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Drought risk threatens pastoralism in rangelands, which are already under strain from climatic and
socioeconomic changes. We examine the future drought risk (2031–2060 and 2071–2100) to
rangeland productivity across Eurasia (West, Central, and East Asia) using a well-tested process-
based ecosystem model and projections of five climate models under three shared socioeconomic
pathway (SSP) scenarios of low (SSP1−2.6), medium (SSP3−7.0), and high (SSP5−8.5) warming
relative to 1985–2014. We employ a probabilistic approach, with risk defined as the expected
productivity loss induced by the probability of hazardous droughts (determined by a precipitation-
based index) and vulnerability (the response of rangeland productivity to hazardous droughts).
Drought risk and vulnerability are projected to increase in magnitude and area across Eurasian
rangelands, with greater increases in 2071–2100 under the medium and high warming scenarios than
in 2031–2060. Increasing risk in West Asia is caused by longer and more intense droughts and
vulnerability, whereas higher risk in Central and East Asia is mainly associated with increased
vulnerability, indicating overall risk is higher where vulnerability increases. These findings suggest that
future droughts may exacerbate livestock feed shortages and negatively impact pastoralism. The
results havepractical implications for rangelandmanagement that shouldbeadapted to the ecological
and socioeconomic contexts of the different countries in the region. Existing traditional ecological
knowledge can be promoted to adapt to drought risk and embedded in a wider set of adaptation
measures involvingmanagement improvements, social transformations, capacity building, and policy
reforms addressing multiple stakeholders.

Rangelands represent the world’s largest biome, occupying more than
40% of the total land surface1. They provide critical ecosystem services2,3,
such as biodiversity, carbon sequestration, and animal feed2,4, and are
hence central for food security and the livelihoods of people, particularly
of rural populations in climate-sensitive drylands, such as Eurasia, where
livelihoods are heavily reliant on natural resources, including
pastoralism4–8. The Eurasian drylands (Fig. 1a) comprise the world’s lar-
gest contiguous rangelands1, with low and variable (intra- and inter-
annual) precipitation levels along with sparse vegetation, which has been
grazed by livestock of mobile pastoralists for millennia6,9. In 2019, the
Eurasian rangelands (EAR) hosted approximately 426.8 million head of

livestock (equal to 835.1 million in sheep units)10, fed either directly by
grazing or indirectly by grass harvest. Rangeland ecosystems are themost
sensitive to climate change, and rangeland grazing has been precisely
tuned to match high climate variability11–14. For millennia, the traditional
ecological knowledge of pastoralists15,16 has enabled them to manage the
variations in climate (e.g., droughts) and forage production, including
rotation and mobility of herds17–19. In recent decades, the mobility of
pastoralists has been influenced by climate hazards, pasture and forage
availability, and socioeconomic pressure, resulting in higher herdmobility
and longer travel distances in search of favorable pastures and reduced
mobility18–20.
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In recent decades, the EAR has experienced frequent droughts13,21–23

and increased land-use pressure (such as overgrazing)24,25 following eco-
nomic and sociopolitical changes in countries in the EAR. During the
transition phase (the 1990s), the livestock number significantly decreased,
but it has rapidly increased in the last two decades, resulting in vegetation
productivity loss13,26–28 and rangeland degradation25,29,30. This, in turn, has
jeopardized the viability of pastoralist livelihoods and food security,
resulting in vulnerable herders who directly rely on rangeland
production17,31,32. For instance, in the 2000s, frequent droughts, together
with severe winters, led to pasture unavailability and inaccessibility, and
killed ~30.2 million head of livestock (equal to 57.4 million sheep units) in
Mongolia24. Drought-induced reduction of vegetation productivity
decreases livestock body fat, leads to continuous loss of adequate grazing,
and also, prevents pastoralists from gathering adequate forage for winter
feeding. Both factors increase livestock mortality in winter due to

starvation31,32. These climate shocks have caused socioeconomic damage to
both pastoralists and the entire nation31, resulting in poverty, food inse-
curity, unemployment, malnutrition, and health, driving pastoralists to
migrate from rural to urban areas in search of alternative livelihoods33–37.
Following the above shocks, the number of pastoralists has decreased year
by year, with an end to herding and outmigration33,35 (also referred to as
climateor environmentalmigration), threatening the future sustainabilityof
pastoralism.

