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Abstract11

Woody cover is rapidly changing due to mortality, shrub encroachment, and afforestation,12

reshaping herbaceous communities and ecosystem functioning worldwide. Often, trees and shrubs13

promote herb growth in dry sites but suppress it in wetter ones, as predicted by the classical14

Stress Gradient Hypothesis. However, explanations for the facilitation-to-competition transition15

remain verbal and contested, lacking a clear link to resource competition theory. Here, we16

present a mechanistic framework consisting of two submodels: (i) canopy shading that reduces17

photosynthesis and evapotranspiration, and (ii) root effects, including water uptake and increased18

moisture via hydraulic redistribution. We elucidate the conditions under which interactions shift19

from facilitation to competition. The models reproduce this reversal only when water is not the20

sole limiting factor at high rainfall or when woody density increases with precipitation. Moreover,21

the reversal can occur across any aridity gradient, including those driven by evaporative demand22

influenced by temperature and humidity. The two pathways leave distinct signatures: canopy23

shading produces a hump-shaped pattern with maximum facilitation at intermediate stress, while24

the root pathway predicts a shift from positive to negative interactions as water availability25

increases. By translating a classic idea into a quantitative framework, this model enhances26

ecosystem management in a changing world.27

2

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 25, 2025. ; https://doi.org/10.1101/2025.11.24.690218doi: bioRxiv preprint 

https://doi.org/10.1101/2025.11.24.690218
http://creativecommons.org/licenses/by-nc-nd/4.0/


1 Introduction28

Global climate and land-use changes are rapidly reshaping woody vegetation worldwide1;2. These shifts29

are especially common in drylands, which cover about 40% of Earth’s land surface3;4. Many water-30

limited systems are losing woody cover due to widespread drought and fire5. Conversely, other dry31

regions show woody expansion, driven by shrub encroachment2;6 and large-scale afforestation aimed at32

climate mitigation1;7. In these ecosystems, woody plants (hereafter, trees) strongly shape microclimate33

and resource availability, thereby influencing the abundance and distribution of herbaceous plants34

(hereafter, herbs) that sustain forage production and biodiversity in drylands2;6.35

Trees are ecosystem engineers, altering the environment beyond simply consuming light and water8.36

They can facilitate herb growth through canopy and root mechanisms. The canopy suppresses light37

availability, which reduces carbon assimilation (photosynthesis) but also lowers evapotranspiration and38

therefore water loss9. This reduction in evapotranspiration also results from microclimatic buffering:39

slower wind speeds, higher humidity, and lower temperatures beneath the canopy10. Tree roots not only40

extract water, thereby drying the soil, but can also increase soil moisture by enhancing infiltration11
41

and redistributing water from deeper to shallower soil layers through hydraulic lift12;13.42

Rainfall amount often mediates the balance between these positive and negative effects. Meta-analyses43

find that trees typically benefit herbs at low rainfall but hinder them as rainfall increases14–16. Even44

so, some studies report inconsistent neighbor effects along similar gradients17, pointing to hidden45

thresholds or additional factors that alter the expected pattern.46

Over the past three decades, the transition from facilitation to competition has largely been investigated47

through the lens of the Stress Gradient Hypothesis (SGH). This conceptual framework was proposed to48

explain why facilitation dominates under high abiotic stress (low rainfall), whereas competition prevails49

under benign conditions18–23. The original explanations emphasized plant responses along water-stress50

gradients20, but the hypothesis has since been applied to many other stress types24;25. The primary51

argument is that tree-mediated relief of water stress dominates under low rainfall, whereas shading-52

induced inhibition dominates under low stress (high rainfall)9. These verbal arguments were later53

extended using phenomenological models that embedded spatial–temporal dynamics26 and biodiversity54

feedbacks27.55

Despite its prominence, the SGH has been questioned both mechanistically and in terms of predicted56

patterns9;28–31. Some studies argue that species interactions become more strongly negative with57

rainfall14, whereas others report a unimodal (hump-shaped) pattern in which facilitation peaks at58

intermediate stress and weakens under both severe aridity and benign conditions29. Resolving these59

discrepancies calls for quantitative models that explicitly represent resource dynamics and make60

assumptions transparent, allowing specific processes such as shading or water uptake to be identified61

as drivers that generate, sustain, or limit facilitation along the gradient.62

Consumer-resource theory is the leading modeling framework for mechanistic explanations of species63

interactions32–35. Yet, it has only recently been applied to the SGH36;37. These recent applications64

yielded insights into the role of trees in elevating resource availability during early succession36 and into65

the joint effects of drought and grazing37. However, they focused exclusively on root mechanisms and66

did not consider canopy shading, the mechanism emphasized in the classical conceptual hypothesis20.67

Crucially, and contrary to the SGH’s prediction of a facilitation-to-competition shift, these consumer-68

resource models produced an interaction sign that remained constant (either positive or negative) along69

the rainfall gradient, rather than a transition from facilitation to competition.70

Here, we develop a minimal consumer–resource framework that generates the classic shift from71

facilitation to competition as rainfall (resource supply rate) increases. The model clarifies the72
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conditions under which this transition emerges for both canopy and root mechanisms (Fig. 1)73

and reconciles contrasting predictions regarding how facilitation strength varies along precipitation74

gradients.75
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a: Canopy mechanism

b: Root mechanism
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Figure 1: Assumptions of the two submodels (a, b) and potential model outcomes (c).
(a) The canopy mechanism assumes that tree density suppresses both photosynthetic assimilation
(yellow) and water loss by evapotranspiration (brown). However, the reduction in evapotranspiration
with increasing tree density is greater than the reduction in photosynthesis, which is a necessary
condition for facilitation under shading. (b) The root mechanism focuses on 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 reflects the net effect of these two opposing processes:
when the soil is dry, steep water potential gradients between deep and shallow layers favor upward
water movement throught the roots, producing negative net uptake (a gain to the upper soil). As soil
moisture increases, water extraction by roots becomes more efficient, and uptake outweighs hydraulic
lift, resulting in higher (more positive) net uptake values. (c) Potential model outcomes are illustrated
by comparing rainfall–biomass relationships with and without trees (black line). In the two simple
scenarios (grey), 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.

