, alter the details: the magnitude of facilitation
and competition, and the precipitation at which the switch occurs, differ between transient and
steady-state results.
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are (B = 200 g, S = 0.2). For both panels we considered only the canopy mechanism, for tree
density levels 0.0 and 0.4. Other parameters as reported in Table 1 in the main text.

S4 Interaction intensity

As a rule, trees facilitate herb growth when their density is low and the system is under water
stress (low p). Competition over water arises at high tree density values and under low water
stress. Focusing on the canopy mechanism, Figure S5 shows that in the (p, d) parameter space,
the boundary between facilitation and competition (solid black curve) follows a negative relation:
as precipitation increases, a lower tree density is sufficient to shift the balance from facilitation
to competition. This border is the same for both interaction intensities definitions, since zero
interaction intensity means that the biomass solution with tree density (BT ) equals the biomass
solution with no tree density (B0). The area hatched in black at the top of both panels, where
tree density is very high, indicates the region in the parameter space where there are only trivial
(B = 0) vegetated solutions.
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Figure S5: Interaction intensity varies jointly with precipitation and tree density.
Interaction intensity in the canopy submodel is shown as a function of annual precipitation (p) and
tree density (d), measured as (left) the absolute difference in herb biomass, BT − B0, and (right)
the relative log response ratio, ln(BT /B0), where B0 and BT denote herb biomass in the absence
and presence of trees, respectively. Hot shades (yellow to red) indicate facilitation (positive values)
and cold shades (blue) indicate competition (negative values). Both metrics reveal a transition
(black line) from facilitation at low rainfall and tree density to competition at high rainfall and
tree density. The dashed black line on the left panel indicates the locus of maximum facilitation
for a fixed tree density value [ ∂

∂p (int. intensity) = 0], for the absolute interaction intensity.

As shown in Fig. 3a in the main text, we can get unimodal curves when using the absolute
interaction intensity. The dashed black curve in Fig. S5a shows the location of the local maxima
in the (p, d) parameter space. To the left of this curve, the interaction intensity is positive and
increases with precipitation. Once we cross this curve (from left to right), interaction intensity is
still positive, but it decreases with precipitation. This ridge-like curve disappears when we use the
relative interaction intensity instead: there is only monotonic decrease with precipitation.

S5 A deeper look into the model

In order to find useful ways of thinking about the model, we perform a non-dimensionalization of
the equations. For our purposes, it makes more sense to describe the second equation as the rate
of change of absolute soil water content W = nzrS, instead of the equivalent nzr dS/dt as shown
in Eqs. (1) in the main text. Since the active soil layer nzr has length dimension (zr is the depth
of the herb rooting zone, while the porosity n is non-dimensional), absolute soil water content W
is also a length (it is commonly called soil water depth). Finally, we note that 1 mm of water is
equivalent to 1 Lm−2, so reporting W as length is the same as volume per unit area. The full
model equations now read:

dB

dt
= a fa(d)

(
1− B

k

)
B S −mB (S3a)

dW

dt
= p− qsS

c − e0 fe(d)B S − fr(S, d). (S3b)
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The independent and dependent variables of this dynamical system have the following dimensions:

Quantity symbol dimension units
Biomass density B density ρ gm−2

Absolute soil water content W length L mm
Time t time T day

Accounting for all the model parameters that have dimensions, we have eight:
a, k,m, (nzr), p, qs, e0, λ. (Here we treat nzr as a single parameter.) The parameter λ appears
inside the function fr(S, d). All of these parameters have dimensions that derive from the three
basic ones shown in the table. According to Buckingham’s Π Theorem, when performing non-
dimensionalization of the equations, the number of independent dimensionless groups is equal to
the number of dimensional parameters minus the number of fundamental dimensions. Since we
have 8 dimensional parameters and 3 fundamental dimensions (biomass density, length, and time),
we obtain 8− 3 = 5. In simple terms, although the model contains eight dimensional parameters,
its behavior can be fully captured by just five independent dimensionless combinations.

