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Appendix 1. Supporting information. 

Figure S1. Location of the 304 plots at the 92 experimental sites surveyed. Background colors represent 

aridity index for drylands (areas with an aridity index (mean annual precipitation/potential 

evapotranspiration) lower than 0.65). Pictures illustrate the structural and compositional diversity of 

vegetation captured by our survey.  



Figure S2. Whittaker biomes plot showing the different biomes surveyed in this study. The color of 

the symbols indicates values of relative woody cover across the plots and biomes surveyed. Different 

types of symbols indicate the livestock species dominant at each plot: cattle (squares), goat (crosses), 

horse (triangles) and sheep (circles). 



Figure S3. Importance of predictors of woody (tree + shrub), tree, and shrub absolute cover. 

Importance is based on the sum of Akaike weights of all models where each predictor is present using a 

multimodel inference approach. MAP = mean annual precipitation; PCV = precipitation seasonality, PWQ 

= % precipitation at warmest quarter, MAT = mean annual temperature, WHC soil water holding capacity, 

GRAZ = grazing pressure, LS = dominant livestock species, HR = herbivore richness, and FIRE = fire 

occurrence during the 2001-2019 period. Values of R2
m= marginal R2 and R2

c = conditional R2, correspond 

to the lowest AIC models for each response variable. 



Figure S4. Predicted values of tree cover for the different grazing pressure levels evaluated along the 

precipitation gradient surveyed. Confidence intervals bands are shown only for Ungrazed and High 

grazing pressure to smooth visualization



Table S1. Explanatory variables for relative woody cover used in this study, range of values found in 

this study, rationale for including them and references. 

Predictor 

set 
Variables Range of values Rationale References 

Climate 

Mean annual 

precipitation (MAP) 
29 - 891 (mm) 

Higher mean annual precipitation favors relative woody cover as more 

water is available at deeper soil layers 
(4, 13, 53) 

Mean annual 

temperature (MAT) 
-1.21 - 29.2 (°C)

Higher mean annual temperature increases relative woody cover in 

drylands due to increasing soil water evaporation and lower water 

availability for grasses 

(4, 53) 

Precipitation at 

warmest quarter 

(PWQ) 

0 – 82.6 (%) 

Lower water availability during growth season increases relative woody 

cover, because there would be more water availability at deeper soil 

layers 

(91, 92) 

Precipitation 

seasonality (CV) 
13.5 – 186.7 (%) 

Higher variation in water availability during the year would favor woody 

species with deep roots not relying on top soil water 
(26–30, 55) 

Soil 
Water holding capacity 

(WHC) 
10.7 – 48.7 (%) 

Coarser textures would favor woody dominance as more water is 

available at deeper soil layers 
(17, 19, 21) 

Grazing 

Grazing pressure 

(GRAZ) 

Ungrazed, low, 

moderate, high 

Higher grazing pressure increases relative woody cover, because 

livestock herbivory mainly feeds on grasses, favoring growth of woody 

species 

(4, 49) 

Livestock species (LS) 
Cattle, horse, goat, 

sheep 

Different livestock species have different dietary preferences, selectivity 

and behavior that could change woody:grass ratios. Browser species 

would decrease relative woody cover, while the opposite is expected for 

grazers. 

(42, 43, 93) 

Herbivore richness 

(HR) 
1 to 5 

Complementarity in foraging/browsing/grazing behavior could affect 

grasses, increasing relative woody cover. In this study we included 

domesticated and wild mammalian herbivores 

(94) 

Fire Fire occurrence (FIRE) 0 – 1 
Fire reduces woody cover because of negative effects on establishment 

and size growth of trees and shrubs 
(4, 29, 33) 

Interactions 

MAP:WHC - 

At lower precipitation sites, grass cover is predicted to be higher in 

coarser soils (less water retention and evaporation losses), while is 

predicted to be lower at finer soils, changing the relative woody cover. 

The opposite pattern is expected at higher precipitation sites. 

(20, 65, 66) 

MAP:GRAZ - 

Increasing grazing pressure effects on relative woody cover at low 

precipitation sites may be lower than on mesic sites, as dry site 

vegetation has functional and structural traits adapted to both drought 

and grazing. 

(47, 48) 

GRAZ:LS - 
Grazing pressure effect could depend on herbivore type because of 

differential selectivity and preference 
(36, 37, 49) 



Table S2. Characteristics of the study sites surveyed. The values of perennial plant richness, Shannon 

diversity index and the weight of dung of all herbivores (proxy of grazing pressure) represent averages 

across all plots surveyed at each site. Livestock and mammalian wild herbivore species mentioned are 

based on the feces found across all the plots for each site (see Methods). 

Site Biome Ecoregion 
Perennial 

plant richness 

Shannon 

diversity 

index 

Livestock 

species 

across plots 

Wild species 

based on feces 

found 

Dung of all 

herbivores 

(kg ha-1) 

Alikhani 
Temperate Broadleaf & 

Mixed Forests 

Caspian Hyrcanian 

mixed forests 
13 0.98 Sheep NA NA 

Andalgala 
Montane Grasslands & 

Shrublands 
High Monte 4 0.17 

Goat, Cattle, 

Horse 
NA 54.11 

Baharkish Deserts & Xeric Shrublands 
Central Persian 

desert basins 
41 2.51 Sheep NA 108.38 

Bani 

Tropical & Subtropical 

Grasslands, Savannas & 

Shrublands 

West Sudanian 

savanna 
5 0.29 Sheep, Cattle NA 26.67 

Baño nuevo 
Temperate Grasslands, 

Savannas & Shrublands 
Patagonian steppe 15 1.24 

Sheep, Cattle, 

Horse 
Hare, Rhea 78.68 

Barra 

Tropical & Subtropical 

Grasslands, Savannas & 

Shrublands 

Cerrado 28 2.42 Cattle NA 49.83 

Beit Nir 
Mediterranean Forests, 

Woodlands & Scrub 

Eastern 

Mediterranean 

conifer-broadleaf 

forests 

9 1.48 Cattle Gazelle 83.48 

Big Bend 

Ranch State 

Park 

Deserts & Xeric Shrublands Chihuahuan desert 23 2.06 Cattle Rabbit 23.49 

Boyenga 

Tropical & Subtropical 

Grasslands, Savannas & 

Shrublands 

West Sudanian 

savanna 
6 0.34 Sheep NA 13.87 

Casa Nova 
Tropical & Subtropical Dry 

Broadleaf Forests 
Caatinga 17 1.76 Goat NA 184.52 

Castro Verde 
Mediterranean Forests, 

Woodlands & Scrub 

Iberian 

sclerophyllous and 

semi-deciduous 

forests 

3 0.49 Cattle NA 302.97 

CEMB Deserts & Xeric Shrublands Simpson desert 18 1.10 Cattle Camel 0.56 

Central 
Temperate Grasslands, 

Savannas & Shrublands 
Patagonian steppe 15 1.15 Sheep, Horse Rabbit, Guanaco 55.85 