2 Results76

We developed a consumer-resource model that describes the coupled dynamics of herbs’ biomass and77

soil moisture as follows:78
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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

− qsS
γ︸︷︷︸

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 growth79

and mortality processes. The second equation represents the dynamics of soil moisture (S), which80

is influenced by gains from precipitation (p) and losses due to drainage, evapotranspiration, and a81

tree-root effect. Due to their much slower dynamics, trees are represented as a constant parameter for82

tree density (d representing canopy cover or root density). This parameter affects both the canopy-83

suppression factors on herb growth (fa(d)) and on evapotranspiration (fe(d)), as depicted in Fig. 1a.84

The impact of the root mechanism fr(S, d) on soil water is depicted in Fig. 1b. We further assumed85

that when water and light are ample, other factors such as nutrients or genetic limits constrain herb86

growth, represented by a carrying capacity term fk(B) = 1−B/k. For simplicity, we investigated each87

mechanism separately: when examining canopy effects, we removed root effects, and vice versa.88

When water is the main limiting factor and tree density is constant, our model, like previous89

mechanistic models36;37, shows that the interaction between trees and herbs remains either facilitative90

or competitive along the entire precipitation gradient. However, a key finding is that introducing a new91

limiting factor (fk(B) in the model), which can represent nutrient limitation, or a genetic size limit,92

is a necessary condition for the Stress Gradient Hypothesis transition to occur (see Supplementary93

Section S1). When this condition is met, both the canopy and root mechanisms can produce a clear94

shift from facilitation to competition as precipitation increases. The following explores how each of95

these mechanisms drives this transition.96

In the canopy mechanism, in the absence of trees, herb biomass increases with precipitation, showing97

a saturation pattern as the curve’s slope decreases (black line in Fig. 2a). With some trees (light98

curve), herb biomass is higher than the no-tree baseline at low precipitation but is reduced at higher99

precipitation levels, showing a clear transition from facilitation to competition. At very high tree100

density (dark curve), herb biomass is suppressed across the entire precipitation gradient.101

This pattern is a result of a tug of war between two opposing forces exerted by the trees. First,102

trees facilitate growth by providing shade, which reduces evapotranspiration and conserves soil water.103

This effect is represented by the function fe(d), leading to greater soil water availability relative to a104

no-tree environment (see Fig. 2c). Second, trees inhibit herb’s growth by reducing light availability105

through the function fa(d). This factor, along with other limiting elements like nutrients or grazing106

(captured by the carrying capacity term, fk(B)), down-regulates herb assimilation. The combined107

effect is represented by the product fa(d)fk(B).108

At low precipitation, herb biomass is low, so the carrying capacity term fk(B) is very weak (close to 1).109

In this dry scenario, the tug of war is mainly between the water-saving benefit of fe(d) and the light110

reduction effect of fa(d). When tree density is low, the extra soil water overpowers the minor loss in111

light, facilitating herb growth (light curve in Fig. 2a). However, when tree cover is high, the reduction112

in light becomes too strong, suppressing the herbs (dark curve). As precipitation increases, herb113

biomass also rises. This strengthens the carrying capacity term fk(B) (making it closer to zero) and114

tips the balance. The combined competitive effect of reduced light and carrying capacity (fa(d)fk(B))115

becomes stronger than the facilitative effect of water conservation. In other words, under high rainfall,116

water is no longer the limiting factor, and therefore, the benefit of reduced water loss is not enough117

to compensate for the reduction in photosynthesis, leading to a transition from net facilitation to net118

competition.119
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Figure 2: The transition from facilitation to competition is produced by two different
mechanisms. Herb biomass and soil water solutions of (Eqs. (1)) are shown for the canopy mechanism
(panels a,c) and the root mechanism (panels b,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.

For the root mechanism, all non-zero tree densities show a similar transition pattern: herb biomass120

is higher than the baseline at low precipitation and lower at high precipitation (see Fig. 2b). As tree121

density increases, both effects intensify along the precipitation gradient. This is because the tug of122

war between facilitation and competition is expressed by a single function, fr(S, d), which represents123

the net effect of tree roots on soil water available in the herb root zone.124

This function captures the tipping of the balance as soil water content changes. At low soil water125

levels, tree roots can lift water from deeper soil layers to the herb root zone, facilitating growth. As126

soil water content increases, hydraulic lift is no longer possible. Beyond this point, roots begin to127

compete with herbs by taking up water from the same soil layer. Counterintuitively, the root term128

fr(S, d) by itself does not produce a facilitation-to-competition switch (see Supplementary Section S1).129

With water as the only limiting resource (i.e., fk(B) = 1), the equilibrium soil moisture S⋆ is set by the130

consumer and is independent of the precipitation supply p (R* logic;33). Because fr acts through S131

rather than directly through p, the sign of the interaction is fixed by whether S⋆ lies below or above the132

hydraulic switching range, so it does not change along the rainfall gradient. However, when a second133

growth constraint is introduced through the carrying-capacity term fk(B), the outcome changes: as p134

increases, biomass approaches its limit and cannot deplete water further, so S⋆ rises. This upward shift135

in S⋆ carries the system across the hydraulic threshold, turning facilitative lift into competitive uptake136

and yielding the observed transition. Put simply, fk(B) caps biomass at high rainfall, weakening137

consumption and allowing soil water to accumulate, which moves S⋆ into the competitive domain of138

fr(S, d).139

6

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 25, 2025. ; https://doi.org/10.1101/2025.11.24.690218doi: bioRxiv preprint 

https://doi.org/10.1101/2025.11.24.690218
http://creativecommons.org/licenses/by-nc-nd/4.0/


Notably, the two mechanisms produce very different biomass responses at low precipitation. In the140

canopy mechanism, precipitation is the only water source, so all curves must start from the origin,141

zero biomass at zero rainfall. A small initial increase in precipitation leads to stronger facilitation,142

which is visible as a widening gap between the low-tree-density curve and the no-tree baseline (light143

and black curves in Fig. 2a, respectively). This facilitative gap eventually narrows before disappearing144

at the transition to competition. In contrast, the root mechanism includes an additional water source:145

hydraulic lift from deeper soil layers during dry surface conditions. This allows herb biomass to persist146

even without precipitation. The gap between tree-density curves and the baseline shrinks steadily as147

precipitation increases, until it reaches the transition point. This distinct pattern in the biomass gap is148

key to understanding the contrasting responses in interaction intensity between the two mechanisms.149

For the canopy mechanism, the interaction intensity based on the absolute difference is unimodal (see150

Fig. 3a). This pattern directly results from the widening and eventual vanishing of the gap between151

the biomass curve with trees and the no-tree baseline curve, as previously discussed. However, when152

using the relative log response ratio (see Fig. 3c), the interaction intensity decreases monotonically153

for p below the transition threshold. In contrast, the root mechanism yields monotonically-decreasing154

positive interaction intensities, regardless of whether absolute difference or relative log response ratio is155

used. A broader discussion of the canopy mechanism’s interaction intensity in the full (p, d) parameter156

space is given in Supplementary Section S2.157
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Figure 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 = 0.3 were used to compute B0

and BT , respectively; other parameters are given in Table 1.
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3 Discussion158

The Stress Gradient Hypothesis has guided decades of work but has largely been articulated in159

verbal or phenomenological terms9;19;20;26;27;29;30. We show that a minimal consumer-resource model160

linking canopy shading or root water redistribution to herb biomass generates the observed shift from161

facilitation to competition along rainfall gradients. Our model also specified when the shift should and162

should not arise. Finally, the framework also clarifies the expectation on interaction intensity, with a163

mid-gradient peak in the facilitation under shading and a monotonic decline from positive to negative164

effect under the root pathway.165

Our aim is to provide general insight and testable predictions rather than site-specific accurate166

description. Accordingly, the model is intentionally simple yet mechanistic: water balance is explicit,167

and interaction signs emerge from the equations rather than being imposed a priori. This simplicity168

enables a thorough understanding of each parameter (See Supplementary Section S3).169

