
Abstract
Grazing lands support the livelihoods of millions of people across 
nearly one-half of the globe. Soils are the backbone of stability 
and resilience in these systems. To determine livestock grazing 
impacts on soil health, we conducted a global meta-analysis of soil 
organic carbon (SOC), total N, C/N ratio, and bulk density responses 
to grazing strategies (continuous, rotational, and no grazing) and 
intensities (heavy, moderate, and light grazing) from 64 studies 
around the world. Across all studies and grazing intensities, 
continuous grazing significantly reduced SOC, C/N, and total N 
compared with no grazing. Soil compaction (i.e., increased bulk 
density) was greater under both continuous and rotational grazing 
compared with no grazing; however, rotational grazing had 
lower bulk density than continuous grazing. Rotational grazing 
had greater SOC than continuous grazing and was not different 
from no grazing. The positive responses of SOC to rotational 
grazing could create climate change mitigation opportunities. 
Grazing strategy comparisons were minimally conditioned by 
aridity class (i.e., arid, subhumid, and humid); however, complete 
observations were notably limited or missing for many rotational 
grazing comparisons. For continuous and no grazing strategy 
comparisons, we found that grazing management can significantly 
influence soil function and health outcomes; however, site-specific 
environmental factors play important moderating roles. Greater 
coordination across regional, national, and global efforts, as well 
as consistent guidelines for soil health evaluation, would help 
overcome these knowledge gaps and vastly improve our collective 
understanding of grazing impacts on soil health, providing greater 
management and policy impacts.
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Global grazing lands occupy up to one-half of the earth’s 
terrestrial surface, ?3.4 billion ha (FAO, IFAD, and 
WFP, 2015), supporting the livelihood benefits and 

subsistence of millions of people (Glenn et al., 1993; LeCain et 
al., 2002; Sayre, 2007; Derner et al., 2017). These lands are often 
marginally productive compared with more intensive agricultural 
landscapes, occupying land otherwise not historically suitable for 
agronomic cultivation. However, the pressures of a growing global 
population are increasingly exposing grazing lands to risks of con-
version to other land uses such as higher value, intensively man-
aged crops or urban development (Cameron et al., 2014). This is of 
concern, because grazing lands support high levels of biodiversity 
(Fuhlendorf and Engle, 2001; Fabricius et al., 2003; Havstad et al., 
2007). Grazing lands also supply a multitude of ecosystem services 
including regulation and storage of water flows (Schlesinger et al., 
2000; Havstad et al., 2007), nutrient cycling, and C sequestration 
(Schuman et al., 1999; Conant and Paustian, 2002; Morgan et al., 
2016). Globally, grazing lands play a major role in climate change 
due to massive stores and fluxes of C, storing >10% of total bio-
mass C, up to 30% of the total soil organic C (SOC), and 0.5 Pg 
C yr−1 (Scurlock and Hall, 1998). Recent estimates suggest that 
improved grassland management could generate increases up to 
0.28 Mg C yr−1 (Conant et al., 2017).

Soil biogeochemical and physical responses to livestock graz-
ing are regulated by complex and often interacting factors: grazing 
practices (Reeder et al., 2004; Derner and Schuman, 2007; Stavi 
et al., 2008; Steffens et al., 2008), climate (McSherry and Ritchie, 
2013; Andrés et al., 2017), soil texture (Spaeth et al., 1996; Fox 
et al., 2015;Andrés et al., 2017), time (duration of management 
regime implementation; Jing et al., 2014), and plant community 
structure (McSherry and Ritchie, 2013; Jing et al., 2014; Qu et al., 
2016). Grazing mechanisms such as plant defoliation can affect 
plant photosynthetic rates, root/shoot ratios, C allocation, fine 
root mass, and plant root exudates, all of which play principle roles 
in grassland biogeochemical cycles ( Johnson and Matchett, 2001; 
Gao et al., 2008; Giese et al., 2009; Chen et al., 2015; Gong et al., 
2015). For example, light to moderate grazing may increase eco-
system C through increased plant productivity by replacing aging 
or dead plant tissues with active photosynthetic tissues (Holland 
et al., 1992; Zhang et al., 2015b) and through prolonged light 
exposure on younger plant tissues, extending C acquisition during 
daylight hours (Shao et al., 2013).

