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Supplementary Discussion
1. Uncertainties in various input data sets

In this study, we used the ratio of grazed biomass to aboveground net primary
production (ANPP) available for grazing as an indicator of grazing intensity (GI),
overcoming limitations associated with the estimates of ANPP (see Methods). The
improved methodology allowed us to provide more accurate GI estimates than previous
literature. In particular, while we derived global observational ANPP based on recent
research!, other grazing studies used climate as predictors or a constant global value of
0.6 to derive the aboveground fraction from NPP?3. To assess the reliability of our GI
estimates, we performed an additional analysis. In this analysis, we used the Global
Assessment of Soil Degradation (GLASOD) database as a reference*, which provides
global land degradation severity due to grazing based on expert assessment and
knowledge. Specifically, the GLASOD classifies overgrazing severity into light,
moderate, heavy and extreme, using a combination of the degree and the relative extent
of the process. Using the same approach and spatial coverage as the GLASOD, we
derived our own map of overgrazing severity based on our global GI and grazing extent
maps, and found that the spatial patterns are comparable to those of GLASOD (Figure
S26).

Notably, uncertainties remain in our results. Specifically, there are certain regions
where GI >100% (southern Asia and northern Africa) or our severity levels deviate from
the GLASOD (e.g., southern Africa and western Asia). However, it should also be kept

in mind that our degree of overgrazing is defined according to productivity loss, while



the GLASOD surveys focused on soil degradation. More importantly, the GLASOD is
likely to be broadly accurate, but is less certain at any particular location®. Regardless,
further efforts are required to minimize uncertainties in various input data sets,
including more precise grazing fraction and ANPP maps, along with explicit feed intake
data at finer scales.

There are also considerable uncertainties between the various data sets used in our
study (e.g., soil properties). For example, notable discrepancies in soil carbon stocks
between SoilGrids and the Harmonized World Soil Database are present, particularly in
northern regions®, which probably leads to larger coefficients of variation in carbon

sequestration potential across the boreal ecozone (Table S3).

2. Robustness, reliability of Glopt and Glnres estimates

We performed the following analysis to assess the robustness and reliability of our
results. First, we derived Glop: and Glires Without considering environmental factors
within the moving window. By comparing with the default estimates (Figure 5), we can
assess the potential influence of diverse environments within the moving windows. The
results showed that the effect of diverse environments within the window is small for
the vast majority of the world (Figure S27).

We also estimated Glop at a plot level from 12 field experiments (Figure S28).

These experiments measured carbon stocks for aboveground plant, root and soil under
at least 3 GI gradients that cover light, moderate and heavy intensities. Where studies

only measured biomass, we converted to carbon stocks using a default conversion factor



of 0.477. Comparing these plot-level Glop estimates with those extracted from our
optimal map, we found a good agreement between the two (Figure S28). However, due
to the lack of data from multiple intensity gradients in these experiments, we were
unable to derive definitive plot-level Glires. Nevertheless, a recent study using a
process-based model investigated stocking rate thresholds (sheep unit/ha/yr) that induce
extreme grassland NPP degradation over the Tibetan Plateau of China®. We compared
these to those converted from our Glires estimates and found them to be comparable in

terms of both patterns and values (Figure S29).
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Figure S1. Flowchart showing the key steps of this study.
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Figure S2. Density plot of the grazing effects on soil carbon stocks over 1,473
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* o e ° °
el — 51 —~
MAT - [ S S 157
Soil C:N 1 g g
C j
Soil depth - S 01 8
. S G 101
Soil C 1 [®) [®)
Soil clay 1 B 3
2] _5 i 2]
MAP E B 54
NDVI 4 2 g
Duration s ¢
ura 2 104 o
LT A 04
0.0 0.5 1.0 0 25 50 75 0 10 20 30
Relative importance Gl MAT
d 10.09 e f 5.01
g g S
Q 7.54 g 5 g 251
C C =
@© @© @
< < £
o o o
o 50 © © 0.0
[e] o o
2} 12 2]
8 25 3 %7 I
s - 5 251
o o 2
o o o
0.0
. . S . . . 50— —
10 20 20 40 60 0 500 1000 1500 2000
Soil C:N Soil depth Soil C
9 4 h
g g
o 37 o 44
jo)) jo))
C C
© ©
S 2 S
O O
= = 2 -
3 14 3
Rel el
3 3
3 0 3
5 04
o o
i & 01
-1
100 200 300 400 500 1000 1500 2000
Soil clay MAP