CHA 
Temperate Grasslands, 

Savannas & Shrublands 

Mongolian-

Manchurian 

grassland 

37 2.04 
Sheep, Cattle, 

Horse 
NA 111.43 

CHB 
Temperate Grasslands, 

Savannas & Shrublands 

Mongolian-

Manchurian 

grassland 

34 2.14 Cattle NA 415.53 

CHC 
Temperate Grasslands, 

Savannas & Shrublands 
Daurian forest steppe 40 2.20 Cattle, Sheep NA 128.03 

Ciempozuelos 
Mediterranean Forests, 

Woodlands & Scrub 

Iberian 

sclerophyllous and 

semi-deciduous 

forests 

18 1.96 Goat Rabbit 35.00 

Claro 
Tropical & Subtropical Dry 

Broadleaf Forests 

Tumbes-Piura dry 

forests 
13 1.12 Goat, Horse NA 122.61 

CNAB Deserts & Xeric Shrublands Simpson desert 11 0.27 Cattle NA 0.07 

Companhia das 

Lezirias 

Mediterranean Forests, 

Woodlands & Scrub 

Southwest Iberian 

Mediterranean 

sclerophyllous and 

mixed forests 

5 0.34 Cattle NA 140.59 



Contenda 
Mediterranean Forests, 

Woodlands & Scrub 

Iberian 

sclerophyllous and 

semi-deciduous 

forests 

2 0.13 Sheep Deer 67.61 

Crucita Mangroves 
South American 

Pacific mangroves 
18 1.89 Cattle NA NA 

CSBB Deserts & Xeric Shrublands Simpson desert 10 0.23 Cattle Kangaroo 0.09 

Darkesh Temperate Conifer Forests 
Elburz Range forest 

steppe 
42 2.31 Sheep NA 65.33 

Ebenhaezer Deserts & Xeric Shrublands 
Kalahari xeric 

savanna 
21 1.34 Sheep 

Springbok, 

Steenbok 
123.88 

El Ouassria 
Mediterranean Forests, 

Woodlands & Scrub 

Mediterranean dry 

woodlands and 

steppe 

18 1.40 Sheep NA 60.84 

Eriopoda Deserts & Xeric Shrublands Chihuahuan desert 19 2.03 Cattle 
Rabbit, Deer, 

Rabbit 
12.87 

Etuoke 
Montane Grasslands & 

Shrublands 
Ordos Plateau steppe 11 1.34 Sheep NA 109.08 

Fowlers Deserts & Xeric Shrublands 
Tirari-Sturt stony 

desert 
15 1.70 Sheep Kangaroo 30.00 

Freixo 
Mediterranean Forests, 

Woodlands & Scrub 

Southwest Iberian 

Mediterranean 

sclerophyllous and 

mixed forests 

4 0.88 Horse NA 29.02 

Galed 
Mediterranean Forests, 

Woodlands & Scrub 

Eastern 

Mediterranean 

conifer-broadleaf 

forests 

4 0.64 Cattle NA 251.98 

Grandola 
Mediterranean Forests, 

Woodlands & Scrub 

Southwest Iberian 

Mediterranean 

sclerophyllous and 

mixed forests 

6 0.98 Cattle NA 166.99 

Guelb Fguira Deserts & Xeric Shrublands 

North Saharan Xeric 

Steppe and 

Woodland 

8 1.11 Sheep Camel 25.21 

Hassi Bahbah 
Mediterranean Forests, 

Woodlands & Scrub 

Mediterranean dry 

woodlands and 

steppe 

11 0.79 Sheep NA 98.58 

Hay 
Temperate Grasslands, 

Savannas & Shrublands 

Southeast Australia 

temperate savanna 
12 0.97 Sheep, Cattle 

Kangaroo, 

Rabbit 
36.85 

IBP Deserts & Xeric Shrublands Sonoran desert 20 2.13 Cattle Rabbit, Deer 31.72 

Jornada LTER Deserts & Xeric Shrublands Chihuahuan desert 16 1.84 Cattle Rabbit 445.58 