Abbreviations:  AI, aridity index; BD, bulk density; CN, carbon/nitrogen ratio; CI, 
confidence interval; SOC, soil organic carbon; TN, total nitrogen.
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core ideas

•	 Grazing increases soil compaction relative to no grazing.
•	 Rotation improves soil bulk density and organic carbon over 
continuous grazing.
•	 Reduced grazing intensity improves soil bulk density and organic 
carbon.
•	 Site-specific environmental factors play important moderating 
roles.
•	 Rotational grazing strategies could create climate change 
mitigation opportunities.
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Previous work has shown that excessive hoof trampling by 
grazing animals leads to soil compaction, which can result in 
decreased soil pore space, reduced infiltration, and less plant 
available water (Willatt and Pullar, 1984; Tate et al., 2004; Kotzé 
et al., 2013; Pulido et al., 2016). These impacts can subsequently 
reduce root and mycorrhizal growth (Menneer et al., 2005; 
Barto et al., 2010), impair soil structure (Steffens et al., 2008), 
decouple C and N cycles (Piñeiro et al., 2010), and reduce plant 
productivity. This can create positive feedback loops, amplify-
ing the aforementioned impacts on soil structure and nutrient 
cycles (Houlbrooke et al., 1997; Greenwood and McKenzie, 
2001). Decreased soil pore space promotes anaerobic microsites 
(Drewry et al., 2008), which may lead to changes in soil micro-
bial communities that affect soil nutrient cycling (Oenema et 
al., 1997). Additionally, increased rates of C and N cycling may 
occur at livestock excreta sites (Oenema et al., 1997; Keiluweit 
et al., 2016; Byrnes et al., 2017), and these hotspots (particularly 
for N) may become greater when soils are grazed under saturated 
conditions (Parkin, 1987).

Evidence suggests that some grazing management strategies 
can positively benefit ecosystems and could even reverse nega-
tive impacts of poorly managed grasslands through enhancement 
of N cycling, primary production, and flow and sequestration of 
C (Turner et al., 1993; Soussana and Lemaire, 2014). Conant 
and Paustian (2002) concluded that up to 45 Tg C yr−1 could 
be sequestered globally on restored grasslands, if grazing intensi-
ties were reduced from heavy to moderate levels. In the Northern 
Great Plains, historic heavy grazing and agricultural practices have 
previously led to negative consequences for C and N cycling, but 
improved grazing management since the mid-20th century has 
significantly recovered C and N losses, contributing in part to an 
offset of ?5.85 Mg C ha−1 in CO2–equivalent, human-derived 
emissions (Wang et al., 2016). Similarly, light to moderate graz-
ing in grasslands compared with heavy grazing has been shown 
to lead to significant increases in soil C and improvements in soil 
structure (Hiernaux et al., 1999; Reeder and Schuman, 2002). 
Previous work also suggests grazing exclusion can decrease soil 
C pools, due to reduced root C inputs, decreased grazer-driven 
plant growth, and increased microbial respiration (Shao et al., 
2013). Notably, considerable disagreement exists regarding 
the potential C sequestration gains and subsequent mitigation 
benefits to be made via specialized grazing systems ( Joyce et al., 
2013; Wang et al., 2015). Meeting the simultaneous demands 
for soil restoration (Six, 2013) and animal protein production 
(Thornton, 2010; Herrero et al., 2016) requires an improved 
understanding of the complex relationships between livestock 
grazing and soil function and health at regional and global scales.

We conducted a global meta-analysis to examine the effects 
of grazing strategy (i.e., no grazing, continuous grazing, and rota-
tional grazing), grazing intensity (heavy, moderate, and light graz-
ing), and site-specific environmental factors on three important 
contributors to soil function and health—soil C and N cycling and 
bulk density (BD). We specifically hypothesized that rotational 
grazing would improve soil function and health indicators over 
continuous grazing strategies, and these effects would be at least 
partially mediated by climate. We also hypothesized that soil func-
tion and health would decrease with increasing continuous graz-
ing intensities compared with no grazing controls. Lastly, focusing 
solely on continuous grazing compared with no grazing controls, 

we examined the potential moderating effects of site-specific envi-
ronmental and study design variables (climate, plant community, 
soil texture, grazing treatment intensity, and study duration) on 
grazing treatment effects. From these analyses, we identified key 
knowledge gaps and future research directions to better inform 
management and policy decision making.