We start now the non-dimensionalization process by defining the following new non-dimensional
variables:

non-dimensional biomass b̃ = B/ξ1 (S4a)

non-dimensional time t̃ = t/ξ2. (S4b)

non-dimensional water S = W/ξ3. (S4c)

We have many choices for ξ1, ξ2, ξ3. A suitable choice here is

ξ1 =
a

e0
(S5a)

ξ2 =
1

a
(S5b)

ξ3 = nzr. (S5c)

Substituting Eqs. (S4) and (S5) into Eqs. (S3) yields the non-dimensional dynamical system:

db̃

dt̃
= fa(d)

(
1− b̃

k̃

)
b̃ S − m̃ b̃ (S6a)

dS

dt̃
= p̃− q̃sS

c − fe(d)b̃S − f̃r(S, d). (S6b)

As we can see, this choice of ξ1, ξ2, ξ3 leaves us a non-dimensional system, where every single
variable, parameter, term or function is dimensionless. For this specific choice of ξ scaling factors,
we have a system with unity growth rate and unity maximum evapotranspiration rate.
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The non-dimensional parameters (Π parameters) for the equations above are:

non-dimensional herb mortality rate ,Π1 m̃ =
m

a
(S7a)

non-dimensional carrying capacity ,Π2 k̃ =
k

a/e0
(S7b)

non-dimensional precipitation rate ,Π3 p̃ =
p

anzr
(S7c)

non-dimensional sat. hyd. cond. ,Π4 q̃s =
qs

anzr
(S7d)

non-dimensional tree-root hydraulic rate ,Π5 λ̃ =
λ

anzr
(S7e)

This exercise is instrumental in shedding light on the impact of various model parameters on its
behavior:

• The active soil layer nzr (mm), where n is soil porosity (dimensionless) and zr is the rooting
depth of herbs (mm), sets the maximum volume of water that can be stored and made
available to herbs. As Eqs. (1) in the main text indicate, nzr can only impact the transient
dynamics of (B,S), never their steady-state solutions. Of course, due to the third conversion
in Eq. (S4), nzr rescales S into W = nzrS.

• The denominator anzr represents a characteristic water throughput, where a sets the
characteristic timescale and nzr is the volume of water per unit area (1 mm = 1 L mm−2).
It sets the scale for precipitation, drainage, and root uptake/uplift (p̃, q̃s, λ̃): higher values
correspond to processes faster than the characteristic resource throughput in the system.

• The ratio (a/e0) naturally emerges as a water-use efficiency, converting herb water uptake
into biomass production. In fact, when tree density is zero (d = 0) and herb biomass is
low (so that 1 − b̃/k̃ ≈ 1), the evapotranspiration loss term in Eq. (S6b) is identical to the
biomass growth term in Eq. (S6a). This symmetry highlights the direct coupling of growth
and water loss. The conversion dictated by (S4a) means that whatever the non-dimensional
steady state b̃ one gets by solving Eqs. (S6), we divide it by the water-use efficiency a/e0 to
get the dimensional biomass B.

• The typical growth timescale 1/a acts as a fundamental clock for all other remaining
parameters (see (S7)).

• k̃ shows how the dimensional carrying capacity k is rescaled by water-use efficiency a/e0.
This helps us understand that the logistic term is weaker (meaning that water is the main
limiting factor) for either large k or low water-use efficiency a/e0.

S6 Logistic growth extension: effective herb–herb
interactions

In the main text, the logistic term is introduced as a phenomenological representation of density-
dependent limitation of herb growth. In Section S9, we will show that such a term can arise
mechanistically from nutrient limitation. Here, we provide an alternative interpretation in which
density dependence emerges from unresolved interactions within a diverse herbaceous community.

We consider a community composed of multiple herb species with biomass Bi (i = 1, . . . , n), each
interacting with soil water S. A standard representation of competitive interactions is given by a
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Lotka–Volterra-type system:

dBi

dt
= ai fa(d)Bi S

1−
n∑

j=1

αijBj

−miBi, (S8a)

nzr
dS

dt
= p− e0 fe(d)

(
n∑

i=1

Bi

)
S − fr(S, d)− qsS

c, (S8b)

where αij represents the effect of species j on species i, capturing competition for non-water
resources such as nutrients or space.