The model focuses on the primary pathways through which woody plants influence herbs: canopy170

shading and root water redistribution. It keeps tree density fixed while examining steady-state171

contrasts. Other processes, such as grazing protection, nutrient supply, or spatial patterns31;36–38172

can be incorporated where they are expected to matter (see the Supplementary Sections S4 and S8173

for transient dynamics and varying tree density). We therefore view this framework as a baseline for174

systems where water and light competition dominate, and as a foundation for targeted extensions that175

incorporate additional mechanisms.176

The stress gradient hypotheses have been invoked for many stress types9;18–23. Yet, as Maestre177

et al. 29 noted, “Stress is not a precise concept, and therefore it is difficult to apply quantitatively178

to communities or ecosystems”. Here we focus on mechanisms tied directly to plant water balance,179

while recognizing that other stressors such as freezing, toxicity, or salinity, are likely to require different180

model structures. The same framework can also be applied to evaporative demand, another driver of181

aridity, which is influenced by temperature and humidity. This driver can change the magnitude182

of facilitation and competition and shift the transition point along the gradient. Still, the model183

consistently predicts a shift from net facilitation to net competition as water limitation relaxes (see184

Figure in Supplementary Section S5).185

The model resolves the empirical question whether stress should be represented by resource supply186

rate (precipitation) or by resource abundance (soil water content)9;36;37;39. It shows that precipitation187

or evaporative demand are the appropriate measures for quantifying water stress in such systems188

(see Supplementary Section S6). Soil water content, in contrast, is not an independent driver but an189

emergent outcome of interacting processes including precipitation, evapotranspiration, biotic uptake,190

and substrate properties9;36;39. Treating soil water as externally fixed cuts off these mechanistic links191

and removes the causal connection between resource supply and species interactions. Only when stress192

is parameterized as a supply rate can the facilitation–competition interplay characteristic of the SGH193

be captured9;36;37;39.194

3.1 Canopy mechanism195

Shading is a ubiquitous factor plant growth and community dynamics40–43. This mechanism is central196

in conceptual models that generate the transition from facilitation to competition9;20. Our findings197

indicate that shading can simultaneously enhance and constrain growth, with implications far beyond198

tree–herb interactions.199
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In the model, shading acts solely by reducing light, so any reduction in radiation, whether caused from200

trees, slope aspect, buildings, or solar panels, should generate similar responses. In dry conditions,201

shaded hillslopes, north-facing in the northern hemisphere and the reverse in the southern hemisphere,202

should be more productive than sun-exposed slopes. In wet conditions, the pattern should reverse.203

Variation with slope aspect is a long-standing observation in botany44;45, yet we are not aware of204

a mechanistic model that explains this global pattern. The same logic applies to urban ecosystems,205

where buildings cast shade, and to agricultural settings, with the co-location of solar panels and crops206

(agrivoltaics) being on the rise over the last two decades46.In such settings, the model predicts when207

agrivoltaics will increase or decrease productivity depending on environmental conditions208

The model highlights several conditions that have seldom been investigated in empirical studies along209

gradients. First, a necessary condition for facilitation under shading is that the proportional reduction210

in evapotranspiration with increasing shade exceeds the proportional reduction in photosynthesis.211

Although this likely holds for many plants, there are clear exceptions, such as species that require high212

light and are sensitive to shade. We therefore suggest that empirical tests of the shading mechanism213

begin by verifying this assumption.214

For the transition from facilitation to competition to occur without a change in tree cover, another215

condition must be met. Under high rainfall, water must cease to be the main limiting factor (the216

carrying capacity effect). This implies that a qualitative switch is less likely when moving from an arid217

to a semiarid system if both remain water-limited. Instead, a switch is expected only when crossing218

into a system limited by another resource, such as nutrients (see Supplementary Section S7, which219

shows that carrying capacity is equivalent to an additional essential resource). This result may explain220

empirical studies that do not observe a shift along precipitation gradients17;29;47;48 and underscores221

that the transition should not be viewed as inevitable.222

Alternatively, shading can lead to a facilitation-to-competition transition without introducing carrying223

capacity, but only when tree density increases with rainfall (See Supplementary Section S8). This224

occurs because at high tree cover, light becomes the primary limiting factor and offsets the positive225

effects of shading on water balance. This density effect can be further enhanced by photoinhibition,226

where excessive light inhibits photosynthesis. We therefore recommend that future empirical studies227

quantify how tree density changes along the gradient and manipulate tree cover directly, or mimic228

shading with shade cloth. Such an approach is necessary to determine whether interaction outcomes229

change under a constant shade level (Fig. 2), or arise from shifts in canopy density along the gradient230

(Supplementary Section S8).231

3.2 Root mechanisms232

Root-mediated effects in natural settings can be highly variable because they depend on root233

architecture and soil properties11;49. In the canopy mechanism, we used a two-layer simplification234

in which deep tree roots do not change the soil water available to herbs50. By contrast, in the root235

mechanism, we assumed partial overlap in rooting depth so that trees and herbs draw from the same236

near-surface water. We further assumed hydraulic lift, whereby trees move water upward from deeper237

layers when the surface is dry and draw water from the herb layer when it is wet.238

When trees increase soil moisture under dry conditions and reduce it under wet conditions, a transition239

from facilitation to competition can occur. Although we initially expected this transition to arise240

inevitably from the root mechanism, we found that it occurs only when another factor limits biomass241

at high rainfall; otherwise, equilibrium soil moisture remains constant along the gradient. Notably,242

although there is empirical evidence for hydraulic lift13, its strength and prevalence remain uncertain,243

so we treat it as secondary to shading for broad-scale patterns. Alternatively, a more common way244
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trees may increase soil moisture is by enhancing infiltration11. While infiltration alone does not cause245

a facilitation-to-competition transition37, our model shows that it can do so when combined with246

shading: under low precipitation, the positive effects of increased infiltration dominate, whereas at247

high rainfall, the negative effects of shading prevail (Supplementary Section S9).248

3.3 Concluding Remarks249

Our findings help reconcile conflicting reports on interaction strength along rainfall gradients by250

showing that the expected pattern depends first on the mechanism. Under the canopy pathway,251

the absolute difference in biomass is hump-shaped, with maximum facilitation at intermediate rainfall,252

whereas under the root mechanism, the interaction declines monotonically from positive to negative.253

A second source of variation is the metric, and this sensitivity applies to shading in particular: only the254

absolute measure yields a unimodal pattern, whereas relative measures decline with rainfall, consistent255

with earlier suggestions9.256

Importantly, tree density further modulates these patterns of interactions along aridity gradients257

(Supplementary Section S2). Hence, empirical patterns can only be interpreted accurately when tree258

density is quantified. Under low precipitation, facilitation peaks at intermediate density, while low and259

high tree densities weaken it. As precipitation increases, progressively lower densities are sufficient to260

shift the balance from facilitation to competition. Eventually, at high rainfall, even near-zero tree261

density reduces herb performance, so further changes in density no longer cause a qualitative shift.9.262