Kalama 

Tropical & Subtropical 

Grasslands, Savannas & 

Shrublands 

Northern Acacia-

Commiphora 

bushlands and 

thickets 

21 1.91 Goat Zebra, Camel 27.08 

Khabul Deserts & Xeric Shrublands 
Eastern Gobi desert 

steppe 
10 1.20 Sheep Rabbit, Camel 48.51 

Khage 
Montane Grasslands & 

Shrublands 

Kopet Dag 

woodlands and forest 

steppe 

15 1.18 Sheep NA 522.70 

Korgalzhin 
Temperate Grasslands, 

Savannas & Shrublands 
Kazakh steppe 36 1.21 Cattle Suslilks 29.64 

la Campana 
Mediterranean Forests, 

Woodlands and Scrubs 
Chilean Matorral 13 1.23 Cattle Rabbit 730.53 

La Flor Deserts & Xeric Shrublands Chihuahuan desert 4 0.63 Cattle Rabbit 65.83 

Lac du Bois Temperate Conifer Forests 
Okanogan dry 

forests 
29 2.42 Cattle Deer 161.67 



Lehwerane Deserts & Xeric Shrublands 
Kalahari xeric 

savanna 
18 1.35 Cattle, Horse 

Steenbok, 

Common Duiker, 

Red hartebeest, 

Hartebeest, 

Springbok, 

Spring hare, 

Gemsbok 

79.90 

Lichtenburg 
Montane Grasslands & 

Shrublands 
Highveld grasslands 37 2.17 Cattle Springbok NA 

Lohondor 
Temperate Broadleaf & 

Mixed Forests 

Caspian Hyrcanian 

mixed forests 
33 2.07 Sheep NA NA 

London Farm 

Tropical & Subtropical 

Grasslands, Savannas & 

Shrublands 

Central bushveld 43 2.25 Cattle Eland, Rabbit NA 

Los Pozos 
Temperate Grasslands, 

Savannas & Shrublands 
Patagonian steppe 37 2.20 Sheep NA 56.30 

Mara 

Experimental 

Farm 

Tropical & Subtropical 

Grasslands, Savannas & 

Shrublands 

Central bushveld 36 2.40 Cattle NA NA 

Mata 
Temperate Broadleaf & 

Mixed Forests 

Pannonian mixed 

forests 
23 1.42 Cattle NA 104.15 

Mhijra Deserts & Xeric Shrublands 

North Saharan Xeric 

Steppe and 

Woodland 

13 1.16 Sheep Camel 38.76 

Monfrague 
Mediterranean Forests, 

Woodlands & Scrub 

Iberian 

sclerophyllous and 

semi-deciduous 

forests 

7 1.17 Sheep Red deer 312.50 

Monsul 
Mediterranean Forests, 

Woodlands & Scrub 

Southeast Iberian 

shrubs and 

woodlands 

22 1.58 Sheep, Goat NA 31.73 

Mostaza 
Tropical & Subtropical 

Moist Broadleaf Forests 

Eastern Cordillera 

Real montane forests 
3 0.64 Cattle, Horse NA 39.74 

Muri Deserts & Xeric Shrublands 
Junggar Basin semi-

desert 
6 0.74 Sheep, Horse NA 147.56 

Nagyivan 
Temperate Broadleaf & 

Mixed Forests 

Pannonian mixed 

forests 
19 1.12 Cattle NA 52.74 

Natab Deserts & Xeric Shrublands Namib Desert 1 0.00 Goat Springbok 7.42 

Needles Deserts & Xeric Shrublands 
Colorado Plateau 

shrublands 
24 2.31 Cattle Rabbit 17.48 

Nyngan 
Temperate Grasslands, 

Savannas & Shrublands 

Southeast Australia 

temperate savanna 
12 0.74 Cattle, Sheep Kangaroo 57.20 

Occidental 
Temperate Grasslands, 

Savannas & Shrublands 
Patagonian steppe 12 1.75 Sheep Rabbit 85.18 

Page Deserts & Xeric Shrublands 
Colorado Plateau 

shrublands 
16 1.70 Cattle Rabbit 178.49 

Palestine 
Mediterranean Forests, 

Woodlands & Scrub 

Eastern 

Mediterranean 

conifer-broadleaf 

forests 

17 0.95 Goat NA 80.23 

Parker Deserts & Xeric Shrublands Chihuahuan desert 11 1.20 Cattle Rabbit, Deer 64.23 

Pilcaniyeu 
Temperate Grasslands, 

Savannas & Shrublands 
Patagonian steppe 23 2.12 Horse, Sheep Rabbit 87.58 

Puerto de las 

Coberteras 

Mediterranean Forests, 

Woodlands & Scrub 

Iberian conifer 

forests 
23 1.24 Sheep, Goat NA NA 

Quebrada de 

Talca 
Deserts & Xeric Shrublands Chilean Matorral 10 1.25 Goat, Horse Rabbit 302.40 

Qysylschar Deserts & Xeric Shrublands Kazakh semi-desert 27 1.56 Horse Suslilks 36.54 



