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Agricultural and ecological droughts, extreme heat and aridity have high

impacts on livestock and pasture systems worldwide. Finding ways to adapt

production systems and increase biomass under these new conditions is

urgently needed. The availability of tree shade in these pastures could

potentially ameliorate the impacts of warm weather. Yet, the effects of tree

cover on the productivity of livestock rangelands are hotly debated. We

performed a global meta-analysis to evaluate the effects of tree cover on

grass biomass during contrasting seasons within the same system and along

environmental gradients in tropical and temperate productive systems. We also

assessed the levels of canopy density at which tree cover effects are observable.

We observed that trees facilitate grass biomass during dry seasons, especially in

the tropics and dry regions. These positive effects are more likely to occur at

intermediate levels of evapotranspiration and irradiance. Our findings suggest

that integrating trees in pastures might increase resilience of current livestock

production systems to drier and warmer conditions.
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Introduction

Livestock rangelands expand through tropical and temperate regions covering

approximately 25% of our planet (Steinfeld et al., 2006). They differ in structure and

composition from practically treeless pastures to landscapes with scattered trees or woody

plant patches within a matrix of grasses. How trees and grasses interact has fascinated

rangers, ecologists, and conservationists alike because the outcome determines the

resources available to livestock and wild species (Scholes & Archer, 1997; Treydte

et al., 2007; Harvey et al., 2011; Costa et al., 2016) and therefore food security (Vira

et al., 2015), ecosystem services (Millennium Ecosystem Assessment, 2005) and nature

conservation (Harvey et al., 2008). Tree-grass interactions have enormous implications

for the management of rangelands under climate change and the conservation of

biodiversity. Agricultural and ecological droughts, extreme heat and aridity have high

impacts on livestock and pasture systems (IPCC, 2021). Increasing tree cover in

rangelands could contribute to ameliorate the impacts of higher temperatures, and

erratic rains as climate change progresses (Murgueitio et al., 2011; Altieri et al., 2015;
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Solorio et al., 2017). This climate change adaptation strategy in

productive systems could also have positive effects on

biodiversity conservation. By increasing tree cover, wild

species movement across landscapes is facilitated, fostering

genetic diversity and migration that may contribute to

maintaining ecological networks. However, the management

of multifunctional landscapes aiming to promote win-win

solutions that combine sustainable production with nature

conservation and climate change mitigation remains

challenging (Bustamante et al., 2014; Mbow et al., 2014).

Early work on tree-grass interactions emphasized

competitive effects and promoted a view on production

systems where grasses would benefit from treeless

landscapes (Walter & Burnett, 1971; Walker & Noy-Meir,

1982; Walker & Salt, 2012). Young trees and grasses usually

compete for water and soil resources, but as trees become

taller and reach deeper soil layers, competition for soil

resources becomes less relevant for trees and light

competition more relevant for grasses (Bazzaz, 1979;

Smith & Huston, 1990). This emphasis on negative

interactions was softened in the nineties by the

appreciation of positive effects of trees on grass

productivity under abiotic stress conditions, such as

droughts and heatwaves or poor soil fertility (Belsky,

1994; Holmgren et al., 1997; Scholes & Archer, 1997;

Valladares et al., 2016).

There is a vast literature on the effects of trees on grasses

in natural ecosystems such as savannas (Blaser et al., 2013;

Dohn et al., 2013) and woodlands (Jackson & Ash, 1998;

Barbier et al., 2008). Yet, the debate on the overall effects of

trees on grasses in productive systems persists. Different

studies have reported contrasting results about the levels of

tree canopy density and the environmental conditions under

which trees may have positive, negative or neutral effects

(Treydte et al., 2007; Moustakas et al., 2013; Bernardi et al.,

2016; Ansley et al., 2019). The most recent syntheses of the

published literature have found tree facilitation on grasses to

be stronger under N2-fixing trees and in dry environments

(Rivest et al., 2013; Mazía et al., 2016). We build upon these

last studies to systematically evaluate whether tree cover

increases grass biomass 1) during contrasting seasons, 2)

along expanded environmental gradients in tropical and

temperate pastures, and 3) at different levels of canopy

density. We report, for the first time, the contrasting

seasonal effects of trees on productive systems around the

globe and show that trees have stronger positive effects on

grass yields under intermediate levels of abiotic stress. These

findings contribute to promote win-win solutions in current

livestock production systems with focus on climate change

mitigation, food security, and sustainability.