Materials and Methods
Study Selection and Database Structure

We conducted a Scopus database (https://www.elsevier.com/
solutions/scopus) query to identify peer-reviewed articles match-
ing predetermined title–abstract–keyword search criteria to match 
grazing strategies and intensities to desired response variables. The 
articles were then screened to include observations with:

1. At least one field season of treatment and control monitoring.
2. Experimentally manipulated ruminant livestock grazing only.
3. Grazing strategy (continuous and/or rotational) and intensity 

(heavy, moderate, and/or light) that were clearly identified 
either quantitatively or qualitatively.

4. At least one paired response of treatment (grazing strategy or 
intensity) and control (no grazing or continuous grazing) 
mean and variance for either SOC, BD, C/N ratio (CN), or 
total N (TN) that was extractable from text, tables, charts, 
or appendices.

In total, 64 (out of an initial 275, Supplemental Table S1) 
articles met our criteria for inclusion (Fig. 1). Means, sample 
sizes, and variances for SOC, BD, CN, and TN were collected 
for experimental treatment and control units. Where SOC and 
TN response data were available, data were extracted either on 
a concentration (i.e., g kg−1) or mass (i.e., t ha−1) basis. Data col-
lected as a mass were then converted to a concentration using 
available BD and soil sampling depth. We also collected data on 
location (latitude and longitude), elevation (m), plant commu-
nity type (annual or perennial), sand (%), clay (%), study dura-
tion (years), and soil sampling depth (cm). Soil sampling depth 
was noted to ensure that appropriate comparisons were made 
between treatments. Where climatic data and elevation were 
not reported, these data were collected via the WorldClim GIS 
database and the USGS Global Multi-Resolution Terrain Data 
(GMTED2010) using necessary corrections to decimal degrees 
data and the geographical coordinate system World Geodetic 
System WGS1984 (Hijmans et al., 2005).

For the experimental treatments, we recorded grazing strat-
egy (continuous or rotational) and intensity (heavy, moderate, 
or light). Due to the wide range of livestock types used and 
units reported, we classified grazing intensities according to the 
authors’ reporting. Due to variation in reporting of rotational 
grazing strategies (e.g., timing of grazing and rest periods), we 
could not further delineate “rotational” strategies into subclasses 
(e.g., intensive, extensive). For studies comparing rotational and 
continuous grazing, we ensured that grazing intensities were the 
same between paired rotational and continuous grazing treat-
ments. This was accomplished by reviewing the authors’ qualita-
tive evaluation (light, moderate, or heavy) and/or quantitative 
data (i.e., animal ha−1 yr−1). Where discrepancies emerged in 
intensity between continuous and rotational strategies, we 
excluded these studies from our analyses.

https://www.elsevier.com/solutions/scopus
https://www.elsevier.com/solutions/scopus
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Aridity Index
An aridity index (AI) was used to delineate studies from simi-

lar aridity classes, where the index quantifies precipitation avail-
ability over demand:

Mean annual precipitation 
Aridity index 

Mean annual evapotranspiration 
=

 
[1]

The AIs were calculated according to methods described by 
Spinoni et al. (2015) and Zomer et al. (2008). Each study was then 
classified into one of three aridity classes (Spinoni et al., 2015): arid 
(AI < 0.5), subhumid (AI = 0.5–0.75), and humid (AI > 0.75).

Statistical Analyses
Analyses were organized to principally examine the effects 

of livestock grazing strategy and intensity on indicators of soil 
health and function (SOC, BD, CN, and TN). Effect sizes were 
calculated among (i) continuous, rotational grazing, and no 
grazing strategies, and (ii) heavy, moderate, or light continu-
ous grazing intensities compared with no grazing. Effect size is 
commonly used in meta-analyses as a tool to standardize study 
results, which yields a summary of the magnitude and direction 
of treatment effect (Gurevitch and Hedges, 1993). The effect size 
was estimated as the log response ratio, which was calculated as 
the natural log of the quotient of the reported treatment to the 
control response means (SOC, BD, CN, and TN):

treatment
Effect size ln

control
æ ö÷ç= ÷ç ÷çè ø  

[2]

For each effect size, 95% confidence intervals (CIs) were 
calculated to describe the range, and effect sizes were consid-
ered significant if their lower or upper CIs reached zero but did 
not overlap zero. We did not include results with less than two 
paired observations.