We define the total herb biomass as:

B =

n∑
i=1

Bi. (S9)

Summing Equation (S8a) over all species yields:

dB

dt
=

n∑
i=1

ai fa(d)Bi S −
n∑

i=1

miBi −
n∑

i=1

ai fa(d)Bi S

n∑
j=1

αijBj . (S10)

At this stage, the dynamics of B are not closed, as they depend on the full distribution of species
biomasses and interaction coefficients. To obtain a tractable expression, we introduce a mean-field
approximation. Specifically, we assume that species are sufficiently similar in their growth and
interaction parameters such that:

ai ≈ a, mi ≈ m, αij ≈ ᾱ. (S11)

Under these assumptions, the above equation simplifies to:

dB

dt
≈ a fa(d)S

n∑
i=1

Bi −mB − a fa(d)S ᾱ

n∑
i=1

n∑
j=1

BiBj . (S12)

Using the identity
∑

i,j BiBj = (
∑

i Bi)
2
= B2, we obtain:

dB

dt
≈ a fa(d)BS −mB − a fa(d)S ᾱB2. (S13)

This can be rewritten in logistic form:

dB

dt
= a fa(d)B

(
1− B

k

)
S −mB, (S14)

where the effective carrying capacity is given by k = 1/ᾱ.

Thus, a quadratic saturation term in total herb biomass emerges naturally from pairwise
competitive interactions when these are aggregated and approximated at the community level.

This derivation shows that logistic-type density dependence can arise as an effective description
of herb–herb interactions when species-level details are not resolved. However, several important
caveats apply.

First, the mean-field approximation assumes that species are sufficiently similar in their growth
rates and interaction strengths. In real herbaceous communities, species often differ substantially
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in functional traits and resource-use strategies. As a result, competitive interactions may be highly
structured rather than homogeneous.

Second, the aggregation of species into a single biomass variable eliminates information about
community composition, species richness, and trait variation. In particular, competitive effects
that manifest as changes in species composition or diversity (e.g., shifts in dominance or richness
decline) may not translate into a reduction in total biomass and are therefore not captured by the
logistic term.

Third, the quadratic term represents the net effect of all pairwise interactions and should be
interpreted as a phenomenological closure rather than a mechanistic representation of specific
competitive processes.

Accordingly, in the main text, the herb biomass variable could be interpreted as an aggregated
herbaceous compartment, and the logistic term as an effective density-dependent limitation
that may arise from unresolved competition, crowding, or other non-water resource constraints.
Explicit representation of multiple herb species or functional types would be required to capture
compositional dynamics and trait-dependent responses.

S7 A gradient of evaporative demand

Here, we demonstrate that our model can produce a transition from facilitation to competition, not
only along a precipitation gradient but also across an evaporative demand gradient (Figure S6).

11



0

200

400

600

B
io

m
as

s
(B

, g
 m

2 )
Competition

Facilitation
a

c = 0.0
c = 0.4

Facilitation

Competition

b

0 200 400 600
Annual precipitation

(p, mm yr 1)

0.2

0.4

S
oi

l w
at

er
co

nt
en

t (
S)

c

4 6 8
Evaporative demand

(e0, mm day 1)

d

Figure S6: The facilitation–competition transition extends across different abiotic stress
axes. Panels a,c: Precipitation as the stress axis reproduces the classic SGH prediction, with
facilitation at low supply and competition at high supply. Panel b,d: Evaporative demand,
representing atmospheric drivers of water loss, yields the same qualitative pattern but on a reversed
axis (higher demand corresponds to stronger stress).

S8 Choosing the Right Resource Metric for the SGH

The Stress Gradient Hypothesis (SGH) predicts a shift from facilitation to competition as a
resource increases. A critical question is which resource metric to use: resource supply rate (like
precipitation) or resource abundance (like soil water content). We demonstrate here that the
resource supply rate is the appropriate metric for assessing the SGH.

When we analyze our model using precipitation as the control parameter (x-axis in a B vs. p plot),
the results clearly demonstrate the SGH pattern. For both the canopy and root mechanisms,
we observe a transition from positive to negative tree-herb interactions as precipitation increases,
mirroring field observations.

In contrast, if we use soil water content as the resource metric, the SGH pattern vanishes. Figure
S7 shows the same herb biomass solutions as Figure 2 in the main text, but plotted against soil
water content.
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Figure S7: Using soil water content as the stress axis eliminates the
facilitation–competition transition. Steady-state herb biomass solutions are shown as a
function of soil water content for the canopy mechanism (panel a) and the root mechanism
(panel b). In the canopy mechanism, biomass with trees (d > 0) is always lower than the no-
tree baseline, because canopy directly reduces assimilation while water conservation effects are no
longer represented. In the root mechanism, biomass becomes independent of tree density when
soil water is fixed, since tree effects operate only by altering soil moisture levels. Accordingly,
when stress is parameterized by soil water abundance rather than supply rate, the SGH pattern
disappears.