Methods

Paper selection

We searched for studies that evaluated grass performance

(i.e., dry matter) under two contrasting seasons and two or

more levels of tree cover. Searches were conducted in Web of

Science (1945–2020) using the following keywords: “shade”

OR “light” OR “irradiance” OR “shelter” OR “tree*” OR

“canop*” OR “crown” OR “Sun*” OR “arbol” OR

“cobertura arborea” OR “luz” OR “irradiaci?n” OR

“protecci?n” OR “sombra” OR “dosel arbo*”; “drought” OR

“water” OR “precipitation” OR “wet” OR “humid” OR

“dissecat*” OR “arid*” OR “irrigat*” OR “dry” OR “rain*”

OR “microclimat*” OR “temperat*” OR “sequia” OR

“desecaci?n” OR “agua” OR “precipitaci?n” OR “humed*”

OR “irrigaci?n” OR “seco” OR “microclima” OR

“temperature”; “grass” OR “forage” OR “fodder” OR “grass”

OR “pasture” OR “animal producti*” OR “producti*” OR

“herbs” OR “herbace*” OR “forraje” OR “pasto” OR

“hierba” OR “pastizal*” OR “leche” OR “carne” OR

“pastura”; “pasture” OR “S?lvo-pastor*” OR “Agro-s?lvo-

pastor*” OR “Agros?lvopastor*” OR “livestock” OR “wood*

pasture*” OR “wood* grassland” OR “wood* rangeland” OR

“ranching land” OR “pastureland” OR “ganado” OR

“ganader*” OR “vaca” OR “cattle” OR “s?lvopastor*.” We

chose dry matter as it was the most commonly used

indicator of forage biomass. We registered the levels of tree

cover and expressed it in a percentage scale of irradiance

where 100% would represent the irradiance that reaches and

open microsite (i.e., 0% of tree cover). This relative scale is

adequate to compare the response of species that naturally

occur under different ranges of light availability (Holmgren

et al., 2012). We decided not to include studies that reported

grass performance at only one season or one level of tree cover

because we wanted to explicitly assess season-tree cover

interactions. We screened publications for studies that

included grass responses within the same calendar year or

continuous year, specific location or coordinates where the

study was carried out, and period in time when the measures

were taken. We only considered studies conducted in the field

and with natural tree shade.

The search from 5,135 papers yielded 174 studies from

33 suitable publications. When publications involved several

grass species or irradiance levels, each species and each

irradiance level was treated as a separate study. We decided to

include several studies from the same paper because, although it

tends to reduce the overall heterogeneity in effect sizes, excluding

multiple results from a paper can underestimate effect sizes

(Gurevitch & Hedges, 1999; Karst et al., 2008).
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Data collection

Mean values of grass dry matter were collected from text and

tables in the main publication and/or supplementary

information. We used WebPlotDigitizer (Rohatgi, 2020) to

extract mean and standard error values from figures when

raw data was not provided. If not provided, standard

deviations were back calculated from standard errors and

sample sizes (SD = SE × √n). When there were multiple

studies within the same publication, we calculated several

means (i.e., one per study), pairing the different levels of tree

cover with the one with the lowest tree cover (highest irradiance).

Some publications reported multiple responses under the same

levels of tree cover within the same season, thus we averaged

those responses to one value per tree cover level and season.

For each record in our dataset, we converted the grass dry

matter mean to kg/ha/d and classified the grass species as C3 or

C4. We registered the location, country and biome where the

study took place. We obtained evapotranspiration (mm/day),

monthly precipitation (mm) and maximum daily temperature

(°C) based on the period of time of the records and coordinates,

and distinguished between dry and wet seasons. Environmental

data was obtained using the R package climatrends (de Sousa

et al., 2020). The literature search workflow is presented in

Figure 1.

Effect size calculations

Following identification, means (X), standard deviations

(SDs), and sample sizes (n) were extracted from the

published studies. If not reported, these statistics were

derived from other metrics. We conducted a meta-analysis

to assess the effects of tree cover and season on grass biomass

following (Koricheva et al., 2013). For each study, we

calculated the effect size using the natural log of the

response ratio [ln (RR)] and its associated variance

(]lnRR). The estimate of ln (RR) and for each study is

based on X, SDs, and replicate numbers for control and

treatments (Hedges et al., 1999). Positive ln (RR) values

indicate facilitative effects and negative values indicate net

competitive effects of tree cover on grass biomass.