Droughts are anticipated to become more frequent and intense in the
future38,39 and may pose challenges in achieving several of the United
Nations Sustainable Development Goals (in particular, SDG1—no poverty,
SDG2—zero hunger, SDG3—good health andwell-being, and SDG15—life
on land) in the region40. The sixth assessment report of the Intergovern-
mental Panel on Climate Change (IPCC AR6)39 highlighted that there is
only limited evidence on the projected future impact of climate change on

Fig. 1 | Probabilistic risk analysis (PRA) of the rangeland productivity (ANPP)
over the EAR during the baseline period (1985–2014). a Study area (black solid
line) including West Asia, Central Asia, and East Asia (dashed red lines).
b Probability of hazardous droughts (P[Dhaz]) for PNI ≤0.7 (moderate to severe).
c, Vulnerability of the ANPP (difference between e and f). d Risk to the ANPP
(multiplication of b and c). e, f ANPP in normal and nonhazardous drought years

(favorable conditions) and in hazardous drought years (unfavorable conditions).
The ANPP simulations by ORCHIDEE-GM are forced by the observed climate
(GSWP3-W5E5). b The gray cells denote areas with normal conditions (e.g., PNI
>0.7 for the whole period), and these areas are excluded from vulnerability and risk
analyses (gray in d, e).
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livestock production, particularly in low- tomedium-income countries, and
that more robust and detailed information on the risk and vulnerability of
rangelands is needed41. Understanding the drought risk to rangeland pro-
ductivity is crucial for developing adaptation and conservation strategies to
ensure pastoralism sustainability. However, compared to other regions,
substantial uncertainty remains regarding the future drought impacts on the
EAR, and detailed regional analyses are missing.

Risk terminology was developed under the auspices of the United
Nations42 and used by the IPCC41,43 for studying human systems and for
ecosystem risk44–46 by explicitly distinguishing hazard, vulnerability, and
risk. Risk is defined as the expected loss and calculated as the product of
hazard and vulnerability. Hazard is the probability of occurrence of a
potentially damaging phenomenon. Vulnerability is the resultant degree of
loss uponphenomenonoccurrence42.Understanding the drought risk to the
rangeland productivity in the EAR under future climate change is of utmost
importance for ensuring sustainable pastoralism in the region, which is
becoming increasingly unstable33,34 due to climatic23,31 and
socioeconomic31,32 changes. However, there is a lack of regional-level
assessment studies of future drought impact on the EAR and the associated
risks for decision-makers as well as adaptation measures to manage future
risks based on climate change scenarios. Here, we applied an ecosystem-
focused probabilistic risk analysis (PRA) method45,46 to assess the future
changes in the drought risk (impacts) to rangeland productivity across the
EAR (Fig. 1a). Furthermore, we synthesized the main adaptation measures
for pastoralism in the EAR from a wide range of literature sources (Sup-
plementary Table 1) and assessed which key stakeholders they target and
whether they address the drought risk or vulnerability as outlined by our
PRA approach. In this study, we use the terms “hazardous drought”,
“drought risk”, and “vulnerability”. Hazardous drought is the probability of
hazardous (moderate to severe) drought occurrence (P[Dhaz]) representing
a potentially damaging phenomenon. Drought risk (R) refers to the risk to
rangeland productivity, which is defined as the expected loss of the range-
land productivity and can be calculated as the product of P[Dhaz] and the
vulnerability (V) of rangeland productivity to hazardous droughts. Vul-
nerability can be calculated from the response of the rangeland productivity
(i.e., the aboveground net primary productivity, hereafter referred to as
productivity) simulated by the process-based ecosystem model Organizing
Carbon and Hydrology in Dynamic Ecosystems–Grassland Management
version 3.2 (ORCHIDEE-GM v3.2)47,48. P[Dhaz] can be calculated from the
precipitation-basedPercent ofNormal Index (PNI)49 for the growing season
(April−September). Hazardous droughts occur for PNI ≤0.7 (moderate to
severe droughts) (refer to Methods). Here, we examined the changes in
P[Dhaz], vulnerability, and risk over the EAR in two future time slices,
namely, the mid- (2031–2060) and late- (2071–2100) 21st centuries, under
three scenarios (SSP1–2.6, SSP3–7.0, and SSP5–8.5) relative to the baseline
period (1985–2014). We obtained PRA using two climate datasets of
observations (GSWP3-W5E550,51, 1901−2019) and downscaled and bias-
corrected simulations (historical: 1971−2014 and future: 2015−2100) by
five general circulation models (GCMs)52 of the Coupled Model Inter-
comparison Project Phase 6 (CMIP6). The analysis was performed over
three regions of the EAR (West Asia, Central Asia, and East Asia) (Fig. 1a),
which are loosely divided considering mainly the geographical conditions,
climate, and vegetation cover (Refer to Methods) across eleven countries
(Mongolia, Kazakhstan, Kyrgyzstan, Tajikistan, Uzbekistan, Turkmenistan,
Azerbaijan, Armenia, Turkey, North of Iran, and two provinces of China:
Inner Mongolia and Xinjiang) in the spatial domains of 33°−56°N and
25°−128°E (Supplementary Fig. 1).

