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ABSTRACT

The livestock sector supports billions of people

worldwide, yet when poorly managed, can have

substantial negative effects on soils and ecosystem

functions. Despite numerous studies and reviews of

the effects of livestock activity on hydrological

functions, a global synthesis of their effects on

different biotic (vegetation, herbivore type) and

abiotic (climate, soil, spatial scales) factors remains

elusive. This makes it difficult to provide ecologi-

cally based advice on how best to manage grazing

to minimise environmental damage and maximise

hydrological functions. We used a global meta-

analysis to examine the effects of livestock activity

on hydrological inflows (infiltration, soil moisture),

and outflows (runoff, sediment) using a dataset

compiled from 3044 contrasts of grazed and un-

grazed data from 129 publications between 1935

and 2020. Overall, we found that livestock activity

increased sediment production (+ 52 ± 19.8%;

mean ± 95% CI), reduced infiltration (− 25 ±

5.2%), but had no significant effect on either

runoff (+ 27 ± 29.6%) or soil moisture

(− 5 ± 5.9%). These impacts varied markedly

among herbivore types and intensity, with greatest

reductions in infiltration at high and low grazing

contrasts, and more pronounced negative effects of

grazing when sheep and cattle grazed together than

either alone. The impact of livestock activity also

varied with climatic region, soil texture, and the

interaction between aridity and plant cover. Our

study demonstrates the nuanced effects of livestock

activity, with herbivore type and intensity, and

environmental context modifying the hydrological

outcomes. Livestock grazing is unlikely to result in

positive environmental outcomes for infiltration

and sediment production.
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HIGHLIGHTS

● Livestock activity increases sediment production

but reduces infiltration.

● Hydrological effects of livestock activity vary

with herbivore type and intensity.

● Impacts of livestock activity depend on vegeta-

tion community, climatic region and soil texture.
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INTRODUCTION

The livestock sector is a substantial global industry,

accounting for 40% of GDP, and employing 1.3

billion people, of which 1 billion are from some of

the world’s poorest societies (Steinfeld and others

2006). Grazing of livestock on native pastures ac-

counts for 70% of all agricultural land and 30% of

Earth’s land surface (Steinfeld and others 2006). It

provides billions of people with multiple resources

such as milk, meat, hide, fuel and fertiliser (dung),

security, transportation, and the potential to accu-

mulate capital (Campos and others 2016). Live-

stock grazing will continue to exhibit an upward

trend globally (Asner and others 2004). Yet despite

its importance, poorly managed livestock activity is

often blamed for contributing to widespread land

and water degradation (for example, desertifica-

tion, water pollution), habitat destruction (for

example, land degradation in grassland, rangeland)

and contributes heavily to global CO2 emissions

(Fleishner 1994; Eldridge and others 2016; San-

derman and others 2017). Predicted drier climates

and increasing demand for water to support an

ever-growing population and demand for agricul-

tural products will place increasing pressure on

dwindling water supplies and ecosystem stability in

water-limited regions such as drylands, where

grazing of livestock is the predominant land-use

(Steinfeld and others 2006; Huang and others

2016).

One of the most important impacts of overgraz-

ing is its effect on soil hydrological processes; the

movement of water through the soil profile (infil-

tration) or across the surface (runoff), its capture

and storage in the soil (soil moisture), and the

entrainment and transport of eroded sediment in

runoff (Thurow 1991). Livestock grazing directly

and indirectly impacts hydrological processes by

direct removal of plants through herbivory and

effects on soils by trampling (Figure 1). For exam-

ple, herbivory can positively and negatively alter

plant community composition, favouring short-

statured annual species with fibrous root systems

over taller perennials with deep-rooted systems

(Clay and others 2005), and enhanced the richness

of both native and exotic grasses and forbs

(Stahlheber and D’Antonio 2013; Sasha and others

2017; Figure 1; Pathway 2). Indirectly, this reduces

the capacity of soils to conduct water and can in-

crease the likelihood that surface moisture is

evaporated from the uppermost soil layers (for

example, Thurow 1991; Pathway 6 via 2). Grazing-

induced trampling not only reduces vegetation

cover (Pathway 3) but also disrupts the connec-

tivity of surface soil macropores (Marquart and

others 2019), reducing infiltration (Pathway 9 via

1), or compacting the soil layers, exposing the

surface to raindrop impact, and leading to reduced

surface stability and greater water erosion (Gifford

and Hawking 1978; Pathway 7 via 1). Grazing can

also exert direct effects on hydrological processes by

removing biocrusts (Eldridge 1998), communities

of lichens and mosses (Eldridge and others 2020a),

disaggregating erodible soil particles and increasing

their susceptibility to raindrop activity and move-

ment by overland flow (Teague and others 2011;