We used the escalc and rma. mv functions in the metafor

package in R 4.0.3 (R Core Team, 2020) to calculate the ln (RR)

and to perform the statistical analysis. To address the question of

how tree cover influences the response of grasses under

contrasting seasons, we performed several multivariate meta-

analysis models with random effects. We first analyzed whether

the effect of tree cover differs between seasons and C3/C4 species

across the different biomes. We used the ln (RR) for tree cover as

the response variable, and the Seasons, biome and C3/C4 species

as predictors (with interactions: Seasons *C3/C4). We assessed

the effects of tree cover along environmental gradients of

evapotranspiration, monthly precipitation, maximum, daily

temperature and irradiance. We grouped biomes into two

major regions: Temperate (i.e., Temperate, Mediterranean and

Desert biomes) and Tropical (i.e., Tropical and subtropical

biomes). Mediterranean and desert biomes were grouped in

the Temperate region based on their mean annual

precipitation and mean annual temperature. We fitted meta-

regression models with evapotranspiration, major region and C3/

C4 species as predictors (with interactions

Evapotranspiration*C3/C4 and major region* C3/C4). Both

linear and quadratic regressions were fit and the best model

chosen using the Akaike Information Criterion corrected for

small sample sizes (AICc, Supplementary Table S1). The same

models were fitted replacing evapotranspiration for maximum

daily temperature and monthly precipitation separately. Lastly,

we analyzed the type of response of the effect of tree cover to

irradiance and tree type (i.e., functional group) with Irradiance,

Tree type, Seasons and C3/C4 species as predictors (with

interactions Irradiance* Seasons, Irradiance * Tree type and

C3/4* Seasons). In all the models we included the Study

nested within the Paper as random factors.

FIGURE 1
Flow diagram for the selection of manuscripts.
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Results

Tree cover effects vary between seasons
and biomes

We identified 174 studies that assessed grass biomass

under contrasting seasons and levels of tree cover across

seven biomes following PRISMA guidelines (Moher et al.,

2009, Supplementary Figure S1). About 61% were

conducted in the tropics and 39% in temperate regions

(Figure 2).

The effect of tree cover on grass biomass varied between

biomes, seasons and C3/C4 grass species (p < 0.0001, Figure 3;

Supplementary Figure S2; Supplementary Table S2). We found

the largest tree facilitative effects in the Desert and Xeric

shrublands, especially during the dry season. In tropical and

subtropical biomes, we found mostly tree facilitative effects on

C4 grasses during the dry season. Also in the Mediterranean, tree

facilitative effects, for the dominant C3 grasses, were higher

during the dry season than during the wet season. In contrast,

in temperate regions the effects varied per biome; in temperate

grasslands, savannas and shrublands, tree facilitative effects on

C4 grass species occurred only during the wet season; while in

broadleaf forests we found neutral effects on C3 grasses during

both seasons and higher facilitative effects on C4 grass species

during the dry season.

Tree cover effects depend on rainfall,
temperature and irradiance

The positive effects of trees on grass biomass for C3 and

C4 grasses peak at intermediate levels of daily evapotranspiration

(4 and 5 mm for C3 and C4 grasses, respectively) and become

negative at both ends of the evapotranspiration gradient

(Figure 4A). We grouped the biomes in two major regions:

tropical and temperate, and did not find differences

between them.

When analyzing the contribution of rainfall and temperature

separately, we found contrasting patterns on the role of trees on

grass biomass along these climatic gradients. The effects of trees

on both C3 and C4 grasses became increasingly negative as

seasonal rainfall increases (p < 0.005, Figure 4B), especially for

C3 species (p < 0.0001), in both tropical and temperate regions.

While we found only negative effects on C3 grass species along

the whole gradient of precipitation, we observed neutral to

slightly positive effects on C4 grasses when monthly

precipitation drops below ~50 mm.

FIGURE 2
(A) Temperate pastures in Durazno, Uruguay during the dry season. (B) Dry tropical pastures in Yucatan, Mexico during the dry season. (C)
Worldwide locations of studies. Studies from the same site are represented by a single dot.