Rio Colorado 
Temperate Grasslands, 

Savannas & Shrublands 
Espinal 29 2.20 Cattle Cavy, Rabbit 250.98 

Rumuruti 

Tropical & Subtropical 

Grasslands, Savannas & 

Shrublands 

Northern Acacia-

Commiphora 

bushlands and 

thickets 

52 2.31 Sheep Rabbit 2.42 

Sair Deserts & Xeric Shrublands 
Eastern Gobi desert 

steppe 
6 0.55 Sheep Rabbit, Camel 34.62 

San Martin 
Mediterranean Forests, 

Woodlands & Scrub 

Iberian 

sclerophyllous and 

semi-deciduous 

forests 

10 1.22 Goat 
Roe Deer, Red 

deer, Rabbit 
80.12 

San Nicolas 

Tropical & Subtropical 

Grasslands, Savannas & 

Shrublands 

Dry Chaco 33 2.61 Cattle, Horse NA 14.83 

San Ramon 
Temperate Grasslands, 

Savannas & Shrublands 
Patagonian steppe 22 1.33 

Horse, Sheep, 

Cattle 
Guanaco 938.35 

Sandveld Deserts & Xeric Shrublands 
Kalahari xeric 

savanna 
48 2.67 Cattle 

Common Duiker, 

Warthog, Greater 

kudu, Spring 

hare 

4.09 

Sayeret Shaked Deserts & Xeric Shrublands 
Mesopotamian shrub 

desert 
6 0.80 Sheep NA 21.00 

Shand Deserts & Xeric Shrublands 
Eastern Gobi desert 

steppe 
12 1.02 Sheep Camel, Rabbit 34.35 

Subandine 
Temperate Grasslands, 

Savannas & Shrublands 
Patagonian steppe 30 1.51 Sheep Rabbit 145.28 

Syferkuil 

Tropical & Subtropical 

Grasslands, Savannas & 

Shrublands 

Central bushveld 47 2.43 Cattle NA NA 

Talap Deserts & Xeric Shrublands Kazakh semi-desert 12 0.85 Horse Suslilks 40.55 

Tamou 

Tropical & Subtropical 

Grasslands, Savannas & 

Shrublands 

West Sudanian 

savanna 
5 0.59 Sheep Camel 30.27 

Tierberg Deserts & Xeric Shrublands 
Nama Karoo 

shrublands 
27 2.14 Sheep Common Duiker 242.00 

Valcheta 
Temperate Grasslands, 

Savannas & Shrublands 
Low Monte 20 1.99 Cattle Rabbit 219.97 

Verdelecho 
Mediterranean Forests, 

Woodlands & Scrub 

Iberian 

sclerophyllous and 

semi-deciduous 

forests 

9 1.22 Goat, Sheep Rabbit 27.99 

Viljoenskroon Deserts & Xeric Shrublands 
Kalahari xeric 

savanna 
10 1.35 Sheep 

Lepus saxatilis, 

Pedetes capensis, 

Hystrix 

africaeaustralis 

78.47 

Wheatlands Deserts & Xeric Shrublands 
Nama Karoo 

shrublands 
39 2.51 Goat Common Duiker 211.08 

Wuxing 
Montane Grasslands & 

Shrublands 
Ordos Plateau steppe 10 1.65 Sheep NA 181.56 

Xasape Deserts & Xeric Shrublands 
Kalahari xeric 

savanna 
28 1.99 Cattle 

Hartebeest, 

Common duiker, 

Spring hare, 

Steenbok, Red 

hartebeest 

21.24 

Yuyang 
Montane Grasslands & 

Shrublands 
Ordos Plateau steppe 7 0.80 Sheep NA 88.21 

Zapotillo 
Tropical & Subtropical Dry 

Broadleaf Forests 

Tumbes-Piura dry 

forests 
8 0.70 Goat NA 346.60 



Zaragoza Arido 
Mediterranean Forests, 

Woodlands & Scrub 

Iberian 

sclerophyllous and 

semi-deciduous 

forests 

23 2.42 Sheep Rabbit 46.78 

Zaragoza 

semiarido 

Mediterranean Forests, 

Woodlands & Scrub 

Iberian 

sclerophyllous and 

semi-deciduous 

forests 

26 2.49 Sheep NA 17.83 



Table S3. Sites surveyed that experienced fire during the 2000-2019 period. Latitude and Longitude values correspond to the 

WGS84 Datum. 

Site Grazing Latitude Longitude 

CSBB Low -23.65176 138.41831 

CSBB Ungrazed -23.68172 138.43543 

Lehwerane Low -25.60113 22.26667 

Lehwerane Ungrazed -25.55868 22.24379 

Xasape High -24.25235 21.86032 

Xasape Medium -24.264 21.86169 

Xasape Low -24.29197 21.85908 

Xasape Ungrazed -24.35892 21.86228 

Qysylschar Medium 48.41341 69.57324 

Qysylschar Low 48.42521 69.58788 

Rumuruti Medium 0.21658 36.58256 

Rumuruti Low 0.21792 36.58769 

Tsamsvlei Low -24.32231 15.75855 

Syferkuil Ungrazed -23.82898 29.68705 

Lichtenburg High -26.08351 26.21385 

Lichtenburg Medium -26.08095 26.21334 

Lichtenburg Low -26.07894 26.21026 

Lichtenburg Ungrazed -26.07565 26.20792 

Mara Experimental 

Farm 

High -23.14474 29.56172 

Mara Experimental 

Farm 

Medium -23.14224 29.56416 

Mara Experimental 

Farm 

Low -23.13721 29.56275 

Mara Experimental 

Farm 

Ungrazed -23.14033 29.61382 

Parker High 31.7861 -110.82958

Parker Medium 31.78614 -110.82741

Parker Ungrazed 31.78635 -110.82431



Table S4. Models for significant quantitative predictors in linear mixed models of relative woody, tree, and shrub cover. MAP: 

mean annual precipitation (mm); PCV: precipitation seasonality estimated with intra annual coefficient of variation (% CV); 

MAT: mean annual temperature (°C); WHC: water holding capacity. Levels of WHC represent mean (26.93 %), low (-1 unit of 

standard deviation from mean, 18.76%) and high (+1 unit of standard deviation from mean, 35.11%) values. 

Response variable Predictor 1 
Predictor 2 

(interactions) 
Equation 

Relative woody cover 
MAP 

Low WHC RWC = 0.34 + 0.0006 * MAP (mm) 

Mean WHC RWC = 0.52 + 0.00012 * MAP (mm) 

High WHC RWC = 0.7 - 0.00037 * MAP (mm) 

PCV RWC = 0.37 + 0.002 * PCV (% CV) 

Relative tree cover 

MAP RTC = 0.05 + 0.00041 * MAP (mm) 

MAT RTC = -0.18 + 0.05 * MAT (°C) - 0.002 * MAT (°C)^2 

PCV RTC = 0.04 + 0.0021 * PCV (% CV) 

Relative shrub cover 
MAP 

Low WHC RSC = 0.25 + 0.00029 * MAP (mm) 

Mean WHC RSC = 0.46 - 0.00027 * MAP (mm) 

High WHC RSC = 0.67 - 0.00083 * MAP (mm) 

Longitude RSC = 0.35 - 0.09 * cos(Longitude) 



Table S5. Parameter estimates for the standard deviation of the random effects. 

Model Parameter Estimate Lower CI Upper CI 

Relative woody 

cover 
sd(Intercept) 

0.25 0.21 0.3 

Relative tree cover 0.13 0.12 0.15 

Relative shrub cover 0.19 0.17 0.21 



REFERENCES AND NOTES

1. �F. T. Maestre, Y. Le Bagousse-Pinguet, M. Delgado-Baquerizo, D. J. Eldridge, H. Saiz, M. 

Berdugo, B. Gozalo, V. Ochoa, E. Guirado, M. García-Gómez, E. Valencia, J. J. Gaitán, S. 

Asensio, B. J. Mendoza, C. Plaza, P. Díaz-Martínez, A. Rey, H.-W. Hu, J.-Z. He, J.-T. Wang, 

A. Lehmann, M. C. Rillig, S. Cesarz, N. Eisenhauer, J. Martínez-Valderrama, E. Moreno-

Jiménez, O. Sala, M. Abedi, N. Ahmadian, C. L. Alados, V. Aramayo, F. Amghar, T. 

Arredondo, R. J. Ahumada, K. Bahalkeh, F. B. Salem, N. Blaum, B. Boldgiv, M. A. Bowker, 

D. Bran, C. Bu, R. Canessa, A. P. Castillo-Monroy, H. Castro, I. Castro, P. Castro-Quezada, R. 

Chibani, A. A. Conceição, C. M. Currier, A. Darrouzet-Nardi, B. Deák, D. A. Donoso, A. J. 

Dougill, J. Durán, B. Erdenetsetseg, C. I. Espinosa, A. Fajardo, M. Farzam, D. Ferrante, A. S. 

K. Frank, L. H. Fraser, L. A. Gherardi, A. C. Greenville, C. A. Guerra, E. Gusmán-Montalvan, 

R. M. Hernández-Hernández, N. Hölzel, E. Huber-Sannwald, F. M. Hughes, O. Jadán-Maza, F. 

Jeltsch, A. Jentsch, K. F. Kaseke, M. Köbel, J. E. Koopman, C. V. Leder, A. Linstädter, P. C. le 

Roux, X. Li, P. Liancourt, J. Liu, M. A. Louw, G. Maggs-Kölling, T. P. Makhalanyane, O. M. 