The nontrivial (B ̸= 0) solutions can be readily obtained by equating Eqs. (1) in the main text to
zero and solving for B:

Canopy mechanism: B⋆(S) = k

(
1− m

aSfa(d)

)
(S15a)

Root mechanism: B⋆(S) = k
(
1− m

aS

)
(S15b)

From these solutions we learn:

• Canopy mechanism: Because fa(d > 0) < fa(d = 0), the steady-state herb biomass with
trees (BT ) is always lower than the biomass without trees (B0). Trees always reduce light,
which directly suppresses herb growth. Because the facilitative effect of water conservation
is no longer a factor, the interaction intensity is always negative (competitive).

• Root mechanism: Herb biomass becomes completely independent of tree density (it lacks
the variable d). Trees influence herbs solely by altering soil water levels, so if that level is
fixed, the trees have no effect. The interaction intensity is always zero.

This result, that the SGH pattern disappears when using soil water content as the metric, occurs
for a fundamental reason: soil water content, unlike precipitation, is an intrinsic property of
the ecosystem, not an external force. It is the result of multiple processes such as rainfall,
evapotranspiration, drainage, etc; all of which interact with the tree’s presence to determine
the final soil water content. By holding soil water constant, we are artificially decoupling the
very mechanisms that create the SGH pattern. Therefore, using resource abundance (soil water
content) as the metric of stress renders the SGH meaningless within this mechanistic framework,
as it nullifies the resource component in our consumer-resource model.

The resource supply rate (precipitation) is the external driver of the system’s state, making
it the correct measure of abiotic stress for a resource-based SGH. It allows us to capture the full
interplay of facilitative and competitive forces that are the core of the hypothesis.
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S9 Logistic growth extension: nutrient-limited growth

To justify our choice of introducing a limiting factor to herb growth as a logistic term, we do
the exercise of explicitly introducing a new essential resource, a nutrient N . Our model can be
extended to include the nutrient dynamics as follows:

dB

dt
= a fa(d)BN S −mB (S16a)

nzr
dS

dt
= p− e0 fe(d)B S − fr(S, d)− qsS

c (S16b)

dN

dt
= Nin − µNB − νN. (S16c)

The first equation, (S16a), describes the herb biomass dynamics, where we have replaced our
original logistic term fk(B) with a nutrient term, N . Equation (S16c) describes the nutrient’s
dynamics, where it is introduced at a constant rate Nin, consumed by herbs (at a rate proportional
to both herb biomass and nutrient availability, µNB), and lost from the system at a rate
proportional to its own abundance, νN .

We now assume that the nutrient dynamics are much faster than those of the herb biomass (B)
and soil water (S). We can therefore perform an adiabatic elimination by setting the rate of change
of the nutrient to zero to find its quasi-steady-state:

0 = Nin − µNB − νN (S17a)

=⇒ N⋆ =
Nin

ν

1
µ
νB + 1

, (S17b)

where N⋆ denotes the quasi-steady-state nutrient concentration. Substituting N⋆ into the herb
biomass equation (S16a) gives:

dB

dt
= a

Nin

ν
fa(d)B

(
1

µ
νB + 1

)
S −mB. (S18)

The term in the parenthesis acts as a saturating function of B. When herb biomass is low, the
term is close to one, and as biomass increases, the function decreases, effectively slowing the growth
rate. This plays the same role as the logistic term we assumed in the main text.

To derive the exact logistic form, we can make an additional assumption. If we assume that the
herbs are highly inefficient at consuming the nutrient relative to its decay rate (µ ≪ ν), we can
use a first-order Taylor series expansion:

1
µ
νB + 1

≈ 1− µ

ν
B. (S19)

Substituting this approximation into the herb biomass equation now reveals a classic logistic term:

dB

dt
= a

Nin

ν
fa(d)B

(
1− B

k

)
S −mB, (S20)

where the carrying capacity can be identified with k = ν/µ. If the factor Nin/ν is then incorporated
into a, we get exactly Equation (1a) in the main text.