Results
Historical drought risk to rangeland productivity
In the baseline period (1985−2014), we examined the drought risk to the
productivity across the EAR by applying the PRA method using the mod-
eled productivity derived from ORCHIDEE-GM and the drought index
represented by the PNI from the observation-based climate dataset
(GSWP3-W5E5) (Fig. 1) and the five GCM simulations over the historical

period (Supplementary Fig. 2). The PRA results driven by the observation-
based climate and historical climate of the five GCMs exhibited similar
spatial patterns of P[Dhaz], vulnerability, and risk (Fig. 1b–d versus Sup-
plementary Fig. 2a–c) and consistent regional variations (Supplementary
Fig. 3). The vulnerability increased from south to north in the EAR, while
P[Dhaz] was higher in the southern regions of the EAR (P[Dhaz] >0.5 in
southern Central Asian countries). Central Asia (40.2 ± 16.7% (±spatial
standard deviation); notably northern Kazakhstan) and East Asia
(49.7±19.9%; particularly central to eastern Mongolia and northern Inner
Mongolia) showed higher vulnerabilities than West Asia (23.9 ± 15.2%)
(Supplementary Fig. 3b and Supplementary Table 2). These results are
consistent with those of previous studies reporting a higher vulnerability of
productivity in Central Asia (particularly northern Kazakhstan)28 and East
Asia (northern Mongolia)13. The relative drought risk to productivity was
higher in Central Asia (9.6 ± 5.9%) and East Asia (7.8 ± 5.3%) than inWest
Asia (4.4 ± 4.2%) (Supplementary Fig. 3c and Supplementary Table 2). The
risk of hazardous droughts to productivity was the highest in the northern
EAR (northwestern Kazakhstan, northeastern Mongolia, and northern
Inner Mongolia), mainly due to the high vulnerability to exceptional
droughts. Thehigh risk in southernKazakhstan andUzbekistan is, however,
mainly due to the high frequency of droughts. Additionally, we examined
the alternative PRA method using P[Dhaz] based on soil moisture (soil
moisture percentile53, Wp ≤ 0.2 (moderate to exceptional droughts, Sup-
plementary Fig. 4) and standardized precipitation evapotranspiration54