Issa, A. J. Manzaneda, E. Marais, J. P. Mora, G. Moreno, S. M. Munson, A. Nunes, G. Oliva, 

G. R. Oñatibia, G. Peter, M. O. D. Pivari, Y. Pueyo, R. E. Quiroga, S. Rahmanian, S. C. Reed, 

P. J. Rey, B. Richard, A. Rodríguez, V. Rolo, J. G. Rubalcaba, J. C. Ruppert, A. Salah, M. A. 

Schuchardt, S. Spann, I. Stavi, C. R. A. Stephens, A. M. Swemmer, A. L. Teixido, A. D. 

Thomas, H. L. Throop, K. Tielbörger, S. Travers, J. Val, O. Valkó, L. van den Brink, S. V. 

Ayuso, F. Velbert, W. Wamiti, D. Wang, L. Wang, G. M. Wardle, L. Yahdjian, E. Zaady, Y. 

Zhang, X. Zhou, B. K. Singh, N. Gross, Grazing and ecosystem service delivery in global 

drylands. Science 378, 915–920 (2022).

2. �L. Wang, W. Jiao, N. MacBean, M. C. Rulli, S. Manzoni, G. Vico, P. D’Odorico, Dryland 

productivity under a changing climate. Nat. Clim. Chang. 12, 981–994 (2022).

3. �G. P. Asner, S. Archer, R. F. Hughes, R. J. Ansley, C. A. Wessman, Net changes in regional 

woody vegetation cover and carbon storage in Texas drylands, 1937-1999. Glob. Chang. Biol. 

9, 316–335 (2003).

4. �Z. S. Venter, M. D. Cramer, H. J. Hawkins, Drivers of woody plant encroachment over Africa. 

Nat. Commun. 9, 2272 (2018).



5. �D. J. Eldridge, M. A. Bowker, F. T. Maestre, E. Roger, J. F. Reynolds, W. G. Whitford, Impacts 

of shrub encroachment on ecosystem structure and functioning: Towards a global synthesis. 

Ecol. Lett. 14, 709–722 (2011).

6. �N. Stevens, C. E. R. Lehmann, B. P. Murphy, G. Durigan, Savanna woody encroachment is 

widespread across three continents. Glob. Chang. Biol. 23, 235–244 (2017).

7. �L. Biancari, G. R. Oñatibia, J. J. Gaitán, M. R. Aguiar, Coexistence of grasses and shrubs in 

Patagonian steppes. Norm or exception? J. Veg. Sci. 34, e13177 (2023).

8. �W. H. Schlesinger, J. F. Reynolds, G. L. Cunningham, L. F. Huenneke, W. M. Jarrell, R. A. 

Virginia, W. G. Whitford, Biological feedbacks in global desertification. Science 247, 1043–1048 

(1990).

9. �S. Soliveres, F. T. Maestre, D. J. Eldridge, M. Delgado-Baquerizo, J. L. Quero, M. A. Bowker, 

A. Gallardo, Plant diversity and ecosystem multifunctionality peak at intermediate levels of 

woody cover in global drylands. Glob. Ecol. Biogeogr. 23, 1408–1416 (2014).

10. �J. L. Quero, F. T. Maestre, V. Ochoa, M. García-Gómez, M. Delgado-Baquerizo, On the 

importance of shrub encroachment by sprouters, climate, species richness and anthropic 

factors for ecosystem multifunctionality in semi-arid mediterranean ecosystems. Ecosystems 

16, 1248–1261 (2013).

11. �J. Huang, H. Yu, X. Guan, G. Wang, R. Guo, Accelerated dryland expansion under climate 

change. Nat. Clim. Chang. 6, 166–171 (2016).

12. �J. Huang, H. Yu, A. Dai, Y. Wei, L. Kang, Drylands face potential threat under 2°C global 

warming target. Nat. Clim. Chang. 7, 417–422 (2017).

13. �M. Sankaran, N. P. Hanan, R. J. Scholes, J. Ratnam, D. J. Augustine, B. S. Cade, J. 

Gignoux, S. I. Higgins, X. Le Roux, F. Ludwig, J. Ardo, F. Banyikwa, A. Bronn, G. 

Bucini, K. K. Caylor, M. B. Coughenour, A. Diouf, W. Ekaya, C. J. Feral, E. C. 

February, P. G. H. Frost, P. Hiernaux, H. Hrabar, K. L. Metzger, H. H. T. Prins, S. 



Ringrose, W. Sea, J. Tews, J. Worden, N. Zambatis, Determinants of woody cover in 

African savannas. Nature 438, 846–849 (2005).

14. �R. J. Scholes, S. R. Archer, Tree-grass interactions in savannas. Annu. Rev. Ecol. Syst. 28, 

517–544 (1997).

15. �M. Sankaran, J. Ratnam, N. P. Hanan, Tree-grass coexistence in savannas revisited–Insights 

from an examination of assumptions and mechanisms invoked in existing models. Ecol. Lett. 

7, 480–490 (2004).

16. �F. Jeltsch, G. E. Weber, V. Grimm, Ecological buffering mechanisms in savannas: A unifying 

theory of long-term tree-grass coexistence. Plant Ecol. 150, 161–171 (2000).

17. �R. M. Holdo, J. B. Nippert, Linking resource- and disturbance-based models to explain 

tree–grass coexistence in savannas. New Phytol. 237, 1966–1979 (2023).

18. �D. Ward, K. Wiegand, S. Getzin, Walter’s two-layer hypothesis revisited: Back to the roots!. 

Oecologia 172, 617–630 (2013).

19. �D. M. Browning, M. C. Duniway, A. S. Laliberte, A. Rango, Hierarchical analysis of 

vegetation dynamics over 71 years: Soil–rainfall interactions in a Chihuahuan Desert 

ecosystem. Ecol. Appl. 22, 909–926 (2012).

20. �R. R. Renne, J. B. Bradford, I. C. Burke, W. K. Lauenroth, Soil texture and precipitation 

seasonality influence plant community structure in North American temperate shrub steppe. 

Ecology 100, e02824 (2019).

21. �L. Biancari, M. R. Aguiar, H. Saiz, N. Gross, Y. Le Bagousse-Pinguet, D. J. Eldridge, F. T. 