S10 Combined canopy and root mechanisms

The combined model activates both the canopy shading terms and the root water function in Eq.
(1) in the main text. No additional parameters are required: the canopy functions fa(d) and fe(d)

14



reduce herb assimilation and evapotranspiration, while the root term fr(S, d) acts concurrently on
the soil water balance.

We first examine the combination of two of the most common mechanisms: canopy shading and
competitive water uptake alone, setting hydraulic lift to zero (λh = 0, Fig. S8c). Even in this
conservative case, combining the two mechanisms still produces net facilitation at low precipitation
(Fig. S8a): the facilitative benefit of shading outweighs the competitive cost of root water uptake.
Adding root competition narrows the facilitation window relative to the canopy-only model and
shifts the transition point to lower rainfall, but does not eliminate facilitation.
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Figure S8: Canopy shading outweighs root competition in the conservative combined
model. Panels a and b show steady-state herb biomass and soil water content as functions
of annual precipitation for the canopy-only model (solid yellow ) and the combined model with
competitive water uptake but no hydraulic lift (λh = 0, dark green dashed), relative to the treeless
baseline (solid black). Facilitation (competition) occurs where biomass curves lie above (below)
the baseline. Panel c shows the root function fr(S, d) for λh = 0, which is purely competitive.
Tree density d = 0.4; other parameters as in Table 1 in the main text.

Introducing hydraulic redistribution (λh > 0) changes the outcome in a density-dependent way,
see Fig. S9. At moderate tree density (d = 0.4), facilitation at low rainfall is preserved and the
SGH transition is reproduced. At high tree density (d = 0.8), competition dominates across the
entire precipitation range.
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Figure S9: The full combined model reproduces the SGH transition at moderate tree
density. Steady-state herb biomass (panels a–c) and relative soil water content (panels d–f) as
functions of annual precipitation, for the canopy mechanism (left), root mechanism (center), and
combined model (right). Solid black lines: treeless baseline (d = 0). Light and dark solid curves:
moderate (d = 0.4) and high (d = 0.8) tree density, respectively. Facilitation (competition) occurs
where biomass curves lie above (below) the baseline. Other parameters as in Table 1 in the main
text.

The combined model is sub-additive, see Fig. S10. the actual joint biomass falls below the additive
prediction (Badditive = Bcanopy + Broot − Bbaseline) across the entire gradient, and the additive
prediction substantially overestimates facilitation at low precipitation. This sub-additivity arises
because the two mechanisms share the same soil water pool: canopy shading conserves water by
reducing evapotranspiration, but this conserved water remains accessible to root uptake, partially
offsetting the facilitative benefit of shading and amplifying competition.
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Figure S10: The combined model is sub-additive. Steady-state herb biomass as a function of
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mechanisms and below the additive prediction across the entire gradient. Tree density d = 0.4;
other parameters as in Table 1 in the main text.

S11 Infiltration

The infiltration mechanism is a variation of the canopy mechanism. In both, canopy shading
reduces herb assimilation through fa(d); here, however, the facilitative pathway is not a reduction
in evapotranspiration but an increase in effective infiltration as tree density rises. The model
therefore keeps the growth-side shading term and replaces the rainfall input with an infiltrated
input p fi(d):

dB

dt
= a fa(d)

(
1− B

k

)
B S − mB, (S21a)

nzr
dS

dt
= p fi(d) − qs S

c − e0 B S, (S21b)

The infiltration factor fi(d) follows Gilad et al. [2]:

fi(d) =
d+ i0 δ

d+ δ
, (S22)

so that fi(0) = i0 (minimum infiltration without trees) and fi(d) → 1 as d increases; see Fig. S11a.
The parameter δ sets the density scale at which fi is midway between i0 and 1. Figure S11b shows
the SGH transition for the infiltration mechanism.