Frontiers in Environmental Science frontiersin.org04

Hernández-Salmerón and Holmgren 10.3389/fenvs.2022.949185

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.949185


The nonlinear patterns of how trees and grasses interact are

mostly explained by temperature. In the tropics, the effects of

trees on C4 grass biomass are mostly neutral at intermediate

maximum daily temperatures (~35°C) and become negative at

both colder and hotter ends of the temperature gradient

(Figure 4C). Also in temperate regions, trees have neutral

effects on C3 grasses at intermediate temperature (~27°C)

that become negative at both ends of the gradient of

maximum daily temperature. In temperate regions, trees

have positive effects on C4 grasses as conditions become

warmer than ~32°C (Figure 4D).

Tree cover density determines the levels of irradiance

received by grasses. Overall, we found that the positive

effect of trees on grass biomass peaks at roughly 60%–80%

of irradiance and becomes negative at lower or higher

irradiance levels (Supplementary Figure S2). This

facilitative effect tends to be higher under N2 fixing trees

than under Non-N2 fixing trees although it is not significantly

different (p = 0.5). The response of grasses to the irradiance

levels are strongly dependent on the rainfall season and the

grass type. C4 grasses respond negatively to lower irradiance

levels especially during the rainy season. In contrast,

C3 grasses are facilitated by intermediate levels of

irradiance both in the dry and wet seasons (Figure 5).

Discussion

Here we report for the first time the contrasting seasonal

effects of trees on productive systems around the globe. Our

meta-analysis shows that the effects of trees on grass biomass

have been studied more often in tropical and subtropical

pastures than in temperate pastures. Overall, our results

indicate that positive effects of trees on grasses: 1) are

higher during seasonal droughts, especially on C4 grasses

in tropical pastures and 2) peak at intermediate levels of

evapotranspiration, temperature and irradiance, and at low

levels of precipitation. These findings show that water,

temperature and light, are key resources for grass growth

and their interactions can shape the nature of tree-grass

interactions in a wide range of productive ecosystems.

Facilitation is higher during seasonal
droughts in the tropics

This meta-analysis shows that trees increase grass biomass

in pastures during seasonal droughts and that these effects are

stronger in tropical pastures where C4 grasses dominate, than

in temperate pastures where C3 grasses are more common.

The higher tree facilitative effects during droughts on

C4 grasses can result from a combination of mechanisms

that ameliorate abiotic stress. Although C4 grasses have

been widely promoted across tropical productive systems

(Edwards et al., 2010) for being highly tolerant to water

stress and high temperatures (Chaves et al., 2003), they still

benefit strongly from the shade of trees. During seasonal

droughts in the dry tropics, when temperature and

evapotranspiration increase sharply, the canopy of trees

ameliorates environmental stress by reducing temperature

and mediating irradiance levels even for highly tolerant

C4 grasses.

In temperate regions, we found mostly, but not

exclusively, neutral to negative effects of tree cover on

grass biomass. C3 grasses occur more often in temperate

regions and have a higher tolerance and photosynthetic

capacity in colder temperatures (Saborsky & Mitsui, 1982;

Gardner et al., 2017). Interestingly, the only positive effect of

trees we found in temperate regions was described for open

temperate savanna, specifically on C4 grasses during the wet

FIGURE 3
Tree effects on grass biomass in the dry and wet seasons
across biomes. Facilitative effects are stronger in Desert and Xeric
biomes and Tropical and subtropical biomes where C4 grasses
occur, especially during the dry season. Tree effects vary in
the temperate biomes: facilitation occurs in grasslands where
C4 grasses dominate; in temperate forests mostly neutral to
negative effects are observed. Dotted lines indicate zero effect
sizes. 174 studies were identified of which 61% were conducted in
the tropics and 39% in temperate regions. Point size indicates the
sample size.
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season. This is very contrasting to the facilitative effects for

C4 grasses in the tropical pastures which occur mostly in the

dry season. Temperate savannas are open biomes with high

levels of irradiance which in combination with high water

availability are less stressful for grasses. However, the wet

season often corresponds with the coldest period of the year.

In such open biomes, trees might ameliorate temperature in

an opposite direction than in the tropics. While in the

tropics abiotic amelioration implies a reduction in high

temperature levels, in the temperate pastures,

FIGURE 4
Tree effects on C3 andC4 grass biomass along gradients of (A) evapotranspiration, (B)monthly precipitation andmaximumdaily temperature in
tropical (C) and temperate regions (D). Dotted lines indicate zero effect sizes.