Pathway 8). Direct trampling of the soil surface can

also lead to the development of depositional crusts

that enhance runoff (Castellano and Valone 2007;

Pathway 8). Effects as broad as altering microbial

community composition through changes in plant

or litter composition could have a suppressive effect

on organic matter decomposition and therefore

hydrological processes, particularly infiltration or

soil water holding capacity, or the ability to resist

erosion (Kuske and others 2012; Zheng and others

2018; Pathways 4, 5, 7 and 8). These scenarios

suggest that the effects of livestock on hydrological

processes are far-reaching, complex and likely to be

strongly nuanced, across different communities,

contexts and environments (Eldridge and others

2016).

The deleterious effects of livestock activity on

hydrology compared to the ungrazed natural sys-

tems have been widely reported in the literature

(for example, Gifford and Hawkins 1978; McCalla

and others 1984; Thurow 1991; Holt 1997; Mar-

quart and others 2019). However, such effects are

Figure 1. Flowchart of the hydrological response to

herbivore activity (herbivory, trampling) via changes in

vegetation and soil. Text outside the boxes is the mod-

erators (syn. covariates) used to explore potential effects

of activity on inflows (infiltration, soil moisture storage)

and outflows (runoff, sediment).
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unlikely to be felt uniformly across different envi-

ronmental and management contexts. For exam-

ple, grazing effects might differ among soils of

different texture, given that loamy and clay soils

have different levels of erodibility and compatibil-

ity, and therefore different susceptibility to soil

detachment and sediment production (Gifford and

Hawkins 1978). Soil moisture retention depends on

soil texture, with sands expected to be less erodible

by water than clay soils due to their high levels of

saturated hydraulic conductivity. Similarly, the

idiosyncratic effects of trampling, grazing beha-

viour, dentition and plant selectivity of different

herbivores influence any effects on soils and soil

hydrology (Eldridge and others 2016). Effects may

also differ across different plant community types

(vegetation assemblages) due to variation in plant

forms and the differential responses to herbivory

and trampling. Finally, any effects are likely to be

strongly influenced by livestock grazing intensity,

with stronger effects under increasing levels of

grazing (Alderfer and Robinson 1947; Thurow

1991; Lai and Kumar 2020). Further, some com-

ponents of hydrology such as hydrological outflows

(runoff and sediment production) can yield

important information on potential effects of rain-

fall intensity (Climate factor in the Universal Soil

Loss Equation USLE; Wischmeier and Smith 1960)

and plant cover (Management factor in USLE) on

runoff and sediment production, when these are

assessed directly with rainfall simulators of known

intensity. Of the vast number of publications on the

impacts of grazing, including reviews (Gifford and

Hawkins 1978; Basche and DeLonge 2019) and

recent meta-analyses (Union of Concerned Scien-

tists 2017; Hao and He 2019; Lai and Kumar 2020),

none has attempted to provide a systematic global

synthesis of hydrological impacts, nor account for

idiosyncratic effects of biotic (vegetation commu-

nity, herbivore type, herbivore grazing intensity,

plant cover) and abiotic (aridity level, soil texture,

spatial scale, rainfall intensity) factors. Our review

attempts such an assessment using a rigorous meta-

analytical approach.