This relationship captures two possible processes. The first is that canopy shading can suppress
biological soil crusts (biocrusts), which often form a hardened surface layer that reduces infiltration.
The second process is the compaction of the surface by the mechanical impact of rain drops, which
also reduces infiltration. As tree density increases, the canopy limits biocrust activity and protects
the surface from direct rain drop impacts, thus allowing more water to infiltrate into the soil, and
increasing the effective water supply to herbs.
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Figure S11: Infiltration mechanism as a canopy variant. (a) The infiltration factor fi(d)
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S12 Parameter values and their ecological basis

The model parameters in Table 1 in the main text represent a generalized dryland ecosystem
rather than a specific site. Where possible, the values and ranges were chosen to be consistent
with published measurements from drylands; some parameters are modelling choices set to
produce ecologically realistic order-of-magnitude behaviour rather than values derived from a single
measurement, because direct measurements of these quantities are not available in the literature.
Below we describe how each cited value connects to its source.

Model state variables

The state variable B is the herbaceous biomass density (gm−2). Annual live aboveground biomass
across dryland sites is predominantly in the range 0 gm−2 to 1000 gm−2 [3] (Fig. 4 therein), and
the model’s carrying capacity keeps the biomass output in this range.

The state variable S ∈ [0, 1] is the relative soil water content, defined as the ratio of volumetric
water content to total pore volume [4]. S = 0 corresponds to completely dry soil and S = 1 to
saturation; these bounds are set by physical constraints.

Tree cover range

The parameter d ∈ [0, 1] represents woody plant canopy density; it is treated as a fixed
environmental parameter over which model outcomes are evaluated, rather than a dynamical
variable.
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Soil hydraulic parameters

The soil hydraulic parameters are chosen to be consistent with the range of values tabulated in
Rodriguez-Iturbe et al. [4] for sandy to loam soils (Table 2.1 therein). The saturated hydraulic
conductivity qsat = 800mmd−1 (= 80 cmd−1) matches the sandy loam value in that table
(Ks ≈ 80 cmd−1). The porosity n = 0.4 is close to the loamy sand and sandy loam values
(n = 0.42–0.43). The field capacity Sfc = 0.6 falls between the sandy loam (sfc = 0.56) and loam
(sfc = 0.65) entries. The drainage exponent c = 10 is of the same order as the sandy soil range in
Table 2.1 (c = 11–13). The herb rooting depth zr = 300mm falls at the shallow end of the range
used for illustrative examples in Rodriguez-Iturbe et al. [4] (Zr = 30 cm to 90 cm; Fig. 2.7 therein)
and is representative of the effective root zone of dryland herbaceous grasses. The model uses a
simplified two-threshold soil moisture balance with a single lower threshold Sh = 0.3 below which
evapotranspiration is zero; this value is comparable to the stomatal-closure threshold s∗ = 0.31
reported for loamy sand in Table 2.1, and reflects the effective lower limit of plant-available water
in a sandy dryland soil.

Precipitation range

Drylands can be defined using various criteria, including temperature, climate classification, or
aridity indices. Here we follow Huang et al. [5], who characterize drylands as regions with an annual
precipitation of ≈ 600mmy−1; our precipitation range p = 0mmy−1 to 600mmy−1 therefore
covers dryland climates well, from hyperarid deserts at the lower end to dry-subhumid conditions
where grass–tree savannas are common at the upper end. In the model, precipitation above this
threshold is sufficient to maintain soil moisture above the stress threshold, so that water ceases to
be the primary limiting factor.

Assimilation rate

In the biomass equation, the assimilation rate a corresponds to the intrinsic per-capita growth rate
at low biomass, equivalent to the relative growth rate (RGR) of well-watered seedlings. James and
Drenovsky [6] report RGR values of 0.04 g g−1 d−1 to 0.15 g g−1 d−1 across twelve native rangeland
forb species; our value of a = 0.05 d−1 falls at the lower end of this range, appropriate for slower-
growing, dryland-adapted herbaceous vegetation.

Carrying capacity and mortality

The carrying capacity k = 1000 gm−2 equals the upper bound of the observed biomass range.
Ecologically, k represents the maximum standing biomass supported once water and light are
non-limiting, i.e., constrained by nutrients or other factors (see also Section S9). The mortality
rate m = 0.01 d−1 implies a biomass turnover timescale of approximately 100 d, consistent with
the growing-season lifespan of annual dryland grasses and the typical decay rates measured for
dryland herbaceous biomass.