Figure S3. Variable importance of 10 potential predictors of the grazing effects on

soil carbon stocks and partial dependence plots. LT, livestock types.
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Figure S4. Grazing intensity is a key driver of the grazing-induced root carbon
change. a, Variable importance of 6 factors of the grazing effects on root carbon across
field observations. b, Regression plot of grazing intensity with root carbon change fitted
by a meta-regression model (P < 0.001, n = 738; P value for two-tailed test). Data
shown in b here are from field grazing experiments. Nonlinear fit depicts quadratic

meta-regression model with shaded areas representing 95% CI.
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Figure S5. The influence of mean annual temperature (a, P = 0.0009), soil depth (b,
P =0.000), duration (c) and livestock types (d) on grazing-induced changes in soil
carbon stocks. Data shown here are from field grazing experiments. Linear or
Nonlinear fits in a-c represent meta-regression models with shaded areas representing
95% CI. Box plot shows the 25th and 75th percentiles (box borders), medians (central

black lines) and data ranges (whiskers). P values for two-tailed tests.
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from a meta-analysis with 95% CI. Box plot shows the 25th and 75th percentiles (box
borders), medians (central black lines) and data ranges (whiskers). Data presented here

are from field grazing experiments.

11



a 200 P<001,n=23 Ecozones b P=075n=9
100
FP=017.n=18  — Tropical P=069,n=10
Cg P <001 n=298 — ?ubtropn;al Cg P =096 =171
_ _ —— Temperate
g% 1001 A — Boreal ‘g% 501 P=NAn=2
£ g8
5t | 5t |43 |
28 £8 %/J\ 3
3 04 3 L g3 0] ) 3 e ® —\
(D% v 1 - (.')% S
w ° (0]
o J
-50 1
-1001, T T T T T T T
0 25 50 75 0 20 40 60
Soil depth (cm) Duration (yr)
c d P <0.05,n =17
P <0.05 n=23
i o P=0.18,n=14
s P =008 n=24 = 501
B P <0.05. n = 3¢ c= P ) 2
5% 1% P=058n=4 5 €
=058, n=
g: g: 04
£38 " £33
N = g & N =
88 5 : €3 H
Oz RN O3
7] ol @ 50 -
0 50 100 150 0 10 20 30 40 50
Soil depth (cm) Duration (yr)
€ 2007 P =009,n=70 f 100 . P=011,n=39
P=018n =37 o P=078n=18
=~ [t 50-
22 1001 . P=056,n=6 o P=NAn=2
83 , . iz |
5@ . %® \
o5 25
<38 £3
8§ g8
(.'J% Og
W w
-100 = T T T T T T T
0 25 50 75 0 20 40 60
Soil depth (cm) Duration (yr)