(SPEI ≤−1.0, Supplementary Fig. 5) drought indices. For baseline period, a
parallel analysis using the alternative indicators of Wp or SPEI (Supple-
mentary Figs. 4, 5) revealed that in general, the vulnerability and risk of
hazardous droughts to productivity showed similar spatial patterns to those
using the PNI as a drought indicator (Fig. 1). An exception was found in
northern Kazakhstan and central Mongolia, where P[Dhaz] defined by Wp

(Supplementary Fig. 4a) and SPEI (Supplementary Fig. 5a) was slightly
higher than P[Dhaz] defined by the PNI (Fig. 1b). This further demonstrates
that the PNI can be used to assess drought conditions. For the future period,
the SPEI-based results revealed that hazardous droughts could occur every
year in some grid cells, which, by definition, prevents calculating the vul-
nerability of productivity (and risk). The SPEI from the GCM climate
projections (averaged proportion across GCMs) indicates that for
2031–2060 and 2071–2100, 1.8 and 2.7% (SSP1–2.6), 3.1 and 9.4%
(SSP3–7.0), and 3.6 and 10.9% (SSP5–8.5) of the area over EAR will
experience drought every year (i.e., SPEI <–1.0 for all 30 years in the future
periods in those grid cells). Therefore, in the PRA for the future period, the
PNI-based assessment was used because it does not have this conceptual
problem.

Projected hazardous droughts under future climate change
The GCM projections show a significant future increase in the growing
season air temperature (T4−9) across the EAR under all three future climate
scenarios relative to the baseline period (1985–2014) (Fig. 2a). T4−9 changes
of a similar magnitude are projected across the three regions. Warming
begins to decrease and stabilize under SSP1−2.6 after 2050, with magni-
tudes varying between 1 °C and 3 °C. Stronger warming is projected under
the SSP3−7.0 and SSP5−8.5 scenarios with increases of +2.36–2.67 °C in
2031–2060 and increases of +4.80–6.12 °C in 2071−2100 relative to the
baseline period. Differences in the magnitude of the temperature changes
are found across the five GCMs (Fig. 2b and Supplementary Fig. 6a).

The projected changes in the growing season precipitation (P4−9)
under the three climate scenarios are shown in Fig. 2c, d. Slight changes in
P4−9 are projected under the SSP1−2.6 scenario across the various regions.
Under themediumandhighwarming scenarios (SSP3−7.0 and SSP5−8.5),
divergent trends in P4−9 are found in the different regions, with a drying
trend inWest Asia (−5.9 to−14.6%), no change in Central Asia (0.5–3.5%)
and a slight increasing trend in East Asia (1.1–12.7%) (Fig. 2d). This is
consistent with regional and global studies based on the CMIP6 with
decliningprecipitation inparts of theMediterranean region (includingWest
Asia)55,56 and slight positive anomalies across land areas in Eurasia under
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Fig. 2 | Growing season (April−September) surface air temperature (T4−9) and
precipitation (P4−9) anomalies during 1971−2100 under the three scenarios by
the five GCMs. The baseline period ranges from 1985 to 2014. a, c Regionally
averaged ensemble time series showing themean (solid lines) and interquartile range
calculated across all models (colored shading). Anomalies from the observations
(OBS) are denoted as GSWP3-W5E5 (1971−2019). The light gray shadings indicate

1985−2014, 2031−2060, and 2071−2100, the time periods used for construction of
the boxplots and jitter plots. b, d Boxplots and jitter plots of the mean anomalies of
the observations and five GCMs under each SSP scenario. The boxplots indicate the
25−75th percentile (box), with two standard deviations (whiskers), andmean values
(line) of the estimated values for each period. The colored dots show the averaged
values of each GCM.
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SSP5−8.555,57. However, we found high variabilities in the precipitation
projections over time and space across the five GCMs (Fig. 2d and Sup-
plementary Fig. 6b).