Here, we examine the global effects of livestock

activity on soil hydrological processes using a da-

taset compiled from 129 studies published all be-

tween 1935 and 2020. We focused on four broad

hydrological measures; two inflows and two out-

flows. Hydrological inflows comprised (1) infiltra-

tion, various measures of water flow through the

soil such as hydraulic conductivity and ponded

infiltration, and (2) soil moisture. Hydrological

outflows included (3) runoff water lost from a site,

that is, the difference between water applied and

infiltration, assuming minimal interception), and

(4) sediment production, the concentration or mass

of soil entrained in runoff water. We hypothesized

that grazing would lead to overall reductions in

hydrological inflows (that is, infiltration, soil

moisture) and therefore, more hydrological out-

flows (that is, runoff and erosion), but such an ef-

fect would likely vary with biotic (for example,

vegetation assemblages, herbivore type, grazing

intensity) and abiotic (aridity level, soil texture,

spatial scale, rainfall intensity) factors, which ex-

plains the nuanced hydrological responses reported

to date. Although some of our hypotheses are

intuitive, that is, that more grazing leads to reduced

infiltration and therefore, more runoff and erosion

(Gifford and Hawkins 1978; Lai and Kumar 2020),

we are unaware of any studies that have attempted

a quantitative, rigorous global synthesis despite the

suspected negative effects of increasing livestock

activity on hydrological processes. This study is, to

our knowledge, the first global meta-analysis of

hydrological consequences of grazing based on a

systematic, meta-analytical approach accounting

for the effects of herbivore activity, herbivore type,

climatic context, vegetation assemblage and study

scale. We hope that the results of this review lead

to a better understanding of hydrological effects of

livestock activity and therefore better environ-

mental outcomes in systems where livestock graz-

ing is a substantial land-use component.

METHODS

Database Construction

We used a systematic meta-analytical approach

(Nakagawa and Santos 2012) to evaluate the gen-

eral impacts of grazing on hydrological processes

and explore the factors driving the variation in

such impacts. Meta-analyses are used widely in

ecology to synthesize evidence from a large num-

ber of studies, to test hypotheses, and to evaluate

ecological outcomes at global scales (Gurevitch and

others 2018). Although the overall effect of any

analysis may be non-significant, specific studies can

show either significant positive or negative effects.

Thus, while our study may show overall negative

effects, specific studies, in particular locations,

would be expected to deviate from the general

trend depending on differences in management

and environmental context.

We searched Web of Science for studies pub-

lished from January 1935 to August 2020 on the

hydrological impact of grazing across the globe. We

used the following search string: Topic = (grazing

Grazing impact on hydrology



OR trampling OR livestock OR treading) NEAR/5

(hydrology OR infiltration OR sorptivity OR runoff

OR run-off OR erosion OR sediment OR hydraulic

conductivity OR sediment yield). We supple-

mented this dataset by including papers from re-

views and unpublished government reports. This

resulted in 585 unique studies, which were then

screened using the PRISMA procedure (Preferred

Reporting Items for Systematic Reviews and Meta-

Analysis, Figure S1 in Appendix S1: Liberati and

others 2009). While there are many studies on the

impacts of livestock on hydrology, we restricted our

analysis of studies that contained: (1) quantitative

results of experiments or trials conducted under

natural field conditions, for example, excluding

feed lot studies; (2) data that were relevant to

hydrological responses only (for example, exclud-

ing non-hydrological responses to grazing activity);

(3) data on livestock grazing impacts (that is, not

combined with additional management impacts);

(4) data for different levels of grazing (that is, no

grazing, low grazing, moderate grazing and high

grazing). By grazing, we refer to any effects of

livestock including soil disturbance, pugging, veg-

etation destruction, and herbivory. We restricted

herbivore activity to domestic livestock (cattle,

sheep and goats). We did not consider native

ungulates (for example, zebra, deer, giraffe) nor

macropods (kangaroos), but acknowledge that

disturbance by these animals potentially has direct

and indirect impacts on hydrological processes. For

example, the effects of feral horses on hydrological

processes have been discussed elsewhere (Eldridge

and others 2020b). Based on these criteria, studies

were restricted to 129 publications (Appendix S2).

Data Collection

From each study, we recorded location, the inten-

sity of grazing activity (that is, ungrazed, low,

moderate or high grazing), sample size, the mean

and the standard deviation for each hydrology-re-

lated measure, for all available measures of each

grazing treatment. Data from multiple time-points

were averaged, and data from multiple depths in-

cluded as presented by the authors. We also ex-

tracted data on environmental conditions to further

explore the impacts of grazing under different

environmental contexts. Aridity (1—precipitation/

potential evapotranspiration) was derived from the

Consortium for Spatial Information (CGIAR-CSI,

2020) means of the 1950–2000 period (Zomer and

others 2008), and soil properties (for example,

texture categories, surface layer sand content) were

obtained from the HWSD database (resolution

1 km; HWSD 2019). Numeric data from fig-

ures were extracted using the software Engauge

Digitizer V 4.1. Our final database consisted of 14

hydrological attributes (Appendix S3), which were

categorised into four broad hydrological variables,

inflows (infiltration, soil moisture), and outflows

(sediment, runoff).