Many empirical studies report a shift from facilitation to competition14–16, and many do not9;28–31. In263

the lens of our framework, cases without a shift arise when (i) other pathways dominate, for example,264

protection from herbivory, or (ii) when the conditions for a shift are not met, for example, when265

shade suppresses photosynthesis more than evapotranspiration. This perspective moves the discussion266

from whether the hypothesis holds to which mechanism operates. It also points to practical tests,267

pairing shade manipulations with canopy and soil water measurements, and reporting both absolute268

and proportional changes.269

Looking ahead, climate change is exacerbating water limitations in many regions51–54, while woody270

cover is changing due to drought, fire, shrub encroachment, afforestation, and altered land use1;2;5–7.271

A compact mechanistic framework can help anticipate where shade will enhance herb production by272

conserving water and where it will suppress production due to light limitations, and it can guide273

restoration and conservation efforts toward interventions that match local mechanisms. By building274

on the Stress Gradient Hypothesis and giving it simple, testable conditions, this framework connects275

a classic idea to actionable predictions for conserving dryland ecosystems in a rapidly changing world.276

4 Methods277

We developed a consumer-resource model (see Eq. (1)) that describes the dynamics of herbaceous278

biomass density (B, kgm−2)36;37, and relative soil-water content (S, dimensionless)55.279

The model makes three key assumptions: (i) Tree biomass changes on a much longer time scale than280

herb biomass, so tree density is treated as constant and remains in quasi steady state relative to the281

herbs and soil water. (ii) Herb roots occupy only the upper soil layer, whereas tree roots also reach282

deeper layers, allowing trees to lift water upward or to draw water away from the herb rooting zone;283

(iii) Herb growth is limited by light and by soil moisture, yet only water can accumulate over time and284

therefore is described by a balance equation. To incorporate constraints on growth beyond water and285
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light, we include a carrying capacity term, which is equivalent to assuming another limiting resource,286

such as an essential nutrient (see Supplementary Section S7).287

The dynamics of herbaceous biomass density B are governed by growth and mortality terms (Eq. (1a)).288

The dynamics of relative soil-water content S are dictated by a water-balance equation55, whose input289

is precipitation and whose outputs are drainage to deeper soil layers and evapotranspiration, while tree-290

root processes can function as both inputs and outputs depending on direction of water flow.(Eq. (1b)).291

Herb biomass and water are averaged over the horizontal dimensions, and water is averaged over the292

active soil depth nzr, following a traditional bucket-model approach56.293

The functions fa(d), fk(B), fe(d), fr(S, d) are modular components of the model that can be turned on294

or off, either when switching between model variants or when testing the impact of different limiting295

factors. The features that are common to all realizations of the model are: (i): Herb biomass growth296

rate is linearly dependent on soil water content S (when the carrying capcity term is negligible). (ii)297

Herb biomass mortality rate is proportional to biomass. (iii) Evapotranspiration is down-regulated by298

soil moisture availability, following a linear β function of S 57;58, and is proportional to herb biomass299

density. (iv) Drainage is modeled by a highly nonlinear function of soil moisture59, commonly used in300

ecohydrological modeling60. (v) The logistic growth term fk(B) = 1−B/k was used throughout this301

paper and was only turned off (fk(B) = 1) in Supplementary Sections S1 and S8, where we studied302

the effects of removing additional limiting growth-limiting factors beyond water and light. (vi) All303

the model parameters (Table 1) are constant. In particular, precipitation rate p is understood as the304

total precipitation of the growing season divided by its duration; it is reported in mmy−1 instead of305

mmd−1 throughout the paper to enhance interpretability.306

Our model belongs to the family of coupled soil moisture and biomass models developed for307

other purposes61–63. The key difference is that many earlier models treated biomass growth and308

evapotranspiration as the same function scaled by a constant conversion factor, water use efficiency,309

defined as water loss per unit carbon assimilation. Here, both processes depend on moisture, biomass,310

and tree density, but they have different functional forms, so water use efficiency varies across311

environments. This follows from the fact that shading can affect evapotranspiration and assimilation312

differently (Fig. 1a). In addition, relative biomass growth declines with size through the logistic term,313

whereas evapotranspiration remains proportional to biomass. These assumptions are both biologically314

plausible and necessary for the mechanisms we study: if water use efficiency were constant across315

shading levels, the trivial pattern where partial shade is beneficial but heavy shade is detrimental316

could not arise.317

Below, we discuss in more detail the two main mechanisms employed in this paper.318

Canopy mechanism319

Shading affects both plant growth, by reducing light availability and thus photosynthesis, and320

transpiration, by lowering temperature and radiation levels, which helps retain soil moisture and321

improve water availability for herbs. When the shading mechanism is “on”, the root mechanism is322

disabled by setting fh(S, d) = 0, implying a complete partitioning of the soil into two distinct niches,323

the top available for herbs only, and deeper layers accessible to trees only.324

Biomass growth is down-regulated by shading via fa(d), while evapotranspiration is down-regulated325

via fe(d). The shading functions are fj(d) = (1 − d)βj , where j = {a, e}. Figure 1a shows the326

nonlinear decline of these functions with tree density. A necessary condition for facilitation is βe > βa;327

assimilation is therefore less inhibited by shade than transpiration.328
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Root mechanism329

Trees can influence herbs access to water in two ways: they can lift water from deeper layers into330

the herbs rooting zone when surface soil is dry (facilitation), and they can uptake water from that331

zone (competition). The combined effects of hydraulic lift and tree water uptake is described by the332

function fr(S, d). When the root mechanism is “on”, the shading mechanism is disabled by setting333

fa(d) = fe(d) = 1. The expression for the root function reads:334

fr(S, d) = d [λ1 + φ max(0, S − Sh)− φ max(0, S − Sfc)] , (2)

where the slope φ = (λfc − λh)/(Sfc − Sh). For S smaller than the hygroscopic point Sh, the upper335

soil is too dry for tree roots to uptake water, and hydraulic lift reaches its maximum ability to bring336

water from deeper soil layers to the topsoil (λh). For S greater than the field capacity Sfc, trees cease337

to benefit from increasing soil water content, and uptake water at a rate λfc. Between Sh and Sfc, the338

root function varies linearly between λh and λfc. Regardless of soil water content, the root function339

depends linearly on tree density d. Figure 1b shows the function fr in the range Sh < S < Sfc, for340

zero tree density (d = 0) and maximal tree density (d = 1).341

4.1 Numerical solutions342

Numerical analyses were performed with Python 3.12, using the libraries NumPy 2.0 and SciPy 1.13.343

Steady-state solutions (dB/dt = dS/dt = 0) were obtained by finding the roots of the right-hand side of344

Eqs. (1) with scipy.optimize.fsolve, using random starting estimates for the roots (0.5 < B < 1.5 kgm−2
345

and 0.5 < S < 0.6). A root is accepted when B > 0.01 kgm−2 and 0 < S < 1; if these criteria are346

not met, a new set of random starting estimates is chosen. This procedure is repeated up to 10347

times, after which the steady-state solutions are estimated by numerically integrating Eqs. (1) with348

scipy.integrate.solve ivp (stiff solver, default tolerances) up to a final time of 10 thousand days, and349

the final configuration is taken as the steady-state solutions.350

4.2 Code Availability351

The code to run the model can be found in the following Zenodo repository352

https://doi.org/10.5281/zenodo.17641468.353

4.3 Model Parameters354

The model variables and parameters are summarized in Table 1. The specific parameter values (or355

their ranges) were chosen from typical values found in the literature.356
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Table 1: Variables and parameters with typical value ranges.