Figure S7. Regression plots of grazing effect on soil carbon stocks with soil depth
and duration within light (a-b), moderate (c-d) and heavy intensity (e-f). Dot sizes
are proportional to model weights. Data shown here are from field grazing experiments.
Linear or Nonlinear fits depict meta-regression models with shaded areas representing
95% CI. P value is 0.007 and 0.000 for tropical and temperate ecozones in a, 0.02 and
0.001 for tropical and temperate ecozones in ¢, 0.02 for tropical ecozone in d, 0.000 for

temperate ecozone in e. P values for two-tailed tests.
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Figure S8. Comparison of the grazing effects on soil carbon stocks between
different livestock types per intensity category and ecozone. a-f, Effects of livestock
types on soil carbon changes for light (a-b), moderate (¢-d) and heavy (e-f) grazing
intensities. Box plots show the 25th and 75th percentiles (box borders), medians (central
black lines) and data ranges (whiskers). Data shown here are from field grazing

experiments.
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Figure S11. Global distribution of grazing intensity (a) and associated uncertainty
(b). Here we used the ratio of grazed biomass to ANPP available for grazing as an
indicator of grazing intensity (Methods). The coefficient of variation was calculated

from the standard deviation and mean of the 400 estimates.
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Figure S14. Nonlinear responses of soil carbon stock change to grazing intensity. a-

h, The graphs show how soil carbon changes of different layers (a-d for topsoil, e-h for

subsoil) respond to grazing intensity for tropical (a, e), subtropical (b, f), temperate (c,

g), boreal (d, h) zones. The solid lines and shaded areas represent the smoothed trend

fitted by generalized additive model and the associated 95% CI, respectively. The green

points indicate the grazing intensity at which soil carbon change is predicted to be

maximal, while the yellow points describe the threshold identified by the segmented

regression (see Methods). Data shown here are from global estimates.
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Figure S21. Boxplot of predicted relative carbon stock change (%) per soil layer
and ecozone, aggregated from the spatial distributions in Figure 3 excluding grids
with GI > 100%. The boxplot shows the 25th and 75th percentiles (box borders),

medians (central black lines) and data ranges (whiskers).
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Figure S22. Uncertainties of estimated soil carbon stock changes due to grazing,
derived from 100 bootstrapped predictions. The coefficient of variation was
calculated as the ratio of the standard deviation to the absolute values of changes in soil

carbon stocks.
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stocks, respectively. See Methods for more details.
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Figure S24. Uncertainty of Glopt derived from 240 estimations.
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Figure S25. Global distribution of carbon sequestration potential (tC ha™) from
grazing management and its contribution to current carbon stocks in aboveground
biomass (a-b), root (c-d), topsoil (e-f) and subsoil (g-h). Note that due to our focus on
the carbon sequestration potential of the whole ecosystem (that is, trade-offs between
different carbon components) (see Methods), there are a few areas where specific

carbon components would decrease under the optimal scenario.
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Figure S26. Overgrazing severity estimated from this study (a) and derived from
the Global Assessment of Soil Degradation (GLASOD) database (b). Severity levels
due to grazing are defined using a combination of the degree and the relative extent of

the process.
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Figure S27. Differences in Glopt and Glinres estimates with and without
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Figure S29. Comparison of stocking rate thresholds from ref.! with those converted

from our Glinres estimates over the Tibetan Plateau of China.
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Table S1. The total heterogeneity (Qrt), percentage of heterogeneity due to true
variation among effect sizes (I%), between-group heterogeneity (Qsg) for soil carbon
responses to grazing in the meta-analysis. k represents the number of paired

observations. P values for two-tailed tests. Results from linear mixed-effects models

Categorical k Qr P-value for Qr | I? Qs P-value for Qg
variables

All data 1473 39633 0.0000 0.97 - -

MAT 1473 - - - 187 0.0000
MAP 1473 - - - 135 0.0000
Soil layer 1473 - - - 158 0.0000
Soil C stocks 1473 - - - 113 0.0000
Soil C:N 342 - - - 18.24 0.0004
Soil clay 119 - - - 23.66 0.0000
Grazing 1332 - - - 153 0.0000
intensity

category
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Table S2. Grazing-driven carbon storage changes of different ecosystem
components for different ecozones. Values represent means + one standard deviation

over different data sets (n = 3).