Maestre, Upper boundary on tree cover at global drylands. New Phytol. 242, 836–840 (2024).

22. �A. Jentsch, P. White, A theory of pulse dynamics and disturbance in ecology. Ecology 100, 

e02734 (2019).



23. �N. Stevens, B. F. N. Erasmus, S. Archibald, W. J. Bond, Woody encroachment over 70 years 

in South African savannahs: Overgrazing, global change or extinction aftershock? Philos. 

Trans. R. Soc. Lond. B Biol. Sci. 371, 20150437 (2016).

24. �S. R. Archer, E. M. Andersen, K. I. Predick, S. Schwinning, R. J. Steidl, S. R. Woods, 

“Woody plant encroachment: Causes and consequences” in Rangeland Systems: Processes, 

Management and Challenges, D. D. Briske, Ed. (Springer International Publishing, 2017), 

pp. 25–84; https://doi.org/10.1007/978-3-319-46709-2_2.

25. �A. P. Devine, R. A. Mcdonald, T. Quaife, I. M. D. Maclean, Determinants of woody 

encroachment and cover in African savannas. Oecologia 183, 939–951 (2017).

26. �S. P. Good, K. K. Caylor, Climatological determinants of woody cover in Africa. Proc. Natl. 

Acad. Sci. U.S.A. 108, 4902–4907 (2011).

27. �A. C. Staver, S. Archibald, S. A. Levin, The global extent and determinants of savanna and 

forest as alternative biome states. Science 334, 230–232 (2011).

28. �A. Kulmatiski, K. H. Beard, Woody plant encroachment facilitated by increased precipitation 

intensity. Nat. Clim. Chang. 3, 833–837 (2013).

29. �C. E. R. Lehmann, T. M. Anderson, M. Sankaran, S. I. Higgins, S. Archibald, W. A. 

Hoffmann, N. P. Hanan, R. J. Williams, R. J. Fensham, J. Felfili, L. B. Hutley, J. Ratnam, J. 

San Jose, R. Montes, D. Franklin, J. Russell-Smith, C. M. Ryan, G. Durigan, P. Hiernaux, R. 

Haidar, D. M. J. S. Bowman, W. J. Bond, Savanna vegetation-fire-climate relationships differ 

among continents. Science 343, 548–552 (2014).

30. �S. Archibald, C. E. R. Lehmann, C. M. Belcher, W. J. Bond, R. A. Bradstock, A.-L. Daniau, 

K. G. Dexter, E. J. Forrestel, M. Greve, T. He, S. I. Higgins, W. A. Hoffmann, B. B. Lamont, 

D. J. McGlinn, G. R. Moncrieff, C. P. Osborne, J. G. Pausas, O. Price, B. S. Ripley, B. M. 

Rogers, D. W. Schwilk, M. F. Simon, M. R. Turetsky, G. R. Van der Werf, A. E. Zanne, 

Biological and geophysical feedbacks with fire in the Earth system. Environ. Res. Lett. 13, 

033003 (2018).



31. �N. Stevens, C. E. Seal, S. Archibald, W. Bond, Increasing temperatures can improve seedling 

establishment in arid-adapted savanna trees. Oecologia 175, 1029–1040 (2014).

32. �M. Brandt, K. Rasmussen, J. Peñuelas, F. Tian, G. Schurgers, A. Verger, O. Mertz, J. R. B. 

Palmer, R. Fensholt, Human population growth offsets climate-driven increase in woody 

vegetation in sub-Saharan Africa. Nat. Ecol. Evol. 1, 0081 (2017).

33. �W. J. Bond, F. I. Woodward, G. F. Midgley, The global distribution of ecosystems in a world 

without fire. New Phytol. 165, 525–538 (2005).

34. �M. Sankaran, J. Ratnam, N. Hanan, Woody cover in African savannas: The role of resources, 

fire and herbivory. Glob. Ecol. Biogeogr. 17, 236–245 (2008).

35. �S. Archibald, G. P. Hempson, Competing consumers: Contrasting the patterns and impacts of 

fire and mammalian herbivory in Africa. Philos. Trans. R. Soc. B Biol. Sci. 371, 20150309 

(2016).

36. �A. C. Staver, J. O. Abraham, G. P. Hempson, A. T. Karp, J. T. Faith, The past, present, and 

future of herbivore impacts on savanna vegetation. J. Ecol. 109, 2804–2822 (2021).

37. �D. J. Manier, N. T. Hobbs, Large herbivores in sagebrush steppe ecosystems: Livestock and 

wild ungulates influence structure and function. Oecologia 152, 739–750 (2007).

38. �S. Díaz, S. Lavorel, S. U. E. McIntyre, V. Falczuk, F. Casanoves, D. G. Milchunas, C. 

Skarpe, G. Rusch, M. Sternberg, I. Noy-Meor, J. Landsberg, W. E. I. Zhang, H. Clark, B. D. 

Campbell, Plant trait responses to grazing–A global synthesis. Glob. Chang. Biol. 13, 313–

341 (2007).

39. �W. S. Machida, L. Gomes, P. Moser, I. B. Castro, S. C. Miranda, M. C. da Silva-Júnior, M. 

M. C. Bustamante, Long term post-fire recovery of woody plants in savannas of central 

Brazil. For. Ecol. Manage. 493, 119255 (2021).

40. �A. P. Devine, I. Stott, R. A. McDonald, I. M. D. Maclean, Woody cover in wet and dry 

African savannas after six decades of experimental fires. J. Ecol. 103, 473–478 (2015).



41. �B. P. Murphy, A. C. Liedloff, G. D. Cook, Does fire limit tree biomass in Australian 

savannas? Int. J. Wildl. Fire 24, 1–13 (2015).

42. �L. Szangolies, D. Lohmann, M. Hauptfleisch, F. Jeltsch, Balanced functional herbivore 

composition stabilizes tree-grass coexistence and productivity in a simulated savanna 

rangeland ecosystem. Rangel. Ecol. Manage. 90, 298–220 (2023).

43. �G. P. Hempson, S. Archibald, W. J. Bond, The consequences of replacing wildlife with 

livestock in Africa. Sci. Rep. 7, 17196 (2017).

44. �S. Kéfi, M. Rietkerk, C. L. Alados, Y. Pueyo, V. P. Papanastasis, A. ElAich, P. C. de Ruiter, 

Spatial vegetation patterns and imminent desertification in Mediterranean arid ecosystems. 