Variables

Symbol Units Values Description

B gm−2 0–1000 Herb biomass density

S — 0–1 Relative soil water content

Parameters

a d−1 0.05 Assimilation rate

βa — 1/3 Shading function exponent

βe — 4 Shading function exponent

k gm−2 1000 Carrying capacity

m d−1 0.01 Mortality rate

p mmy−1 0–600 Precipitation rate

e0 mmd−1/gm−2 0.005 Max evapotranspiration rate per unit biomass density

qsat mmd−1 800 Saturated hydraulic conductivity

γ — 10 Deep infiltration exponent

n — 0.4 Soil porosity

zr mm 300 Herb rooting depth

d — 0–1 Woody plant density

Sh — 0.3 Hygroscopic point

Sfc — 0.6 Field capacity

λh mmd−1 −2 Max tree water provision

λfc mmd−1 10 Max tree water usage

Note. Variable B range derived from Mussery et al. 64 . Variable S range and parameters qsat, γ, n,
zr, Sh, Sfc derived from Rodriguez-Iturbe et al. 60 . Parameter a derived from James and
Drenovsky 65 . The ratio between βa and βe is derived from Pons et al. 66 . Parameter p range derived
form Huang et al. 67 . Parameter λfc is derived from Shiferaw et al. 68 . Parameter e0 is derived from
Allen et al. 69 ; Garnier et al. 70 .
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Filella, and Josep Peñuelas. Aspect matters: Unraveling microclimate impacts on mountain528

greenness and greening. Geophysical Research Letters, 50(24):e2023GL105879, 2023. doi: 10.529

1029/2023GL105879. URL https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/530

2023GL105879.531

[46] J. Widmer, B. Christ, J. Grenz, and L. Norgrove. Agrivoltaics, a promising new tool for532

electricity and food production: A systematic review. Renewable and Sustainable Energy Reviews,533

192:114277, 2024. ISSN 1364-0321. doi: https://doi.org/10.1016/j.rser.2023.114277. URL534

https://www.sciencedirect.com/science/article/pii/S1364032123011358.535

[47] Katia Tielbörger and Ronen Kadmon. Temporal environmental variation tips the balance between536

facilitation and interference in desert plants. Ecology, 81:1544–1553, 06 2000. doi: 10.2307/177305.537

[48] Aristides Moustakas, William E. Kunin, Tom C. Cameron, and Mahesh Sankaran. Facilitation538

or competition? tree effects on grass biomass across a precipitation gradient. PLoS ONE, 8(2):539

e57025, 2013. doi: 10.1371/journal.pone.0057025.540

18

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 25, 2025. ; https://doi.org/10.1101/2025.11.24.690218doi: bioRxiv preprint 

https://onlinelibrary.wiley.com/doi/abs/10.1002/ece3.1770
https://onlinelibrary.wiley.com/doi/abs/10.1002/ece3.1770
https://onlinelibrary.wiley.com/doi/abs/10.1002/ece3.1770
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2435.12592
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2435.12592
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2435.12592
https://www.nature.com/articles/s41467-017-02147-2
https://www.nature.com/articles/s41586-022-05383-9
https://www.nature.com/articles/s41586-022-05383-9
https://www.nature.com/articles/s41586-022-05383-9
https://www.nature.com/articles/s41467-024-46355-z
https://www.nature.com/articles/s41467-024-46355-z
https://www.nature.com/articles/s41467-024-46355-z
https://www.nature.com/articles/s41467-025-57984-3
https://esajournals.onlinelibrary.wiley.com/doi/10.2307/1943593
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2023GL105879
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2023GL105879
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2023GL105879
https://www.sciencedirect.com/science/article/pii/S1364032123011358
https://doi.org/10.1101/2025.11.24.690218
http://creativecommons.org/licenses/by-nc-nd/4.0/
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[55] Ignacio Rodŕıguez-Iturbe and Amilcare Porporato. Ecohydrology of Water-Controlled Ecosystems:564

Soil Moisture and Plant Dynamics. Cambridge University Press, January 2004. ISBN 978-0-521-565

81943-5. doi: 10.1017/CBO9780511535727.566

[56] Andrew J. Guswa, M. A. Celia, and I. Rodriguez-Iturbe. Models of soil moisture dynamics in567

ecohydrology: A comparative study. Water Resources Research, 38(9):5–1–5–15, 2002. ISSN568

1944-7973. doi: 10.1029/2001WR000826.569

[57] Thomas L. Powell, David R. Galbraith, Bradley O. Christoffersen, Anna Harper, Hewlley M. A.570

Imbuzeiro, Lucy Rowland, Samuel Almeida, Paulo M. Brando, Antonio Carlos Lola da Costa, et al.571

Confronting model predictions of carbon fluxes with measurements of amazon forests subjected572

to experimental drought. New Phytologist, 200(2):350–365, 2013. doi: 10.1111/nph.12390. URL573

https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.12390.574

[58] Jean V. Wilkening, Xue Feng, Todd E. Dawson, and Sally E. Thompson. Different roads,575

same destination: The shared future of plant ecophysiology and ecohydrology. Plant, Cell &576

Environment, 47(9):3447–3465, 2024. doi: 10.1111/pce.14937. URL https://onlinelibrary.577

wiley.com/doi/10.1111/pce.14937.578

[59] Roger B. Clapp and George M. Hornberger. Empirical equations for some soil hydraulic properties.579

Water Resources Research, 14(4):601–604, 1978. doi: 10.1029/WR014i004p00601.580

[60] I. Rodriguez-Iturbe, A. Porporato, F. Laio, and L. Ridolfi. Plants in water-controlled ecosystems:581

Active role in hydrologic processes and response to water stress: I. Scope and general outline.582

Advances in Water Resources, 24(7):695–705, 2001. ISSN 0309-1708. doi: 10.1016/S0309-1708(01)583

00004-5.584

19

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 25, 2025. ; https://doi.org/10.1101/2025.11.24.690218doi: bioRxiv preprint 

https://www.nature.com/articles/s41467-024-45272-5
https://www.nature.com/articles/s41559-022-01779-y
https://www.pnas.org/doi/10.1073/pnas.2309881120
https://doi.org/10.1038/s41467-025-56517-2
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.12390
https://onlinelibrary.wiley.com/doi/10.1111/pce.14937
https://onlinelibrary.wiley.com/doi/10.1111/pce.14937
https://onlinelibrary.wiley.com/doi/10.1111/pce.14937
https://doi.org/10.1101/2025.11.24.690218
http://creativecommons.org/licenses/by-nc-nd/4.0/


[61] Christopher A Klausmeier. Regular and irregular patterns in semiarid vegetation. Science, 284585

(5421):1826–1828, 1999.586

[62] Erez Gilad, Jost Von Hardenberg, Antonello Provenzale, Moshe Shachak, and Ehud Meron.587

Ecosystem engineers: from pattern formation to habitat creation. Physical Review Letters, 93588