Predicted Carbon storage change (PgC)
area Aboveground | Root Topsoil Subsoil Total
Ecozones L
(million
km?)
Boreal 0.16 -0.04 +0.01 -0.007 =+ 0.01 +|-0.12 +|-0.17
0.003 0.006 0.05 0.05
Temperate 5.77 -2.96 £0.16 -1.38 £ -4.31 + | -8.77 +|-174 =
0.32 1.02 3.68 4.69
Subtropical | 7.45 -5.05+2.81 -142  +£|-345+04 | -5.82 +|-157 +
0.39 1.69 3.82
Tropical 10.2 -10.5+3.41 444  +]-9.59 +|-13.6 + | -38.1 +
1.86 0.96 3.04 4.27
Total 23.6 -18.5£6.37 -726+1.8 | -173 + | -284 +|-715 +
2.27 8.43 11.6
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Table S3. Grazing-driven carbon sequestration potentials of different ecosystem

components across different ecozones under optimal grazing scenario. Values

represent means + one standard deviation over different data sets (n = 6).

Opportunity Carbon sequestration potential (PgC)
area Aboveground | Root Topsoil Subsoil Total
Ecozones L
(million
km?)
Boreal 0.13 0.009 £0.014 | 0.008 0.1+£0.11 0.11+£0.13 | 0.23+0.25
0.1
Temperate | 6.89 22+0.27 1.74 6.11£236 | 6.54+4.41 | 16.6+7.42
1.48
Subtropical | 5.1 3.92+2.15 2.12 341+1.14 | 3.5+2.05 12.9 £3.48
0.33
Tropical 8.95 8.15+£3.8 7.45 82+1.71 9.1£5.51 329+8.6
3.13
Total 21.1 143 +6.13 11.3 17.8+5.3 192+12.4 | 62.6+18
5.23
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Table S4. Egeer’s regression test and Rosenberg fail-safe numbers for publication
bias. Egger’s regression test was employed to detect publication bias. P-value greater
than 0.05 indicates the absence of publication bias. In the presence of publication bias,
the Rosenberg fail-safe numbers were utilized to further assess the potential impact of
unpublished articles on the results. The results were considered susceptible to the
influence of unpublished articles when the Rosenberg numbers were less than SN+10,

where N represents the number of paired observations. P values for two-tailed tests.

Categorical N Z value for | P value for | Rosenberg fail- | SN+10
variables Egger’s test Egger’s test safe number

All data 1473 -4.1 0.00 1262001 7375
MAT 1473 -3.25 0.00 1262001 7375
MAP 1473 -3.95 0.00 1262001 7375
Soil layer 1473 -3.27 0.001 1262001 7375
Soil C stocks 1473 -4.17 0.00 1262001 7375
Soil C:N 342 -2.24 0.02 40956 1720
Soil clay 119 -1.59 0.11 12402 605
Grazing 1332 -2.27 0.02 826422 6670
intensity

category
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Table SS. Information on the 84 selected covariate layers.

ID Group Variable Unit Resolution | ref
1 Atmosphere Annual mean radiation W m? ~18.5km