Estimating Mean Effect Size

We calculated a log response ratio (LnRR) as the

effect size to determine the effect of grazing on

hydrological attributes: LnRR = ln(x  t/x  c) (Hedges

and others 1999) where x t is the mean value of the

hydrological variable in the grazing plot (that is,

treatment), and x  c is the mean value of the

hydrological variables in either the ungrazed plot

or the plot with the lower intensity of grazing

(defined as the control). Thus, positive values

indicate an increase in the value of a given

hydrological attribute with greater livestock grazing

intensity and vice versa. Our final dataset con-

tained 3044 contrasts between grazing intensity

treatments and controls.

Meta-regression Model Approach

Random effects models were used to estimate mean

effect sizes for grazing impacts. All of our models

included random factors and a variance matrix

structure to account for three potential sources of

non-independence: (1) the effect size within the

same study, (2) the residuals of data record among

different studies, and (3) shared controls among

observations from a single study that reported

multiple levels of grazing but only a single control

(for example, lower grazing level or ungrazed plot).

To control for any potential lack of independence

within and between studies, we included two

random factors in our models, a unique identifier

for each study to account for the within study

variance, and the order of the data within the data

file to account for the between-study variance and

difference in sample size. To control for the

potential influence of shared controls, which would

cause non-independence among data with the

same control (ungrazed), we included a coded

group used to identify shared controls (Nakagawa

and Santos 2012). To ensure the successful fitting

of either random model, we excluded LnRR data in

which variance was either too small (≤ 0.0001) or

too large (≥ 1000), which is standard practice in

meta-analyses (Nakagawa and Santos 2012).

Our modelling approach involved three stages.

We first ran four intercept-only (null) models for

(1) infiltration, (2) soil moisture, (3) sediment, (4)

D. J. Eldridge and others



runoff using LnRR as our response variable and

included the two random factors and the variance

matrix described above. The null models allowed us

to estimate the mean effect sizes for an overall re-

sponse for each response variable. The significance

of the estimated effect sizes was examined using a t-

test, testing whether the estimated effect size was

significantly different from zero in the random ef-

fect model at P < 0.05. Because our meta-analysis

(intercept) models had high levels of heterogeneity

(I2 > 0.95), we then ran meta-regression models

which used a range of moderators such as, climate,

soil texture, experiment scale, plant community,

herbivore type, and grazing intensity as the fixed

effect, to explore the impact of these moderators on

the four hydrological response variables, respec-

tively. The six moderators (Figure S2 in Appendix

S4) were as follows: (a) climate zones (that is, arid,

semiarid, dry subhumid, humid; these climate

zones were divided based on aridity values), (b) soil

texture categories (that is, clay, loam, sand), (c)

experiment scale where data were measured

(fine, < 0.05 m2, generally permeameters or mi-

cro-rainfall simulators; medium, 0.05–10 m2, larger

rainfall simulators; large, > 10 m2, instrumented

watersheds), (d) plant community type (that is,

grassland, shrubland, woodland, forest), (e) herbi-

vore type (cattle, goat, sheep, and mixed, that is,

cattle and sheep), (f) grazing intensity levels (that

is, ungrazed to high grazing, low to high, ungrazed

to moderate, moderate to high, low to moderate,

ungrazed to low). For any category, modelling re-

quires data from at least two different studies. As

runoff and sediment are the negative outcomes,

and infiltration and soil moisture are positive out-

comes of grazing that most concern land managers,

ranchers, pastoralists and conservationists, we fur-

ther explored how these factors drive hydrological

responses by fitting linear models to our data. For

runoff and sediment, our models included aridity

(continuous value), soil sand content, plant cover

(log response ratio of the plant cover in plots under

higher grazing compared with lower grazing),

rainfall intensity (mm h−1), grazing intensity

(1 = ungrazed cf. low, 2 = low cf. moderate,

3 = moderate cf. high, 4 = ungrazed cf. to moderate,

5 = low cf. high, 6 = ungrazed cf. high grazing) as

predictors and we also included an interaction be-

tween aridity and all other predictors (that is, plant

cover, rainfall intensity, grazing intensity) to eval-

uate whether the impact of these drivers changes

with increasing aridity. For infiltration and soil

moisture, however, data were not available for

plant cover or rainfall intensity, largely due to the

way that these two hydrological response variables

are measured. We therefore ran similar linear

models, but excluded plant cover and rainfall

intensity for these attributes.

To assess any potential publication bias, we used

funnel plots, Egger regression and ’trim and fill’

approaches (Nakagawa and Santos 2012) across the

whole dataset, and for the four hydrological attri-

butes (see Appendix S5). Meta-analysis was per-

formed in the ‘metafor’ package (Viechtbauer

2010), and linear models were fitted in R 3.4.1

version (R Core Team 2013).