Nature 449, 213–217 (2007).

45. �G. S. Okin, M. M. D. L. Heras, P. M. Saco, H. L. Throop, E. R. Vivoni, A. J. Parsons, J. 

Wainwright, D. P. C. Peters, Connectivity in dryland landscapes: Shifting concepts of spatial 

interactions. Front. Ecol. Environ. 13, 20–27 (2015).

46. �L. Biancari, M. R. Aguiar, P. A. Cipriotti, Grazing impact on structure and dynamics of bare 

soil areas in a Patagonian grass-shrub steppe. J. Arid Environ. 179, 104197 (2020).

47. �D. G. Milchunas, O. E. Sala, W. K. Lauenroth, A generalized model of the effects of grazing 

by large herbivores on grassland community structure. Am. Nat. 132, 87–106 (1988).

48. �P. A. Cipriotti, M. R. Aguiar, T. Wiegand, J. M. Paruelo, Combined effects of grazing 

management and climate on semi-arid steppes: Hysteresis dynamics prevent recovery of 

degraded rangelands. J. Appl. Ecol. 56, 2155–2165 (2019).

49. �S. McNaughton, Grazing as an optimization process: Grass-ungulate relationships in the 

Serengeti. Am. Nat. 113, 691–703 (1979).

50. �L. A. Gherardi, O. E. Sala, Enhanced interannual precipitation variability increases plant 

functional diversity that in turn ameliorates negative impact on productivity. Ecol. Lett. 18, 

1293–1300 (2015).



51. �C. M. Currier, O. E. Sala, Precipitation versus temperature as phenology controls in drylands. 

Ecology 103, e3793 (2022).

52. �Z. He, W. Zhao, H. Liu, X. Chang, The response of soil moisture to rainfall event size in 

subalpine grassland and meadows in a semi-arid mountain range: A case study in 

northwestern China’s Qilian Mountains. J. Hydrol. 420–421, 183–190 (2012).

53. �J. J. Gaitán, G. E. Oliva, D. E. Bran, F. T. Maestre, M. R. Aguiar, E. G. Jobbágy, G. G. 

Buono, D. Ferrante, V. B. Nakamatsu, G. Ciari, J. M. Salomone, V. Massara, Vegetation 

structure is as important as climate for explaining ecosystem function across patagonian 

rangelands. J. Ecol. 102, 1419–1428 (2014).

54. �Y. Le Bagousse-Pinguet, N. Gross, F. T. Maestre, V. Maire, F. de Bello, C. R. Fonseca, J. 

Kattge, E. Valencia, J. Leps, P. Liancourt, Testing the environmental filtering concept in 

global drylands. J. Ecol. 105, 1058–1069 (2017).

55. �A. Kulmatiski, M. C. Holdrege, C. Chirvasă, K. H. Beard, Root distributions predict shrub–

steppe responses to precipitation intensity. Biogeosciences 21, 131–143 (2024).

56. �R. H. Peters, A Critique for Ecology (Cambridge Univ. Press, 1991).

57. �S. Harrison, M. J. Spasojevic, D. Li, Climate and plant community diversity in space and 

time. Proc. Natl. Acad. Sci. U.S.A. 117, 4464–4470 (2020).

58. �D. G. Milchunas, W. K. Lauenroth, Quantitative effects of grazing on vegetation and soils 

over a global range of environments. Ecol. Monogr. 63, 327–366 (1993).

59. �T. R. Kartzinel, P. A. Chen, T. C. Coverdale, D. L. Erickson, W. J. Kress, M. L. Kuzmina, D. 

I. Rubenstein, W. Wang, R. M. Pringle, DNA metabarcoding illuminates dietary niche 

partitioning by African large herbivores. Proc. Natl. Acad. Sci. U.S.A. 112, 8019–8024 

(2015).

60. �F. Lezama, J. M. Paruelo, Disentangling grazing effects: Trampling, defoliation and urine 

deposition. Appl. Veg. Sci. 19, 557–566 (2016).



61. �T. Charles-Dominique, T. J. Davies, G. P. Hempson, B. S. Bezeng, B. H. Daru, R. M. 

Kabongo, O. Maurin, A. M. Muasya, M. van der Bank, W. J. Bond, Spiny plants, mammal 

browsers, and the origin of African savannas. Proc. Natl. Acad. Sci. U.S.A. 113, E5572–

E5579 (2016).

62. �A. S. Mohammed, G. Animut, M. Urge, G. Assefa, Grazing behavior, dietary value and 

performance of sheep, goats, cattle and camels co-grazing range with mixed species of 

grazing and browsing plants. Vet. Anim. Sci. 10, 100154 (2020).

63. �D. J. Augustine, S. J. McNaughton, Ungulate effects on the functional species composition of 

plant communities: Herbivore selectivity and plant tolerance. J. Wildl. Manage. 62, 1165–

1183 (1998).

64. �G. R. Oñatibia, G. Amengual, L. Boyero, M. R. Aguiar, Aridity exacerbates grazing-induced 

rangeland degradation: A population approach for dominant grasses. J. Appl. Ecol. 57, 1999–

2009 (2020).

65. �I. Noy-Meir, Desert ecosystems: Environment and producers. Annu. Rev. Ecol. Syst. 4, 25–51 

(1973).

66. �O. E. Sala, W. J. Parton, L. A. Joyce, W. K. Lauenroth, Primary production of the central 

grassland region of the United States. Ecology 69, 40–45 (1988).

67. �K. K. McLauchlan, P. E. Higuera, J. Miesel, B. M. Rogers, J. Schweitzer, J. K. Shuman, A. J. 

Tepley, J. M. Varner, T. T. Veblen, S. A. Adalsteinsson, J. K. Balch, P. Baker, E. Batllori, E. 

Bigio, P. Brando, M. Cattau, M. L. Chipman, J. Coen, R. Crandall, L. Daniels, N. Enright, W. 

S. Gross, B. J. Harvey, J. A. Hatten, S. Hermann, R. E. Hewitt, L. N. Kobziar, J. B. 

Landesmann, M. M. Loranty, S. Y. Maezumi, L. Mearns, M. Moritz, J. A. Myers, J. G. 

Pausas, A. F. A. Pellegrini, W. J. Platt, J. Roozeboom, H. Safford, F. Santos, R. M. Scheller, 

R. L. Sherriff, K. G. Smith, M. D. Smith, A. C. Watts, Fire as a fundamental ecological 

process: Research advances and frontiers. J. Ecol. 108, 2047–2069 (2020).