(9):098105, 2004.589

[63] Benjamin E Schaffer, Jan M Nordbotten, and Ignacio Rodriguez-Iturbe. Plant biomass and soil590

moisture dynamics: Analytical results. Proceedings of the Royal Society A: Mathematical, Physical591

and Engineering Sciences, 471(2183):20150179, 2015.592

[64] Amir Mussery, David Helman, Stefan Leu, and Arie Budovsky. Modeling herbaceous productivity593

considering tree-grass interactions in drylands savannah: The case study of yatir farm in the negev594

drylands. Journal of Arid Environments, 124:160–164, 2016. doi: 10.1016/j.jaridenv.2015.08.013.595

[65] Jeremy J James and Rebecca E Drenovsky. A basis for relative growth rate differences between596

native and invasive forb seedlings. Rangeland ecology & management, 60(4):395–400, 2007.597

[66] Thijs L. Pons, Wilco Jordi, and Daan Kuiper. Acclimation of plants to light gradients in598

leaf canopies: evidence for a possible role for cytokinins transported in the transpiration599

stream. Journal of Experimental Botany, 52(360):1563–1574, 07 2001. ISSN 0022-0957. doi:600

10.1093/jexbot/52.360.1563. URL https://doi.org/10.1093/jexbot/52.360.1563.601

[67] Jianping Huang, Haipeng Yu, Aiguo Dai, Yun Wei, and Litai Kang. Drylands face potential threat602

under 2 c global warming target. Nature Climate Change, 7(6):417–422, 2017.603

[68] Hailu Shiferaw, Tena Alamirew, Sebinasi Dzikiti, Woldeamlak Bewket, Gete Zeleke, and Urs604

Schaffner. Water use of prosopis juliflora and its impacts on catchment water budget and605

rural livelihoods in afar region, ethiopia. Scientific Reports, 11(2688), 2021. doi: 10.1038/606

s41598-021-81776-6. URL https://www.nature.com/articles/s41598-021-81776-6.607

[69] Richard G Allen, Luis S Pereira, Dirk Raes, Martin Smith, et al. Crop evapotranspiration-608

guidelines for computing crop water requirements-fao irrigation and drainage paper 56. Fao,609

Rome, 300(9):D05109, 1998.610

[70] Eric Garnier, Marie-Laure Navas, and Karl Grigulis. Plant functional diversity: organism traits,611

community structure, and ecosystem properties. Oxford University Press, 2016.612

20

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 25, 2025. ; https://doi.org/10.1101/2025.11.24.690218doi: bioRxiv preprint 

https://doi.org/10.1093/jexbot/52.360.1563
https://www.nature.com/articles/s41598-021-81776-6
https://doi.org/10.1101/2025.11.24.690218
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplementary Information613

S1 Role of carrying capacity in the SGH patterns614

We explore here the model results for each of the two mechanisms in the case where the logistic growth615

term is rendered inactive. This is achieved by taking the carrying capacity k → ∞, which makes616

fk(B) = (1−B/k) → 1. We can now find analytical expressions for the steady-state solutions of the617

model described in Equations (1) in the main paper. The nontrivial (B ̸= 0) steady-state solutions618

(B⋆, S⋆) read:619

S⋆ =
m

afa(d)
(S1a)

B⋆ =
p− fr(S

⋆, d)− qs (S
⋆)

γ

e0fe(d)S⋆
(S1b)

620

These solutions are a typical instance of the R-star rule 1 and from them we can express two important621

features:622

1. The steady-state resource level S⋆ (generally called R⋆ in consumer-resource modeling, therefore623

the name of the rule) is independent of the resource supply rate, p.624

2. The nontrivial (B ̸= 0) steady-state consumer level B⋆ is linear in the resource input rate, p.625

Figure S1 shows the steady-state biomass B⋆ (top panels) and relative soil water content S⋆ (bottom626

panels). The left and right columns correspond to the shading mechanism and the root mechanism,627

respectively. A careful examination of the steady-state solutions (S1) teaches us that:628

• For the shading mechanism, 0 ≤ fe(d) < fa(d) < 1 for any d > 0 (see inset in Fig. S1c). From629

these facts it follows that the linear function for the positive tree-density solution (B⋆(p, d > 0))630

has a higher slope and a lower intercept2 than the no-tree solution (B⋆(p, d = 0)). Because of its631

lower intercept, the positive density solution surpasses the zero-tree density solution from below632

(lower B). This means that eliminating the logistic growth term from the model reverses the633

order of the transition described by the SGH: we have competition for p below the transition634

point, and facilitation for p above that point. Furthermore, for the parameter values we used635

here, the transition point occurs at extremely low values of p and B. Looking from ‘farther636

away’, the interactions appear facilitative for most of the precipitation gradient (Fig. S1a).637

• For the root mechanism, two straight-line solutions B⋆ always have the same slope, regardless638

of their d value, and therefore never intersect. The root mechanism can be either facilitative or639

competitive, depending on the soil water content (see inset in Fig. S1d). Figure S1b shows a640

scenario where the interaction is always facilitative. By changing the model parameters m, a, d641

(see Eq. S1a), one can also find higher soil water content levels that always yield competitive642

interactions.643

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/ed)(m/a)γ−1, whereas for d > 0 it is ωd = ω0(1/fe(d))(1/f

γ−1
a (d)).

Since fa(d), fe(d) < 0 and γ > 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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The arguments above demonstrate that, whenever tree density is constant, the introduction of an644

additional growth-limiting factor that strengthens with increasing precipitationis a necessary645

condition for the emergence of the transition described by the SGH.646
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Figure S1: Steady-state biomass (panels a,b) and soil water content (panels c,d) solutions as functions
of precipitation. The left column corresponds to the shading 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.

S2 Interaction intensity647

As a rule, trees facilitate herb growth when their density is low and the system is under water stress648

(low p). Competition over water arises at high tree density values and under low water stress. Focusing649

on the canopy mechanism, Figure S2 shows that in the (p, d) parameter space, the boundary between650

facilitation and competition (solid black curve) follows a negative relation: as precipitation increases,651

a lower tree density is sufficient to shift the balance from facilitation to competition. This border is652

the same for both interaction intensities definitions, since zero interaction intensity means that the653

biomass solution with tree density (BT ) equals the biomass solution with no tree density (B0). The654

area hatched in black at the top of both panels, where tree density is very high, indicates the region655

in the parameter space where there are only trivial (B = 0) vegetated solutions.656
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Figure S2: 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. Purple shades indicate facilitation (positive values) and orange shades 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, we can get unimodal curves when using the absolute interaction intensity. The657

dashed black curve in Fig. S2a shows the location of the local maxima in the (p, d) parameter space.658

To the left of this curve, the interaction intensity is positive and increases with precipitation. Once659

we cross this curve (from left to right), interaction intensity is still positive, but it decreases with660

precipitation. This ridge-like curve disappears when we use the relative interaction intensity instead:661

there is only monotonic decrease with precipitation.662

S3 A deeper look into the model663

In order to find useful ways of thinking about the model, we perform a non-dimensionalization of the664

equations. For our purposes, it makes more sense to describe the second equation as the rate of change665

of absolute soil water content W = nzrS, instead of the equivalent nzr dS/dt as shown in Eq. (1).666