The future changes in P[Dhaz] relative to the baseline period revealed
diverse ΔP[Dhaz] values (Fig. 3a, Supplementary Fig. 7, and Supplementary
Tables 2, 3), as well as the corresponding duration and intensity (Supple-
mentary Fig. 8), across the EAR for eachGCMand scenario. At the regional
level, no significant changes in the frequency, duration, and intensity of
hazardous droughts are projected under the SSP1−2.6 scenario (low-
warming scenario). However, under the medium and high warming sce-
narios, increases in the frequency, duration, and intensity of droughts are
projected across theEAR(Fig. 3b, Supplementary Fig. 8, andSupplementary
Table 2). All five GCMs consistently projected an increase in P[Dhaz] in
West Asia (27 ± 39% for 2031–2060 and 27 ± 112% for 2071–2100) (Sup-
plementary Table 3) relative to the baseline period with a longer duration
andhigher intensity. InCentralAsia andEastAsia, with increasing duration
and intensity, the GCMs projected divergent changes in P[Dhaz], where
ΔP[Dhaz] is projected to increase in the projections of a few GCMs and to
decrease in otherGCMprojections (Supplementary Fig. 7).Ourfindings are
consistent with those obtained in recent studies based on the standardized
precipitation drought index showing an increase in droughts inWest Asia58

andwesternCentralAsia55, and a slight decrease in the drought frequency in
East Asia, including East Asian countries57.

Projected drought risk to rangeland productivity
The vulnerability of productivity (expressed as ANPPnon-haz−ANPPhaz) to
hazardous droughts was consistently projected to increase over the EAR by
43.3 ± 161%–61.3 ± 152% (ensemble mean ΔV) for 2031−2060 and by
54.0 ± 156%–143.5 ± 281% for 2071−2100 under the three scenarios, par-
ticularly under the medium and high warming scenarios (>57.3 ± 170% for
2031−2060 and >123.8 ± 237% for 2071−2100) (Fig. 3d and Supplemen-
tary Table 2). The differences in the spatial pattern of the changes in vul-
nerability are significant (Supplementary Fig. 9). The increasing
vulnerability of productivity can be explainedby the following two factors: i)
a general increase in productivity (>24.1% across the various scenarios and
regions) in the future in the nonhazardous drought years (i.e., higher
ANPPnon-haz; Supplementary Fig. 10), and ii) the increase in the drought
duration and intensity (Supplementary Fig. 11) tends to reduce theANPP in
drought years (i.e., lower ANPPhaz).

Under all scenarios, the future drought risk to productivity is projected
to increase over the EAR during both periods (ensemble mean ΔR >
47.5 ± 246%), withmore pronounced risk increases under themedium and

Fig. 3 | Future changes in the vulnerability (V) and risk (R) of the productivity
(ANPP) to hazardous droughts (P[Dhaz]) for the three regions. a–c Boxplots of V
and R of the ANPP to hazardous droughts over the baseline (1985−2014) and future
(2031−2060 and 2071−2100) periods under each SSP scenario. d–f Respective
future changes (Δ, in relative terms) in P[Dhaz] (ΔP[Dhaz]), V (ΔV), and R (ΔR)