RESULTS

Our review of the literature yielded 585 references

from which we identified 129 publications with

empirical and herbivore specific data on the effects

of herbivore activity on hydrological responses.

From these publications, we extracted 3044 con-

trasts of an effect of livestock grazing on four broad

hydrological variables from five continents (Asia,

Europe, Australia, North America, South America,

Africa; Figure 2). Most data reported information

on water flow through the soil (infiltration, sorp-

tivity; 77%; n = 2334 contrasts; Appendix S3),

followed by sediment production (13%; n = 397),

soil moisture (5%; n = 166) and runoff (5%;

n = 147). Most studies (69%) were from semiarid

areas (Figure S2a in Appendix S4) and either

grasslands (56%) or woodlands (36%; Figure S2b),

but evenly distributed among clays, loams and

sandy soils (Figure S2c). Studies focused mainly on

the effects of cattle (55%) or sheep (26%; Fig-

ure S2d), with a relatively even distribution across

the six different grazing contrasts (Figure S2e).

Sixty-seven percent of observations were con-

ducted at the fine (< 0.05 m2) spatial scales (Fig-

ure S2f).

Overall, we found significantly greater sediment

production (+ 52%; P < 0.001) but lower infil-

tration (− 25%; P < 0.001) across all grazing con-

trasts. The effects of grazing on runoff were

marginally significantly positive (+ 27%, P = 0.07),

but there was no significant grazing effect on soil

moisture (− 5%, P = 0.12; Figure 3).

Effects of Grazing Intensity
and Herbivore Type

The response of hydrological functions to changes

in grazing intensity varied with the individual at-

tribute. For example, linear modelling showed that

infiltration declined marginally with increasing

grazing pressure, but was reduced most strongly

(− 37 to − 41%) when grazing increased from

Grazing impact on hydrology



Ungrazed to Low, or Ungrazed to High. At inter-

mediate levels of grazing (for example, Moderate to

High), reductions in infiltration were less pro-

nounced (Figure 4). There was a trend of greater

sediment loss and runoff with increasing grazing

intensity (Figure 4). Soil moisture was significantly

affected by grazing intensity at only intermediate

levels of intensity (Moderate cf. High; Figure 4).

Herbivore type also had some effects on infiltration,

with a more pronounced effect when sheep and

cattle grazed together than when either grazed

alone. Cattle reduced soil moisture content more

than sheep, but their effects on sediment produc-

tion were equivocal (Figure 4).

Effects of Abiotic Moderators

We also found some soil texture effects. For

example, the suppression of infiltration was more

pronounced on sandy (− 43%) than loamy or clay

(− 23 to − 25%) soils, while increasing sediment

Figure 2. The global distribution of sites (red circles) used in the meta-analysis and the percentage of comparisons from

each continent shown in different colours. Circle size represents the number of studies from each region.

Figure 3. a mean value of the log response ratio (± 95% CI) and the number of contrasts used in the analyses of each

hydrological response variable, b–e frequency distribution of effect sizes for each hydrological response variable. Note that

120 observations were removed automatically from the analyses due to anomalous variances (variances ≤ 0.0001

or ≥ 1000).
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production was greater on loams (+ 67%) than

clays (+ 30%). Loamy soils had lower soil moisture

(− 8%) and greater runoff (+ 34%) than those

from other texture groups (Figure 4). Linear mod-

els also showed a significant but small increase in

infiltration with increasing aridity (P = 0.006).

There was no evidence of livestock activity ef-

fects on any hydrological responses across different

climatic zones (Figure 4). However, the suppression

of infiltration by livestock activity was more pro-

nounced in forests (− 51%) than woodlands,

shrublands or grasslands (− 10 to − 28%; Figure 4).

There were no clear trends for runoff or soil

moisture, but a suggestion that the effects of live-

stock activity on increased sediment were more

pronounced in grasslands and shrublands

(+ 51 � + 66%) than woodlands (+ 38%). Fi-

nally, because some studies were conducted at

different spatial scales, a consequence of different

study methods (for example, large plot-level sim-

ulations cf. micro-infiltrometers), we examined

potential scale-related effects. Our analyses re-

vealed no appreciable effect of scale on the rela-

tionship between livestock activity and

hydrological responses.