68. �M. F. Case, A. C. Staver, Fire prevents woody encroachment only at higher-than-historical 

frequencies in a South African savanna. J. Appl. Ecol. 54, 955–962 (2017).



69. �S. Díaz, M. Cabido, Vive la différence: Plant functional diversity matters to ecosystem 

processes. Trends Ecol. Evol. 16, 646–655 (2001).

70. �F. T. Maestre, B. M. Benito, M. Berdugo, L. Concostrina-Zubiri, M. Delgado-Baquerizo, D. 

J. Eldridge, E. Guirado, N. Gross, S. Kéfi, Y. Le Bagousse-Pinguet, R. Ochoa-Hueso, S. 

Soliveres, Biogeography of global drylands. New Phytol. 231, 540–558 (2021).

71. �S. Kéfi, M. Holmgren, M. Scheffer, When can positive interactions cause alternative stable 

states in ecosystems? Funct. Ecol. 30, 88–97 (2016).

72. �F. T. Maestre, D. J. Eldridge, N. Gross, Y. Le Bagousse-Pinguet, H. Saiz, B. Gozalo, V. 

Ochoa, J. J. Gaitán, The BIODESERT survey: Assessing the impacts of grazing on the 

structure and functioning of global drylands. Web Ecol. 22, 75–96 (2022).

73. �R. J. Fensham, R. J. Fairfax, Water-remoteness for grazing relief in Australian arid-lands. 

Biol. Conserv. 141, 1447–1460 (2008).

74. �S. O. Jawuoro, O. K. Koech, G. N. Karuku, J. S. Mbau, Plant species composition and 

diversity depending on piospheres and seasonality in the southern rangelands of Kenya. Ecol. 

Process. 6, 16 (2017).

75. �S. Soliveres, D. J. Eldridge, Do changes in grazing pressure and the degree of shrub 

encroachment alter the effects of individual shrubs on understorey plant communities and soil 

function? Funct. Ecol. 28, 530–537 (2014).

76. �J. Y. Anchang, L. Prihodko, W. Ji, S. S. Kumar, C. W. Ross, Q. Yu, B. Lind, M. A. Sarr, A. A. 

Diouf, N. P. Hanan, Toward operational mapping of woody canopy cover in tropical savannas 

using Google Earth Engine. Front. Environ. Sci. 8, 4 (2020).

77. �M. Baumann, C. Levers, L. Macchi, H. Bluhm, B. Waske, N. I. Gasparri, T. Kuemmerle, 

Mapping continuous fields of tree and shrub cover across the Gran Chaco using Landsat 8 

and Sentinel-1 data. Remote Sens. Environ. 216, 201–211 (2018).

78. �S. E. Fick, R. J. Hijmans, WorldClim 2: New 1-km spatial resolution climate surfaces for 

global land areas. Int. J. Climatol. 37, 4302–4315 (2017).



79. �N. Gorelick, M. Hancher, M. Dixon, S. Ilyushchenko, D. Thau, R. Moore, Google Earth 

Engine: Planetary-scale geospatial analysis for everyone. Remote Sens. Environ. 202, 

18–27 (2017).

80. �B. M. Bolker, M. E. Brooks, C. J. Clark, S. W. Geange, J. R. Poulsen, M. H. H. Stevens, J.-S. 

S. White, Generalized linear mixed models: A practical guide for ecology and evolution. 

Trends Ecol. Evol. 24, 127–135 (2009).

81. �K. P. Burnham, D. R. Anderson, Model Selection and Multimodel Inference: A Practical 

Information-Theoretic Approach (Springer, ed. 2, 2002).

82. �M. H. Graham, Confronting multicollinearity in ecological multiple regression. Ecology 84, 

2809–2815 (2003).

83. �A. F. Zuur, E. N. Ieno, C. S. Elphick, A protocol for data exploration to avoid common 

statistical problems. Methods Ecol. Evol. 1, 3–14 (2010).

84. �J. Pinheiro, D. Bates, R Core Team, nlme: Linear and Nonlinear Mixed Effects Models, R 

package, version 3.1-162 (2023); https://cran.r-project.org/package=nlme.

85. �K. Bartoń, MuMIn: Multi-Model Inference (2023); https://cran.r-project.org/

package=MuMIn.

86. �H. Schielzeth, Simple means to improve the interpretability of regression coefficients. 

Methods Ecol. Evol. 1, 103–113 (2010).

87. �M. A. Stoffel, S. Nakagawa, H. Schielzeth, partR2: partitioning R2 in generalized linear 

mixed models. PeerJ 9, e11414 (2021).

88. �R. S. Bivand, E. Pebesma, V. Gómez-Rubio, Applied Spatial Data Analysis with R 

(Springer, 2013).

89. �R. Bivand, R packages for analyzing spatial data: A comparative case study with areal data. 

Geogr. Anal. 54, 488–518 (2022).

https://cran.r-project.org/package=nlme
https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn


90. �R Core Team, R: A language and environment for statistical computing, R Foundation for 

Statistical Computing (2023); www.r-project.org/.

91. �J. M. Paruelo, W. K. Lauenroth, Relative abundance of plant functional types in grasslands 

and shrublands of North America. Ecol. Appl. 6, 1212–1224 (1996).

92. �O. E. Sala, W. K. Lauenroth, R. A. Golluscio, “Plant functional types in temperate semi-arid 

regions” in Plant Functional Types: Their Relevance to Ecosystem Properties and Global 

Change, T. M. Smith, H. H. Shugart, F. I. Woodward, Eds. (Cambridge Univ. Press, 1997), pp. 

217–233.

93. �H. Wan, Y. Bai, D. U. Hooper, P. Schönbach, M. Gierus, A. Schiborra, F. Taube, Selective 

grazing and seasonal precipitation play key roles in shaping plant community structure of 

semi-arid grasslands. Landsc. Ecol. 30, 1767–1782 (2015).

94. �D. J. Augustine, S. J. McNaughton, Regulation of shrub dynamics by native browsing 

ungulates on East African rangeland. J. Appl. Ecol. 41, 45–58 (2004).

https://www.r-project.org/

	sciadv.adn6007_sm
	sciadv.adn6007_sm
	sciadv.adn6007
	adn6007_SupplementalMaterial_v7


	sciadv.adn6007_Reference