Since the active soil layer nzr has length dimension (zr is the depth of the herb rooting zone, while the667

porosity n is non-dimensional), absolute soil water content W is also a length (it is commonly called668

soil water depth). Finally, we note that 1 mm of water is equivalent to 1 Lm−2, so reporting W as669
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length is the same as volume per unit area. The full model equations now read:670

dB

dt
= a fa(d)

(
1− B

k

)
B S −mB (S2a)

dW

dt
= p− qsS

γ − e0 fe(d)B S − fr(S, d). (S2b)

671

The independent and dependent variables of this dynamical system have the following dimensions:672

Quantity symbol dimension units
Biomass density B density ρ kgm−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.673

(Here we treat nzr as a single parameter.) The parameter λ appears inside the function fr(S, d). All of674

these parameters have dimensions that derive from the three basic ones shown in the table. According675

to Buckingham’s Π Theorem, when performing non-dimensionalization of the equations, the number of676

independent dimensionless groups is equal to the number of dimensional parameters minus the number677

of fundamental dimensions. Since we have 8 dimensional parameters and 3 fundamental dimensions678

(biomass density, length, and time), we obtain 8−3 = 5. In simple terms, although the model contains679

eight dimensional parameters, its behavior can be fully captured by just five independent dimensionless680

combinations.681

We start now the non-dimensionalization process by defining the following new non-dimensional682

variables:683

non-dimensional biomass b̃ = B/ξ1 (S3a)

non-dimensional time t̃ =
t

ξ2
. (S3b)

non-dimensional water S =
W

ξ3
. (S3c)

684

We have many choices for ξ1, ξ2, ξ3. A suitable choice here is685

ξ1 =
1

e0/a
(S4a)

ξ2 =
1

a
(S4b)

ξ3 = nzr. (S4c)

686

Substituting Eqs. (S3) and (S4) into Eqs. (S2) yields the non-dimensional dynamical system:687

db̃

dt̃
= fa(d)

(
1− b̃

k̃

)
b̃ S − m̃ b̃ (S5a)

dS

dt̃
= p̃− q̃sS

γ − fe(d)b̃S − f̃r(S, d). (S5b)
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As we can see, this choice of ξ1, ξ2, ξ3 leaves us a non-dimensional system, where every single variable,688

parameter, term or function is dimensionless. For this specific choice of ξ scaling factors, we have a689

system with unity growth rate and unity maximum evapotranspiration rate.690

The non-dimensional parameters (Π parameters) for the equations above are:691

non-dimensional herb growth rate ,Π1 m̃ =
m

a
(S6a)

non-dimensional carrying capacity ,Π2 k̃ = (e0/a)k (S6b)

non-dimensional precipitation rate ,Π3 p̃ =
p

anzr
(S6c)

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

anzr
(S6d)

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

anzr
(S6e)

692

This exercise is instrumental in shedding light on the impact of various model parameters on its693

behavior:694

• The active soil layer nzr (mm), where n is soil porosity (dimensionless) and zr is the rooting695

depth of herbs (mm), sets the maximum volume of water that can be stored and made available696

to herbs. As Eqs. (1) indicate, nzr can only impact the transient dynamics of (B,S), never their697

steady-state solutions. Of course, due to the third conversion in Eq. (S3), nzr rescales S into698

W = nzrS.699

• The denominator anzr represents a characteristic water throughput, where a sets the700

characteristic timescale and nzr is the volume of water per unit area (1 mm = 1 L mm−2). It sets701

the scale for precipitation, drainage, and root uptake/uplift (p̃, q̃s, λ̃): higher values correspond702

to processes faster than the characteristic resource throughput in the system.703

• The ratio e0/a naturally emerges as a water-use efficiency, converting herb water uptake into704

biomass production. In fact, when tree density is zero (d = 0) and herb biomass is low (so that705

1 − b̃/k̃ ≈ 1), the evapotranspiration loss term in Eq. (S5b) is identical to the biomass growth706

term in Eq. (S5a). This symmetry highlights the direct coupling of growth and water loss. The707

conversion dictated by (S3a) means that whatever the non-dimensional steady state b̃ one gets708

by solving Eqs. (S5), we divide it by the water-use efficiency e0/a to get the dimensional biomass709

B.710

• The typical growth timescale 1/a acts as a fundamental clock for all other remaining parameters711

(see (S6)).712

• k̃ shows how the dimensional carrying capacity k is rescaled by water-use efficiency e0/a. A713

system with a large k but low water-use efficiency is effectively constrained, while high water-use714

efficiency inflates the effective carrying capacity.715

S4 Transient dynamics716

The typical timescale for the dynamics of herb biomass (B) is comparable to the length of the growing717

season used in this study, 180 days. Figure S3 shows the time dynamics (left column) and phase space718

(right column) for three precipitation levels (p = {150, 300, 600} mm year−1) and three tree conditions:719

no tree (d = 0, top row), shading mechanism (d = 0.3, middle row), and root mechanism (d = 0.3,720
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bottom row). Linear stability analysis of the numerically found steady-state solutions (hollow circles)721

reveals them to be stable nodes (real and negative eigenvalues).722
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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, shading 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 0.1 to 0.8, with 0.1 increments. Hollow circles denote the value of the solution with
initial condition (B = 0.4, S = 0.2) at time 500 days.

Crucially, the facilitation–to–competition switch persists when we examine transient dynamics, not723

only steady-state outcomes. In Fig. S4, we compare the steady-state pattern (panel a) with solutions724

obtained by integrating Eq. (1) for 180 days (panel b). The qualitative result is the same in725

both cases, with positive tree effects at low precipitation and negative effects at high precipitation.726

Temporal dynamics, however, alter the details: the magnitude of facilitation and competition, and the727
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precipitation at which the switch occurs, differ between transient and steady-state results.728
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Figure S4: The transition from facilitation to competition, for steady-state solutions (panel a), and
for transient solutions after 180 days (panel b). The initial conditions for the transient solutions 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.

S5 A gradient of evaporative demand729

Here, we demonstrate that our model can produce a transition from facilitation to competition, not730

only along a precipitation gradient but also across an evaporative demand gradient ( Figure S5)731
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Figure S5: 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).