FIGURE 5
Tree effects on C3 and C4 grass biomass along the irradiance gradient in the dry and wet seasons. Dotted lines indicate zero effect sizes.
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amelioration may be related to an increase in temperature

under the tree canopy (Zellweger et al., 2019), creating a

warmer microclimate that would benefit C4 grasses during

wet and cold seasons.

Facilitation tends to peak at intermediate
abiotic stress

We found a shift fromneutral effects to negative effects of trees on

grasses as monthly precipitation increases. Previous meta-analyses on

the effect of trees on grass biomass in natural savannas also found

stronger facilitation at drier places (Moustakas et al., 2013) or with

decreasing annual precipitation (Dohn et al., 2013).

Our meta-analysis also revealed non-linear patterns of tree

facilitative effects on grasses. These effects peak at

intermediate levels of evapotranspiration, temperature and

irradiance and can be lost at very low or high levels. Tree

cover plays a key role in the interplay between positive and

negative effects. In plant communities, the shade of

neighboring plants is expected to increasingly ameliorate

drought stress as conditions become drier (Bertness &

Callaway, 1994), although these facilitative effects may be

lost under extremely stressful conditions (Holmgren &

Scheffer, 2010; Soliveres et al., 2015; Zhang et al., 2018).

These non-linear effects of shade and drought have been

found in meta-analyses of plant performance in field and

experimental conditions (Holmgren et al., 2012) as well as

in agroforests (Blaser et al., 2018). We now found comparable

results for productive livestock pastures.

Although there was a tendency for N2-fixing trees to have slightly

higher facilitative effects than Non-N2-fixing trees on grass biomass,

we did not find significant differences between these two tree

functional groups. N2-fixing trees have been reported previously to

increase pasture yields as drought pressure increases abiotic stress on

livestock grazing systems (Rivest et al., 2013). Palm trees are highly

abundant in tropical livestock pastures where farmers preserve them

for their multipurpose value (Martínez-Ballesté et al., 2008; Macía

et al., 2011), however, their effect on grasses is still poorly known

compared to other groups of trees that have been studied more in

detail. We found only one publication where the effects of palm trees

on livestock pastures have been reported (Esquivel, 2007). Field

experiments and long-term observational studies are needed to

understand the effects of palm trees on grasses and determine

whether they can contribute to increasing resilience to drought in

livestock pastures.

We compared studies from seven different biomes that

varied in time, period of the year of sampling, duration, and

research methodology. Despite this variation, we identified

higher facilitative effects of trees on grasses during seasonal

droughts, especially in the tropical biomes where C4 grasses

dominate and to a lesser degree in the temperate pastures. We

showed that these effects are not only strongly related to the

available levels of precipitation but also to temperature and

irradiance. Understanding the effect of trees is crucial for

managing and transforming current livestock production

systems into multifunctional landscapes with increased

resilience to seasonal droughts around the globe. We

encourage the integration of trees with intermediate canopy

density (i.e. ~20%–40%) in drier and warmer pastures,

especially in the tropics where trees have positive and

neutral effects on grass biomass. Positive and neutral effects

of trees on grass biomass imply that trees can be used in

productive pastures to ameliorate abiotic weather conditions

favoring, or at least not compromising grass yields, while also

contributing to other ecosystem services such as biodiversity

conservation, carbon sequestration, habitat provision,

construction materials, etc.

Challenges ahead

Our understanding of how trees influence the functioning

of productive pasture systems is still fragmented. The existing

literature has focused on identifying the effects of different

types of trees according to their functional traits such as N2-

fixation or deciduousness (Rivest et al., 2013; Mazía et al.,

2016) but we lack holistic assessments of the direct and

indirect effects of tree diversity on livestock productivity.

One major challenge is to widely assess how tree diversity

affects both grass and animal production and how these effects

can be translated into economic benefits for farmers while

considering multiple ecosystem services at meaningful

temporal scales.

Most of the studies we identified were carried out in the

neotropics, especially in Latin America, which may reflect

different cultural traditions in either how farmers perceive

the separation between productive versus natural landscapes

or how scientists study them in different regions around the

world. We encourage researchers to bridge across scientific

disciplines to expand the knowledge of tree-grass

interactions in agroecosystems and multifunctional

landscapes across environmental gradients and cultures.

Merging the existing traditional knowledge from farmers

with the ecological theory developed in natural and

productive systems could facilitate generating effective

strategies for sustainable productive systems that can

contribute to biodiversity conservation and be better

adapted to changing climate conditions.
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