during the future periods under each SSP scenario relative to the baseline. Each
boxplot includes all values forced by the observations (OBS) of GSWP3-W5E5 and
GCMs of all grid cells in each region. The boxplots indicate the 25−75th percentile
(box) and 5−95th percentile (whiskers) and mean values (line) of the estimated
values for each period. The colored dots show the averaged values of each GCM.
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highwarming scenarios during 2071−2100 than in 2031−2060 (Fig. 3f and
Supplementary Table 2). The spatial pattern of the changes in risk varies
across the individual GCMs (Supplementary Fig. 12 and Supplementary
Table 3). A consistent increase in the risk of productivity loss is projected
under all scenarios in southwestern Central Asia (i.e., western Kazakhstan,
Turkmenistan, and Uzbekistan across all GCMs) and northern East Asia
(i.e., Mongolia, as indicated by the results of most GCMs, except UKESM1-
0-LL; Supplementary Fig. 12). The largest increase in the risk of rangeland
productivity loss is obtainedunder themediumandhighwarming scenarios
in 2071−2100 (>74.8 ± 288% under SSP3−7.0 and SSP5−8.5) (Fig. 3f and
Supplementary Table 2). In West Asia, the main cause for the attained risk
increase (>65.2 ± 202% under SSP3−7.0 and SSP5−8.5) is the increase in
both P[Dhaz], which has a longer duration and higher intensity, and the
vulnerability of the EAR. In contrast, the increasing risks in Central Asia
(>71.8 ± 262% under SSP3−7.0 and SSP5−8.5) and East Asia
(>84.2 ± 291%) are associated with the increasing vulnerability rather than
changes in P[Dhaz], indicating that vegetation is becoming more vulnerable
to droughts.

To account for the spatial extent due to the changes in the drought
frequency, vulnerability, and risk to productivity, we assessed the

percentage of the areas in each region with increasing (+) or decreasing
(−) drought frequency (ΔP[Dhaz] area), vulnerability (ΔVarea), and risk
(ΔR area) values for 2031−2060 and 2071−2100 under all scenarios
relative to the baseline period (1985–2014) (Fig. 4). During 2031−2060,
similar area percentages inWest Asia showed increases and decreases in
P[Dhaz] across the various SSPs. However, by 2071−2100, a larger
portion of the area (~80% on average across the GCMs) will experience
increases in P[Dhaz], with the majority of grid cells showing positive
ΔP[Dhaz] values (Figs. 4a, 5a). In Central and East Asia across all GCMs,
the areas with decreased P[Dhaz] and increased P[Dhaz] values are
comparable, with a slightly larger area showing decreasing P[Dhaz]
values (Fig. 3a). Regarding the changes in vulnerability, most areas of the
EAR (over 60% on average across the GCMs) are projected to experience
an increase in the drought vulnerability of rangeland productivity under
all SSPs (Figs. 4b, 5b). As a result, a larger area is projected to experience
an increased drought risk to rangeland productivity (Figs. 4c, 5c). Our
results indicate that a future higher risk of simultaneous stronger ran-
geland productivity shocks is evident across a wider extent in the EAR.
Stronger production shocks can be indicated byΔV, while a wider extent
can be observed in Figs. 4b, 5b.

Fig. 4 | Future changes in the area of hazardous drought (ΔP[Dhaz] area), vul-
nerability (ΔV area), and risk (ΔR area) to ANPP for the three regions. Areas in
each region with increasing (+) or decreasing (−) values of a ΔP[Dhaz] area, b ΔV
area, and c ΔR area to the ANPP in 2031−2060 and 2071−2100 under all SSP

scenarios relative to the baseline period (1985−2014): West Asia, Central Asia, and
East Asia. The values are spatially averaged over cells in each region and each model
(colored dots). The boxplots indicate the 25−75th percentile (box) and 5−95th
percentile (whiskers) of the estimated values for each period.
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Discussion
We found that the drought risk to rangeland productivity is projected
to increase in magnitude and spatial extent across the EAR during
the mid- and late-21st centuries under the medium and high
warming scenarios. The higher risk in West Asia is associated with
both the increasing frequency of hazardous droughts (with an
increased duration and intensity) and vulnerability of rangelands,
whereas the higher risks in Central Asia and East Asia are more
closely related to the increased rangeland vulnerability (Fig. 3).
Increases in the vulnerability of productivity, i.e., a larger pro-
ductivity difference between normal and dry years, were projected in
most areas across the EAR, particularly under the higher warming
scenarios (SSP3−7.0 and SSP5−8.5; Figs. 3, 4, respectively) in
2071−2100. The increase in productivity in normal years (as simu-
lated by ORCHIDEE-GM) can be partially attributed to the elevated
atmospheric carbon dioxide (CO2) levels. The latter often enhances
plant photosynthesis and productivity, improves water use
efficiency59, and has the potential to mitigate soil moisture deficits.
This effect might be more pronounced at high CO2 concentrations