We also found some significant interactions

(Figures S4 and S5 in Appendix S6), for example,

the effect of livestock activity on sediment pro-

duction increased with increasing rainfall intensity

at more arid sites but showed the opposite response

in more humid sites (1.85 ± 1.58, estimate ± 95%

CI; P = 0.024; Figure S4a). There was also an effect

of runoff. As aridity increased, the impact of veg-

etation cover on runoff changed from negative to

positive (0.66 ± 0.46, P = 0.008; Figure S4b). Linear

modelling showed no effects of our moderators on

soil moisture.

DISCUSSION

We found that livestock activity, which included

effects of herbivory and soil disturbance (that is,

trampling), had substantial effects on hydrological

processes. Overall, there were strong and signifi-

cant increases in sediment production, reductions

in infiltration, but marginal significant increases in

runoff. Moreover, we found that herbivore type

and the intensity of livestock activity had some

impacts on hydrological responses, with greater

reductions in infiltration at high compared with

low livestock activity, and more pronounced effects

when mixed herbivores (sheep and cattle) grazed

together than when either grazed alone. Addi-

tionally, our results also suggest a context-depen-

dency of herbivore activity on hydrology, varying

with vegetation community, climatic region and

soil texture. Together our results demonstrate

substantial deleterious effects of livestock activity

on hydrological inflows and outflows, particularly

at higher levels of livestock intensity, but with no

overall changes in available soil moisture.

Hydrological Effects Differ
with Herbivore Type and Intensity

Consistent with our findings and abundant histor-

ical and contemporary literature (Rauzi 1963;

Rhoades and Locke 1964; Gifford and Hawkins

Figure 4. Effects of livestock grazing, as measured with

the log response ratio (lnRR ± 95% CI), on four hydro-

logical processes: infiltration, soil moisture (moisture),

runoff and sediment production (sediment). Results are

separated by different levels of each of the six moderators

(1) Aridity (arid, semiarid, dry subhumid, humid), (2)

Community (forest, woodland, shrubland, grassland), (3)

Soil texture (sand, loam, clay), (4) Herbivore type (cattle,

sheep, goats, mixed), (5), Grazing intensity (U-H = un-

grazed to high grazing; L–H = low to high; U-M = un-

grazed to moderate; M-H = moderate to high; L-M = low

to moderate; U-L = ungrazed to low) and (6) Measure-

ment scale (fine, medium, large). Significant results are

indicated by whether the 95% CI spans the x = 0 line.

Positive values show that increasing grazing increased

the value of that hydrological response variables, while

negative values show that increasing grazing reduced it.

ND = no data. Note: some attributes with a significant

effect may appear non-significant due to the size of the

symbol, which intersects the x = 0 line.

Grazing impact on hydrology



1978; Thurow and others 1986; Lai and Kumar

2020), increasing livestock activity led to significant

declines in infiltration, and increases in runoff and

sediment production, particularly at high grazing

intensities, and irrespective of the specific envi-

ronmental conditions. Further, there is a sugges-

tion of a greater reduction in infiltration when

cattle and sheep grazed together than when either

grazed alone. Herbivore-specific effects are not

unexpected, given marked differences in foraging

behaviour, plant selectivity, dentition, and body

mass among different herbivore types. These fac-

tors would have direct effects on surface com-

paction, soil disturbance and erosion, and indirect

effects via changes in plant cover composition or

structure. Both sheep and cattle tend to move along

clearly defined pathways, but these vary in size,

extent and depth due to differences in herbivore

body size (Andrew 1988; Dougill and Cox 1995).

Further, larger body-sized herbivores such as cattle

tend to consume large amounts of highly fibrous

material, particularly lower digestibility grasses

(Squires 1981). Sheep are typically more selective,

with a greater preference for shorter forbs and

herbs, given their upper incisor, which allows them

to crop material closer to the ground than cattle. It

is likely therefore, that when cattle and sheep graze

together, that they exert additive and potentially

synergistic effects on vegetation structure and soils,

and therefore, on hydrological inflows and out-

flows (Eldridge and others 2017).

We also found a greater reduction in soil mois-

ture content under grazing by cattle than by sheep,

but their effects on sediment production were

equivocal. This could be due to herbivore-specific

trampling effects. For example, cattle have a greater

body mass and five-times greater hoof area than

sheep and goats (Greenwood and McKenzie 2001)

and exert a higher pressure (98 kg cm−1) than

sheep and goats (71 kg cm−1; Ssemakul 1983).

Greater grazing pressure would reduce porosity and

therefore hydraulic conductivity by reducing the

positive effects of invertebrate-derived macropores

on the surface (pathways 9 via 1; Figure 1) with

attendant increases in runoff (pathway 7 via 1).