Evapotranspiration rate per unit biomass

The parameter e0 = 0.005mmd−1/gm−2 is the maximum evapotranspiration rate per unit herb
biomass density. Because no single source directly reports this quantity in the units used by
the model, we derived it from two more commonly reported quantities: biomass-level water-use
efficiency and the rate of biomass production.
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The available empirical information is usually reported as water-use efficiency, or transpiration
efficiency, in units of g biomass produced per kg water transpired. This quantity describes how
much biomass is produced per amount of water used, but it does not by itself contain a time
dimension. To convert it into a daily evapotranspiration rate, we also need the daily rate at which
biomass is produced. In the model, the assimilation rate a corresponds to the relative growth rate
of herbaceous biomass under non-limiting conditions, while m represents biomass loss through
mortality. Thus, the net rate of biomass increase is a−m = 0.05− 0.01 = 0.04 d−1.

For a given herb biomass density B (gm−2), the net daily biomass production is therefore (a−m)B,
with units of gm−2 d−1. Dividing this biomass production rate by water-use efficiency converts
biomass production into the amount of water required to support that production. Reported
transpiration efficiency values for wheat, a C3 species, are approximately in the range of 4 g kg−1

to 12 g kg−1 [7, 8]. We therefore used an intermediate value of 8 g kg−1.

With these units, dividing gm−2 d−1 by g kg−1 gives kgm−2 d−1. This is easily converted to the
model’s water-depth units because a water depth of 1mm over 1m2 corresponds to 1 kg of water.
Thus, kgm−2 d−1 is equivalent to mmd−1. The biomass-specific evapotranspiration coefficient is
therefore obtained by dividing the net daily biomass production rate by water-use efficiency and
expressing the result per unit standing biomass:

e0 =
a−m

WUE
=

0.04 d−1

8 g kg−1 = 0.005mmd−1/gm−2.

Shading function exponents

The shading functions fa(d) = (1 − d)βa and fe(d) = (1 − d)βe were chosen as simple nonlinear
functions that continuously interpolate between no shading (d = 0) and full canopy (d = 1).
Analysis of the model shows that βe > βa is a necessary condition for the facilitation-to-competition
transition: transpiration must be more sensitive to shading than assimilation (Results Section in
the main text). This modelling requirement is qualitatively supported by empirical evidence.
Experimental measurements on grapevines under mild shading (8% shade cloth) show that leaf
transpiration is significantly reduced (≈25%) while net CO2 assimilation is statistically unaffected
[9]. Path analyses for poplar trees show that the standardized effect of PAR reduction on
transpiration (path coefficient ≈ 0.57) is substantially larger than its effect on photosynthesis
(≈ 0.37) [10]. Across many subtropical fruit species and shade intensities, shading consistently
improves plant water-use efficiency, implying that transpiration losses are reduced proportionally
more than carbon assimilation [11]. The specific exponents βa = 1/3 and βe = 4 are modelling
choices that satisfy this inequality and yield ecologically plausible shading curves; at d = 0.5,
for example, fa ≈ 0.79 while fe ≈ 0.06, reflecting that a moderate canopy barely affects herb
assimilation yet substantially suppresses transpiration.

Tree water uptake and hydraulic redistribution

The parameter λfc = 10mmd−1 is the maximum rate at which trees uptake soil water (attained at
field capacity and full tree density d = 1). Shiferaw et al. [12] measured daily evapotranspiration
of dense Prosopis juliflora stands, reporting a daily average of ≈ 3.7mmd−1 with peak values
approaching ≈ 9.5mmd−1 during the growing season. Our value λfc = 10mmd−1 represents the
upper physiological demand attained at full tree density and field capacity soil moisture.

The parameter λh = −2mmd−1 sets the maximum rate of hydraulic redistribution, whereby trees
add water to the shallow soil layer. The negative sign indicates a net water subsidy to the herb
rooting zone. Field measurements across semi-arid systems report hydraulic redistribution fluxes
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of 0.04mmd−1 to 1.3mmd−1 (empirical) and 0.1mmd−1 to 3.23mmd−1 (modeling estimates)
[13]; |λh| = 2mmd−1 therefore falls within the upper range of observed and modeled values.

In our model, both parameters in most cases do not attain their maximum values: tree water
uptake is maximized at field capacity (S = Sfc), while hydraulic redistribution is maximized at
the lower threshold (S = Sh); under typical fluctuating dryland soil moisture, neither extreme is
sustained.
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