60

and might partially alleviate the impacts of higher temperatures and
low precipitation levels (low PNI values). However, since the PNI is a
simple precipitation-based drought index, further analysis of the
potentially reduced drought frequency caused by elevated atmo-
spheric CO2 levels is not possible but has already been studied
elsewhere61. In addition, elevated atmospheric CO2 levels were
recently found to result in lower net primary productivity levels in
wet years than in dry years62 caused by a changing species compo-
sition under elevated CO2 levels and/or nutrient leaching62, both of
which are effects not included in the version of ORCHIDEE-GM
used in this study. However, the performance of ORCHIDEE-GM in
simulating the rangeland productivity and soil moisture has been
validated against in situ observations and remote sensing products
over European47,63, Mongolian13, and global grasslands64,65 and further
validated over the EAR in this study (Supplementary Fig. 13). Further
model development should include the species composition or trait

shifts and nutrient cycling to better address the above effects. The
increase in the vulnerability of productivity can also result from the
lower ANPP projected in dry years due to the more intense and
longer droughts found during the future period (Supplementary
Fig. 8).

The ecosystem-focused PRA46 conducted in this study allows for
straightforward quantification and decomposition of the risks of rangeland
ecosystems. PRAanalysis is basedonprobability distributions that represent
both the temporal variability of drought and rangeland productivity. The
occurrence of hazardous events is probabilistically expressed based on the
frequency (i.e., P[Dhaz]), while the impacts of the intensity and duration of
drought events are implicitly accounted for in the productivity simulations
by the process-based ecosystem model ORCHIDEE-GM. The simulated
productivity decreases more under the influence of severe and longer
droughts (Supplementary Fig. 11). However, we acknowledge that tem-
porary interruptions of ecosystemactivity due to shorter-duration droughts
were not included in our risk analysis, given that a growing season PNI4−9

value of≤0.7was used in this study to identify hazardous drought years. The
interaction between the environment and ecosystems is complex. Process-
based models such as ORCHIDEE-GM could be used to simulate pro-
ductivity reduction resulting from water stress caused by short-term
droughts, while they can hardly account for vegetation adaptation to
drought through a changing species composition and/or physiological
adaptation48. Furthermore, vegetation can recover from drought and show
resilience. Given the limitation of the PRA methodology, the sensitivity of
hazardous drought on productivity (i.e., the vulnerability of productivity to
drought) was assessed in this study, while resilience was not explicitly
considered. However, it should be noted that the dynamic reserve carbon
pool simulated in the process-based model allows regrowth after dis-
turbances under suitable climate conditions. Such a process may partly
account for vegetation recovery. Nevertheless, our PRA in this study is a
major step in risk assessment over the EAR, and a detailed representation of
vegetation resilience and species/community adaptation relies on an in-
depth understanding of their interactions and quantification.We chose two
30-year time periods (2031–2060 and 2071–2100) to represent themid- and

Fig. 5 | Future changes in frequency distribution of vulnerability and risk of
ANPP to hazardous droughts in three regions.Distribution of the frequency (grid
cells) of a hazardous droughts F(ΔP[Dhaz]), b vulnerability F(ΔV), and c risk F(ΔR)
of the ANPP for 2031−2060 and 2071−2100 under all SSP scenarios relative to the

baseline (1985−2014) for West Asia, Central Asia, and East Asia. Each bin includes
all values of the five GCMs for all grid cells in each region. The lines indicate the
distribution curve of each SSP scenario.
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late- 21st century, whose 30-year timespan (long term) represents the
average condition of climate because climate change is characterized in
terms of a 30-year average. However, the 30-year average has limitations.
For example, the averaging does not differentiate between consecutive
hazardous years and hazardous years being spread out across the 30-year
period, although the effects of several drought years happening in a row
might be different from the effects of drought years with interspersed non-
drought years.