S6 Choosing the Right Resource Metric for the SGH732

The Stress Gradient Hypothesis (SGH) predicts a shift from facilitation to competition as a resource733

increases. A critical question is which resource metric to use: resource supply rate (like precipitation)734

or resource abundance (like soil water content). We demonstrate here that the resource supply rate is735

the appropriate metric for assessing the SGH.736

When we analyze our model using precipitation as the control parameter (x-axis in a B vs. p plot), the737

results clearly demonstrate the SGH pattern. For both the shading and root mechanisms, we observe738

a transition from positive to negative tree-herb interactions as precipitation increases, mirroring field739

observations.740

In contrast, if we use soil water content as the resource metric, the SGH pattern vanishes. Figure S6741

shows the same herb biomass solutions as Figure 2, but plotted against soil water content.742
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Figure S6: 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 Eq. (1a) to zero and solving for743

B:744

Shading mechanism: B⋆(S) = k

(
1− m

aSfa(d)

)
(S7a)

root mechanism: B⋆(S) = k
(
1− m

aS

)
(S7b)

From these solutions we learn:745

• Shading mechanism: Because fa(d > 0) < fa(d = 0), the steady-state herb biomass with746

trees (BT ) is always lower than the biomass without trees (B0). Trees always reduce light, which747

directly suppresses herb growth. Because the facilitative effect of water conservation is no longer748

a factor, the interaction intensity is always negative (competitive).749

• Root mechanism: Herb biomass becomes completely independent of tree density (it lacks the750

variable d). Trees influence herbs solely by altering soil water levels, so if that level is fixed, the751

trees have no effect. The interaction intensity is always zero.752

This result, that the SGH pattern disappears when using soil water content as the metric, occurs for a753

fundamental reason: soil water content, unlike precipitation, is an intrinsic property of the ecosystem,754

not an external force. It is the result of multiple processes such as rainfall, evapotranspiration,755

drainage, etc; all of which interact with the tree’s presence to determine the final soil water content.756

By holding soil water constant, we are artificially decoupling the very mechanisms that create the757

SGH pattern. Therefore, using resource abundance (soil water content) as the metric of stress renders758

the SGH meaningless within this mechanistic framework, as it nullifies the resource component in our759

consumer-resource model.760
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The resource supply rate (precipitation) is the external driver of the system’s state, making it the761

correct measure of abiotic stress for a resource-based SGH. It allows us to capture the full interplay of762

facilitative and competitive forces that are the core of the hypothesis.763

S7 Logistic growth extension: nutrient-limited growth764

To justify our choice of introducing a limiting factor to herb growth as a logistic term, we do the765

exercise of explicitly introducing a new essential resource, a nutrient N . Our model can be extended766

to include the nutrient dynamics as follows:767

dB

dt
= a fa(d)BN S −mB (S8a)

nzr
dS

dt
= p− e0 fe(d)B S − fr(S, d)− qsS

γ (S8b)

dN

dt
= Nin − µNB − νN. (S8c)

The first equation, (S8a), describes the herb biomass dynamics, where we have replaced our original768

logistic term fk(B) with a nutrient term, N . Equation (S8c) describes the nutrient’s dynamics, where769

it is introduced at a constant rate Nin, consumed by herbs (at a rate proportional to both herb biomass770

and nutrient availability, µNB), and lost from the system at a rate proportional to its own abundance,771

νN .772

We now assume that the nutrient dynamics are much faster than those of the herb biomass (B) and773

soil water (S). We can therefore perform an adiabatic elimination by setting the rate of change of the774

nutrient to zero to find its quasi-steady-state:775

0 = Nin − µNB − νN (S9a)

=⇒ N⋆ =
Nin

ν

1
µ
νB + 1

, (S9b)

whereN⋆ denotes the quasi-steady-state nutrient concentration. SubstitutingN⋆ into the herb biomass776

equation (S8a) gives:777

dB

dt
= a

Nin

ν
fa(d)B

(
1

µ
νB + 1

)
S −mB. (S10)

The term in the parenthesis acts as a saturating function of B. When herb biomass is low, the term778

is close to one, and as biomass increases, the function decreases, effectively slowing the growth rate.779

This plays the same role as the logistic term we assumed in the main text.780

To derive the exact logistic form, we can make an additional assumption. If we assume that the781

herbs are highly inefficient at consuming the nutrient relative to its decay rate (µ ≪ ν), we can use a782

first-order Taylor series expansion:783

1
µ
νB + 1

≈ 1− µ

ν
B. (S11)

Substituting this approximation into the herb biomass equation now reveals a classic logistic term:784

dB

dt
= a

Nin

ν
fa(d)B

(
1− B

k

)
S −mB, (S12)

where the carrying capacity can be identified with k = ν/µ. If the factor Nin/ν is then incorporated785

into a, we get exactly Equation (1a) in the main text.786
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S8 Tree density dependent on precipitation787

The arguments in Supplementary Section S1 stated that there can be no SGH transition in the absence788

of a carrying capacity term for constant tree density. This picture changes if instead we allow for789

precipitation-dependent tree density (as observed in many systems). Higher precipitation supports790

greater tree density, which, in turn, exerts a stronger shading impact on herbaceous species. We791

consider here two distinct functional forms of d(p):792

d(p) = min
( p

1000
, 1
)

(S13a)

d(p) =
p

300 + p
. (S13b)

While the model internally uses p in mmd−1, we present the equations d(p) in mmy−1 for simplicity793

and practical relevance.794

Figure S7a illustrates the transition from facilitation to competition for these two functional forms.795

Figure S7b shows the absolute interaction intensity in the (p, d) plane, and helps us interpret the796

graph on the top. When a dark curve in the bottom panel crosses the border between facilitation797

and competition, we see in the top panel that the dark curves cross the no-tree solution. For higher798

values of d, when the dark curves in the bottom panel cross into the no-viable-biomass zone, we also799

see a collapse of the vegetated solutions in the top panel. Finally, Fig. S7b helps us understand, from800

another point of view, why there cannot be a transition from facilitation to competition in the case801

of no carrying capacity and constant tree density, as previously discussed. Constant density solutions802

(see for example the dotted line at d = 0.2) always cross from competition to facilitation as p increases,803

never the other way around. By changing tree density from a constant value to increasing functions of804

precipitation, as depicted by the solid dark lines, one can get the usual transition pattern of the SGH.805
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Figure S7: The Precipitation-Dependent Tree density Mechanism produces the SGH
transition even without a carrying capacity term. Panel a: Steady-state herb biomass solutions
(Eq. (S1b)) 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.

S9 Infiltration806

The infiltration mechanism is a variation of the canopy mechanism. In both, canopy shading807

reduces herb assimilation through fa(d); here, however, the facilitative pathway is not a reduction808

in evapotranspiration but an increase in effective infiltration as tree density rises. The model therefore809

keeps the growth-side shading term and replaces the rainfall input with an infiltrated input p fi(d):810

dB

dt
= a fa(d)

(
1− B

k

)
B S − mB, (S14a)

nzr
dS

dt
= p fi(d) − qs S

γ − e0 B S, (S14b)
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The infiltration factor fi(d) follows
2:811

fi(d) =
d+ i0 δ

d+ δ
, (S15)

so that fi(0) = i0 (minimum infiltration without trees) and fi(d) → 1 as d increases; see Fig. S8a.812

The parameter δ sets the density scale at which fi is midway between i0 and 1. Figure S8b shows the813

SGH transition for the infiltration mechanism.814

This relationship captures the idea that canopy shading can suppress biological soil crusts (biocrusts),815

which often form a hardened surface layer that reduces infiltration. As tree density increases, shading816

limits biocrust activity and allows more water to infiltrate into the soil, thereby increasing the effective817

water supply to herbs.818
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Figure S8: Infiltration mechanism as a canopy variant. (a) The infiltration factor fi(d) increases
from i0 at d = 0 toward 1 as tree density rises (δ controls the transition scale). (b) The utransition
from facilitation to competition can be obtained from the infiltration mechanism.
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