For just the continuous grazing vs. no grazing controls data 
subset, we performed multiple linear regression with model averag-
ing to examine whether grazing treatment effects (effect sizes) on 
SOC, BD, CN, and TN were moderated by environmental (aridity, 

latitude, elevation, plant community, percentage sand, percentage 
clay) and study (study duration and grazing intensity) variables. We 
only included complete observations for this analysis and selected 
the best models using a cutoff of two Akaike information criteria 
(small sample size corrected) (Akaike, 1985; Ridder et al., 2005). 
All analyses were conducted in RStudio (R Core Team, 2016) 
using the metafor (Viechtbauer, 2010) and glmulti (Calcagno and 
de Mazancourt, 2010) packages, and standard diagnostics were 
used to confirm that analysis assumptions were met.

Results
Averaged across all studies and grazing intensities, continu-

ous grazing significantly increased BD (0.06, CI [0.04, 0.07]), 
reduced SOC (−0.08, CI [−0.11, −0.05]), reduced CN (−0.04, 
(CI [−0.07, 0.00]), and reduced TN (−0.05, CI [−0.10, 0.00]) 
relative to no grazing controls (Fig. 2). The magnitude of SOC 
reduction significantly increased with continuous grazing inten-
sity, whereas BD had apparent increases with increased grazing 
intensity (Fig. 3). Rotational grazing had increased BD com-
pared with no grazing controls (0.07, CI [0.03, 0.10]), with no 
other significant differences revealed (Fig. 4). Rotational graz-
ing had significantly higher SOC (0.25, CI [0.10, 0.41]) and 
CN (0.04, CI [0.00, 0.09]) than continuous grazing, as well as 
significantly reduced BD (−0.04, CI [−0.07, −0.02]) (Fig. 5). 
The grazing strategy comparisons were minimally conditioned 
by aridity class (i.e., arid, subhumid, and humid; Supplemental 
Figs. S1, S2, and S3). Complete observations of rotational graz-
ing comparisons were notably missing for subhumid and humid 
regions, thus limiting our capacity to fully examine potential 
moderating effects of climate on rotational grazing outcomes 
(Supplemental Figs. S2 and S3).

Multiple linear regression and model averaging results 
revealed that grazing treatment effects (continuous grazing vs. 
no grazing effect size) were moderated by both environmental 
and study design variables (Table 1). Elevation, aridity, absolute 
latitude, percentage sand and clay, and study duration all had sig-
nificant moderating effects on SOC (n = 73), BD (n = 45), and 
TN (n = 25) responses to grazing treatment effects (continuous 
grazing vs. no grazing effect size). Plant community (i.e., annual 

Fig. 1. global map of livestock graz-
ing study sites by aridity index. low 
to high aridity index (see eq. [1]) 
values correspond to hyper-arid to 
humid ecosystems, respectively. 
Points on the map represent each 
study in this analysis.



 Journal of Environmental Quality 

Fig. 2. mean effect size (magnitude of grazing strategy treatment vs. the control) and 95% confidence intervals (cis) of soil organic carbon, bulk 
density, c/n ratio, and total n responses to continuous grazing vs. no grazing. Values in parentheses are total paired observations of continuous 
grazed and no grazing plots.

Fig. 3. mean effect size (magnitude of grazing strategy treatment vs. the control) and 95% confidence intervals (cis) of soil organic carbon, bulk 
density, c/n ratio, and total n responses to continuous grazing intensities (heavy, moderate, and light) compared with a no grazing control. Values 
in parentheses are total paired observations per response variable by grazing intensity combination.

Fig. 4. mean effect size (magnitude of grazing strategy treatment compared to the control) and 95% confidence intervals (cis) of soil organic 
carbon, bulk density, c/n ratio, and total n responses to rotational grazing vs. no grazing. Values in parentheses are total paired observations per 
response variable by grazing intensity combination.
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or perennial) significantly moderated grazing treatment effects 
on SOC and TN; there was insufficient data to evaluate plant 
community effects on BD responses to grazing, as all included 
studies were perennial grasslands. Grazing intensity (light, mod-
erate, and heavy) was only a significant moderator for grazing 
treatment effects on BD. For CN responses to continuous graz-
ing vs. no grazing, there were insufficient data (n = 5) for analysis.

Discussion
Grazing strategies, and rotational grazing specifically, have 

received increasing national and global interest as potential 
“climate-smart” tools for sequestering SOC and enhancing soil 
health more broadly (Derner et al., 2016; Schulz et al., 2016). 
Rotational grazing strategies (e.g., high-intensity, short-duration 
grazing; “mob” grazing; management-intensive grazing ; “MiG” 
grazing) have been the epicenter of an ongoing debate on the 
potential benefits of grazing management to improve agricul-
tural production and natural resources (Roche et al., 2015). 
Although previous reviews of the experimental literature (Briske 
et al., 2011) have found no significant differences in agricul-
tural production or other natural resource benefits of rotational 

grazing strategies, our understanding of how grazing manage-
ment influences soil health is still growing.