Lower porosity would prevent movement and

storage of water in the uppermost layers, thus

resulting in greater reductions in soil moisture.

Specific herbivore effects could influence hydro-

logical processes by favouring annual species with

weakly developed root systems of low hydrological

conductance compared with perennial, macropore-

producing grasses and perennial forbs, which are

effective conductors of water (Basche and Edelson

2017; Basche and DeLonge 2019). For example,

cattle and sheep has been shown to increase plant

richness (Socher and others 2013; Gao and Carmel

2020) and we have shown previously that the ef-

fects of grazing on plant composition were medi-

ated through the simplification of habitat structure

(Eldridge and others 2016). Notwithstanding the

oft-reported reduction in perennial grasses under

grazing, in some situations, herbivore activity can

promote perennial plants over annuals (for exam-

ple, Papanikolaou and others 2011), thereby

maintaining soil hydrological processes.

Our analysis found that runoff increased (value

became more positive) as the intensity of livestock

activity increased, and there were some ill-defined

effects of grazing intensity on infiltration. Increased

infiltration under grazing has been reported else-

where (for example, Franzluebbers and others

2012), but generally only under conditions of low

grazing intensity or specific grazing management

practices (Briske and others 2008). Based on our

global dataset, a progression from ungrazed to low

grazing was associated with less runoff, but sur-

prisingly this did not correspond to increased

infiltration. Low levels of grazing have been shown

to reduce plant cover sufficiently to promote

overland flow (Alderfer and Robinson 1947), so

suppression of runoff likely relates to animal effects

on the soil, perhaps greater surface detention

resulting from pugging (Greenwood and McKenzie

2001), and more rainfall interception by vegetation

and/or litter, rather than greater infiltration in the

soil. Runoff from heavily grazed landscapes has

been shown to be almost an order of magnitude

greater than that under light grazing (Rauzi and

Hanson 1966). Although grazing could also reduce

the accumulation of organic residues, promote the

establishment of plants that prevent runoff (Carson

and Peterson 1990) and exert positive effect on

diversity in productive systems, these effects may

only apply if the competitive dominant species are

palatable and accessible to herbivores. Thus, the

effects of trampling on runoff are generally exac-

erbated under high levels of grazing activity across

the globe (Weltz and Wood 1986). We also de-

tected the highest reduction in infiltration under

greatest grazing intensity. Apart from the direct

effect on vegetation and soil porosity, grazing will

also likely have indirect effects on hydrology by

reducing the recruitment of woody plants (Lohbeck

and others 2020), which have been shown to

conduct large amounts of infiltration, particularly

preferential flow paths for deep percolation to the

water table (Dreccer and Lavado 1993).

Although our meta-analysis shows that livestock

grazing generally has negative effects on hydrology
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across the globe, we acknowledge that there are

many situations where livestock can have positive

effects on hydrological function. Some grazing

management systems are more hydrologically

friendly than others. Conventional set stocking

grazing management systems, for example,

whereby livestock remain in a single paddock (al-

lotment) year-round are likely to result in stronger

declines in soil structure, infiltration and moisture

availability, with more runoff and sediment pro-

duction than systems where animal numbers are

adjusted according to seasonal conditions (Thurow

1991; Webber and others 2010; Sirimarco and

others 2018). Conversely, systems based on the

periodic movement of livestock among paddocks

(for example, rotational or multi-paddock grazing)

are more likely to enhance hydrological function

(Hillenbrand and others 2019; Döbert and others

2021) when grazing intensity is low or moderate.

However, the data limitation on different man-

agement systems prevents us from disentangling

these nuance effect. Rotational systems that use

high-intensity livestock grazing for extended peri-

ods, however, are likely to result in greater runoff

and lower infiltration than those using low or

moderate livestock grazing (Briske and others

2008).

The mechanisms behind these grazing manage-

ment effects likely relate to changes in plant species

composition due to different plant preference by

livestock. Livestock grazing could increase plant

richness and therefore hydrological function by

releasing subordinate species from competitive

exclusion by larger plants (Milchunas and others

1988). Similarly, greater litter cover resulting from

the grazing of large dominant plants would be ex-

pected to improve hydrological function by

retaining moisture near the soil surface (Deutsch

and others 2010). Altogether, these increases in

perennial plants, resulting from either climate

change, variable grazing management regime or

livestock preference would be expected to improve

soil porosity, thereby increasing infiltration, and

reducing runoff and sediment production (Basche

and DeLonge 2019).