2 Atmosphere Highest weekly radiation W m? =~18.5km

3 Atmosphere Lowest weekly radiation W m? ~18.5km

4 Atmosphere Radiation seasonality (C of V) W m? ~18.5km

5 Atmosphere Radiation of wettest quarter W m? =18.5km

6 Atmosphere Radiation of driest quarter W m? ~18.5km

7 Atmosphere Radiation of warmest quarter W m? ~18.5km

8 Atmosphere Radiation of coldest quarter W m ~18.5km |,
9 Atmosphere Annual mean moisture index - ~18.5km

10 Atmosphere Highest weekly moisture index - =~18.5km

11 Atmosphere Lowest weekly moisture index - ~18.5km

12 Atmosphere Moisture index seasonality (C of V) - ~18.5km

13 Atmosphere Mean moisture index of wettest quarter - ~18.5km

14 Atmosphere Mean moisture index of driest quarter - ~18.5km

15 Atmosphere Mean moisture index of warmest quarter | - =~18.5km

16 Atmosphere Mean moisture index of coldest quarter - ~18.5km

17 Atmosphere Nitrogen deposition mgN/m?/yr 3.75° 3
18 Climate Annual Mean Temperature °C ~1km

19 Climate Mean Diurnal Range °C ~lkm

20 Climate Isothermality % ~lkm

21 Climate Temperature Seasonality (C of V) °C ~1km

22 Climate Max Temperature of Warmest Month °C ~lkm

23 Climate Min Temperature of Coldest Month °C ~1km

24 Climate Temperature Annual Range °C ~lkm

25 Climate Mean Temperature of Wettest Quarter °C =~lkm

26 Climate Mean Temperature of Driest Quarter °C ~1km

27 Climate Mean Temperature of Warmest Quarter °C ~1km 4
28 Climate Mean Temperature of Coldest Quarter °C ~1km

29 Climate Annual Precipitation mm ~lkm

30 Climate Precipitation of Wettest Month mm ~1km

31 Climate Precipitation of Driest Month mm ~1km

32 Climate Precipitation Seasonality (C of V) mm ~lkm

33 Climate Precipitation of Wettest Quarter mm ~1km

34 Climate Precipitation of Driest Quarter mm ~1km

35 Climate Precipitation of Warmest Quarter mm ~lkm

36 Climate Precipitation of Coldest Quarter mm ~1km

37 Climate Arid index - ~lkm S
38 Climate Evapotranspiration mm/yr ~1km

39 Soil Permaforst attribute - 0.1° 6
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40 Soil Bulk density cg/em? ~1km

41 Soil Cation exchange capacity mmol(c)/’kg ~1km

42 Soil Coarse fragments cm?/dm? ~1km

43 Soil Nitrogen mg/kg ~1km

44 Soil Clay content g/kg ~lkm

45 Soil Sand content g/kg ~1km 7
46 Soil Silt content g/kg ~1km

47 Soil pH - ~1km

48 Soil Organic carbon dg/kg ~1km

49 Soil C:N - ~1km

50 Soil Soil order (USDA) - ~lkm

51 Soil Total S % ~lkm

52 Soil CaCO3 % ~lkm

53 Soil Gypsum % ~lkm

54 Soil Electrical conductivity ds/m ~1km

55 Soil Exchangeable calcium cmol/kg ~lkm

56 Soil Exchangeable magnesium cmol/kg ~1km

57 Soil Exchangeable sodium cmol/kg ~lkm 8
58 Soil Exchangeable potassium cmol/kg ~1km

59 Soil Exchangeable aluminum cmol/kg ~lkm

60 Soil Base saturation % ~lkm

61 Soil Gravel content % ~lkm

62 Soil Total phosphorus % ~1km

63 Soil Total potassium % ~lkm

64 Soil Microbial biomass carbon (MBC) gC/m? 0.5°

65 Soil Microbial biomass nitrogen (MBN) gN/m? 0.5° ?
66 Soil MBC:MBN - 0.5°

67 Soil Bacterial biomass carbon gC/m? 0.5°

68 Soil Fungal biomass carbon gC/m? 0.5° 10
69 Soil F/B ratio - 0.5°

70 Soil Nematode abundance number/100g | =1km 1
71 Soil Soil depth cm -

72 Vegetation Land cover - ~500m 12
73 Vegetation Normalized Difference Vegetation Index | - ~250m 13
74 Vegetation Arbuscular mycorrhizal % ~18.5km

75 Vegetation Ectomycorrhizal % ~18.5km 4
76 Vegetation Ericoid mycorrhizal % ~18.5km

77 Vegetation Non-mycorrhizal % ~18.5km

78 Topography Northess - ~30m

79 Topography Eastness - ~30m

80 Topography Hill - ~30m 15
81 Topography Slope degree ~30m

82 Topography Elevation m ~30m
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