Similar to previous work, we found increased soil compaction 
under all livestock grazing strategies and intensities relative to no 
grazing (Willatt and Pullar, 1984; Tate et al., 2004; Neff et al., 
2005) (Fig. 2–4). However, it is worth noting that although BD 
differences were statistically significant in our meta-analysis, we 
do not know if these translate to functional differences in surface 
infiltration rates (Eastburn et al., 2017). The global meta-analy-
sis also showed lower CN under continuous grazing relative to 
both rotational strategies and no grazing controls (Fig. 2 and 5), 
which is potentially due to greater rates of decomposition (i.e., 
faster nutrient cycling by the microbial community) or reduced 
amounts of incorporated fresh plant material under continuous 
grazing conditions.

Interestingly, we found that rotational grazing strategies 
improved SOC and BD conditions over continuous grazing strat-
egies (Fig. 5). However, it is important to note that our analysis of 
rotational and continuous grazing comparisons was limited by the 
number of studies and observations needed to appropriately parti-
tion variation and determine effects of important covariates, such 

Fig. 5. mean effect size (magnitude of grazing strategy treatment vs. the control) and 95% confidence intervals (cis) of soil organic carbon, bulk den-
sity, c/n ratio, and total n responses to rotational grazing vs. continuous grazing. Values in parentheses are total observations per response variable.

table 1. environmental and study design variables moderating grazing treatment effects (i.e., effect size) on indicators of soil health and function 
(soil organic carbon [Soc], bulk density [bd], and total n [tn]) for continuous grazing vs. no grazing strategies. there was insufficient data (n = 5) for 
multiple linear regression analysis of c/n ratio data.

Variable
Soc effect size† Soc effect size‡ Soc effect size§

no. of models¶ Variable importance# no. of models Variable importance no. of models Variable importance

Elevation (m) 12 1.00 2 0.21 4 0.84
Aridity index 8 0.70 4 0.52 5 0.46
Latitude (absolute) 5 0.39 6 0.78 2 0.30
Clay (%) 5 0.42 2 0.18 4 0.85
Sand (%) 4 0.28 2 0.22 4 0.85
Plant community 4 0.35 NA†† NA 2 0.32
Study duration (yr) 4 0.34 3 0.36 1 0.37
Grazing intensity 0 0.00 8 1.00 0 0.00
Intercept 12 1.00 8 1.00 5 1.00

† n = 73; average R2 of top models was 0.30.

‡ n = 45; average R2 of top models was 1.0.

§ n = 25; average R2 of top models was 0.91.

¶ Number of top models (all models within two Akaike information criteria [small sample size corrected] of best model) in which each variable appears.

# The sum of Akaike weights for the models in which each variable appears.

†† NA, insufficient data to evaluate plant community effects on BD responses to grazing treatment effects.
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as climate (Supplemental Figs. S2 and S3). Necessarily, we also 
combined a wide range of grazing strategies, as well as variations 
of these strategies (e.g., intensive and extensive rotation; Roche et 
al., 2015), into a single rotational grazing category. Additionally, 
on-ranch rotational grazing strategies are characteristically diverse 
(Roche et al., 2015), which further complicates generalizations for 
a single class of rotational grazing.

Grazing intensity is a measure of the cumulative effect of 
livestock use on forage and soil resources and is arguably one of 
the strongest predictors of agricultural and ecological outcomes, 
including soil function and health. Like previous work, we found 
evidence that greater continuous grazing intensity levels can neg-
atively affect SOC (Fig. 3) (Zhang et al., 2015a, 2015b); Wang 
et al., 2016; Conant et al., 2017. Effect size analysis showed that 
continuous grazing intensity levels also significantly increased 
soil compaction over no grazing controls (Fig. 3, Table 1).