Hydrological Effects of Livestock Grazing
Activity Vary with Climate

Despite the strong increase in sediment production

with increasing livestock intensity (Figure 4), this

effect varied with rainfall intensity. Specifically,

increasing rainfall intensity was associated with a

slight increase in sediment production in arid

environments, but strongly reduced sediment pro-

duction in humid areas. This result is not unex-

pected given the strong links between climatic zone

and plant cover. Areas of high rainfall are likely to

support greater plant cover, thereby reducing the

likelihood of raindrop detachment and sediment

transport. Despite higher rainfall intensity and

erosivity in more mesic areas, it is likely that

overland flow, the vehicle for sediment transport, is

lower due to greater opportunities for infiltration,

more surface litter, greater plant biomass and

therefore greater porosity of mesic soils, and thus,

lower sediment transport rates (Verheijen and

others 2009). Conversely, soils in more arid areas

have lower levels of organic carbon (Eswaran and

others 1993), which, combined with a sparser plant

cover and a greater proportion of interspace to

perennial vegetation patch, might result in higher

levels of runoff and sediment production. We also

found that the effect of increasing plant cover on

runoff was more pronounced in mesic than arid

areas, and this is likely related to the type of cover

that predominates in more arid areas. Arid and

semiarid areas are typified by fertile patches dom-

inated by perennial vegetation, separated by

interspaces often with an assortment of biological

soil crusts (biocrusts; Weber and others 2016).

Thus, while vascular plant cover may be sparse,

biocrust cover is typically extensive, and these

crusts have a marked effect on hydrological pro-

cesses (Eldridge and others 2020a). Various mech-

anisms for this reduction in runoff have been

mooted including the fact that they retain soil

moisture in the immediate surface horizons, with

important implications for the productivity of dry-

land ecosystems and global hydrological effects

(Eldridge and others 2020a).

Any effects of grazing on plants, such as changes

in plant functional groups, and therefore hydro-

logical function, could also be climate related. For

example, in areas where summer rainfall is pre-

dicted to increase under changing climates, grazing

could provide greater opportunities for competitive

displacement of annuals by summer-growing

perennial plants (Clarke 2003). Other landscape-

level moderators might include environmental data

such as rainfall characteristics, land use in the

surrounding area and the connectivity of land-

scapes.

CAVEATS AND CONCLUSIONS

Our study is based on global meta-analysis, which

is used widely in ecology to synthesise evidence

from a large number of studies, to test hypotheses,

and to evaluate the general outcomes at global

Grazing impact on hydrology



scales (Gurevitch and others 2018). However, a

substantial constraint of all meta-analyses is the

inability to capture the nuances of different bio-

physical, environmental and management factors

associated with the data. In our analyses, many

studies lacked sufficient data on specific informa-

tion that prevented us from undertaking more

subtle and nuanced statistical analyses. These

explanatory attributes included grazing manage-

ment practices such as the duration and timing of

grazing (Trimble and Mendel 1995; Castellano and

Valone 2007), the occurrence of feral or native co-

herbivores such as deer, kangaroos, zebu (Hester

and others 1996), ecosystem productivity (Lezama

and others 2014), and the evolutionary history of

grazing (Milchunas and others 1988) to name a

few.

Nonetheless, despite the many idiosyncratic

characteristics associated with these many studies,

and the large variability in many of our modera-

tors, we still found clear and unambiguous effects

of grazing that promoted sediment production and

reduced infiltration, and a strong suggestion of

greater runoff; all markedly adverse effects on

ecosystem functions, with the effects varying with

herbivore type, grazing intensity and interactions

with climatic regimes. We acknowledge, however,

that log response ratios can be biased when sample

sizes are small (n < 20; Nakagawa and others

2017), thus preventing us from exploring rela-

tionships for specific components of infiltration

(depth to wetting front) and runoff (runoff coeffi-

cient, time to runoff, Table S1). Variance estimates

can also be erroneous when the scale of study

parameters is near zero (Lajeunesse 2015).

In conclusion, we found overall reductions in

infiltration, and an increase in sediment production

and runoff with increased grazing at the global

scale, though more nuanced studies involving

particular grazing systems, animal types and envi-

ronments may well arrive at different conclusions

for a specific region. However, we hope that this

review stimulates further studies of the impacts of

livestock on hydrological processes, particularly

those involving different grazing management

strategies that might have more positive effects on

plants and soils.
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