Site-specific environmental factors underpin soil function and 
health responses to management. In addition to grazing intensity, 
we found that elevation, climate, absolute latitude, soil texture, 
and plant community type were significant moderators of soil 
responses to continuous livestock grazing compared with no graz-
ing (Table 1). In terms of soil texture effects, it has been shown 
that organic matter decomposition is slower in clayey (finer tex-
tured) than sandy (coarser textured) soils, which is potentially due 
to reduced heterotrophic microbial activity (Motavalli et al., 1995; 
Vogel et al., 2015) and physical protection of organic matter by clay 
minerals (Six el at., 2004). This means that sandier (coarser) soils 
may be more susceptible to organic matter losses. We also found 
elevation to be a significant predictor of SOC and TN responses, 
which is supported by previous work (Powers and Schlesinger, 
2002; Wang et al., 2017). This may be due to differences in soil 
mineralogy and weathering across elevational gradients (Drever 
and Zobrist, 1992; Velbel, 1993; Szramek et al., 2007; Kramer 
and Chadwick, 2016). Lastly, we found that soil responses to con-
tinuous grazing vs. no grazing were dependent on study duration 
(Table 1), although >70% of observations were from studies that 
lasted <10 yr (Lundström et al., 2000; Six et al., 2004; Lawrence 
et al., 2015). Tate et al. (2004) found that soil BD at sites excluded 
from grazing for just 6 yr were significantly lower than light, con-
tinuously grazed sites, but sites excluded for 6 yr were not signifi-
cantly different in BD from sites excluded from grazing for >26 yr, 
indicating that some soil health responses to grazing management 
can occur relatively quickly.

Recent trends in extreme events (e.g., severe drought) indi-
cate that grazing lands are already being affected by climate 
change, and model projections suggest that these systems, as 
well as the millions of people who depend on them around the 
globe, will continue to be affected ( Joyce et al., 2013). Given 
their global extent, even moderate management changes to pro-
tect and restore existing C pools on grazing lands could have 
positive long-term impacts. Our results revealed grazing man-
agement adaptation opportunities to minimize negative conse-
quences, as well as potentially increase SOC sequestration. For 
example, shifting to relatively lower grazing intensity levels or 
adopting a rotational grazing system could partly mitigate reduc-
tions in SOC observed with continuous grazing (Fig. 3 and 5). 
The positive responses of SOC to rotational grazing compared 
with continuous grazing in subhumid and humid environments 
(Supplemental Figs. S2 and S3), in particular, highlight climate 

change mitigation opportunities, but more investigation into 
potential interacting effects of grazing intensity, soil characteris-
tics, and climate within these grazing systems is warranted.

Grazing management is increasingly scrutinized for impacts 
on soil resources; at times, it is promoted as a panacea approach 
to sequestering SOC and improving soil function and health, and 
at others, as a driver of soil degradation. Our global meta-analysis 
suggests that rotational grazing could potentially improve SOC 
and BD over continuous grazing strategies. We found that both 
grazing strategy and intensity can significantly influence soil 
function and health outcomes; however, site-specific contextual 
(environmental) factors play important roles in shaping these out-
comes. Unfortunately, we found very limited data to evaluate how 
environmental variables (e.g., climate, soil texture, plant commu-
nity) potentially mediate soil responses to rotational grazing strat-
egies. We strongly suggest that future research focus on advancing 
understanding of interactions among important environmental 
factors and grazing management and resulting soil health out-
comes. Additionally, only 64 studies (23% of initial studies found) 
reported sufficient, comparable data for inclusion into this sys-
tematic global analysis. To address this key knowledge gap, we 
urge greater coordination and collaboration among scientists on 
regional, national, and even global efforts. We also recommend 
the development of consistent guidelines for soil health evaluation 
in grazing studies to allow for future quantitative meta-analysis of 
grazing management impacts on soil health.

Supplemental Material
Supplemental Table S1. General study characteristics reported by 
authors; author name(s), published date, study duration (yr), latitude, 
longitude, elevation (m), mean annual precipitation (MAP), mean 
annual temperature (MAT), and plot area (ha).

Supplemental Fig. S1. Mean effect size (magnitude of grazing strategy 
treatment compared to the control) and 95% CIs of SOC, BD, CN, 
and TN responses to continuous grazing compared to no grazing within 
aridity classes. Values in parentheses are total paired observations per 
response variable by climatic zone.

Supplemental Fig. S2. Mean effect size (magnitude of grazing strategy 
treatment compared to the control) and 95% CIs of SOC, BD, CN, 
and TN responses to rotational grazing compared to no grazing within 
aridity classes. Values in parentheses are total paired observations per 
response variable by grazing intensity combination.

Supplemental Fig. S3. Mean effect size (magnitude of grazing strategy 
treatment compared to the control) and 95% CIs of SOC, BD, CN, and 
TN responses to rotational grazing compared to continuous grazing 
strategies within aridity classes. Values in parentheses are total paired 
observations per response variable by grazing intensity combination.
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