Our findings also highlight significant uncertainties in regional esti-
mates and spatial patterns. This is mainly attributed to the diverse climate
changes projected across the EAR by the different GCMs (Supplementary
Fig. 6). For example, UKESM1-0-LL projected a substantial increase in
precipitation over Central Asia and East Asia, leading to a slight decrease in
droughts in the future (Supplementary Fig. 7), which differs from the
projections of the other GCMs. Nevertheless, utilizing climate projections
derived from multiple GCMs allowed us to assess the possible range of
future changes in the regional vulnerability and risk of rangeland pro-
ductivity to hazardous droughts across the EAR. However, the simulated
productivity is also uncertain because it is derived solely fromORCHIDEE-
GM. Considering the potentially different sensitivities of the modeled
productivity and associated carbon fluxes to climate change66,67, a multi-
model ensemble modeling approach could be used to further quantify the
uncertainties related to the ecosystem model structure in the future.

Despite these uncertainties, it is evident that the EAR will face an
increasing drought frequency (in particular in West Asia), higher vulner-
ability, and higher risk (Fig. 3) in a wider area of the region (Figs. 4, 5).
Therefore, the adaptation of pastoralism to climate change is crucial to
support the livelihoods of the local population. Pastoralism in Eurasian
drylands has a long (mobile pastoralism) history9,17,68, and the existing tra-
ditional ecological knowledge of how to tolerate the variation in forage
production induced by the high seasonality and interannual variability of
climate could serve as a valuable starting point for designing adaptation
measures15,18,19. The traditional ecological knowledge (or indigenous and
local knowledge) of pastoralists15,19 tomitigate these variations includes hay
and fodder storage, herd mobility adjustment, livestock and resource
diversity, and reciprocity through pasture sharing, mutual assistance, and
knowledge sharing (Table 1). However, in recent decades, the ability of
pastoralists to manage drought and climatic shocks has been further chal-
lenged by continued environmental31,32, political, and socioeconomic
marginalization20,29. Thus, even though pastoralists have tolerated a highly
variable climate in the past (Figs. 1a, 2), the challenges of adapting to future
hazardous droughts (Fig. 3a) (with a longer duration andhigher intensity, as
shown in Supplementary Fig. 8) under climate change will increase because
of this reduction in the adaptive capacity and because the magnitude and
pace of climate change will most likely surpass the levels based on the long-
standing traditional ecological knowledge of pastoralists. Thus, more fre-
quent or severe forage shortages for local livestock, as shown by the
increasing vulnerability and risk (Fig. 3b, c, respectively), could lead to
livestock losses in the following winters, as historically observed in
Mongolia24,31 and Kazakhstan6. There is strong evidence that drought-
related factors (lack of pasture availability, weak animals, and forage/hay
reserve deficit) caused 35.0%of the observed 30.2million livestockdeaths in
2000–201424,31,32.

Given the increasing insecurity of pastoralism in Eurasian
drylands29,33,34, anticipating changes under future warming39 and under-
standing future changes in the drought risk to rangeland productivity are
critical for a broad suite of climate-sensitive pastoralism systems8. In addi-
tion to encouraging traditional ecological knowledge and associated adap-
tation measures, further adaptation to increasing drought vulnerability and
risk to rangeland productivity within a changing socioeconomic context is
urgently needed to support sustainable pastoralism and local livelihoods. To
address this challenge and complement existing traditional ecological
knowledge, evidence and recognition have increased that not only pasture
management practices should be adapted. Additionally, it is crucial to foster
adaptation at other levels of societal organization. Promoting institutions

and improving governance to support policy reforms, capacity building, and
social transformations could establish the underlying conditions for adap-
tation to occur within a wider sustainability context. Building upon our
modeling results anddocument analysis, including scientific articles, reports
from development banks, and international organizations (Supplementary
Table 1), we compiled and synthesized the main pastoralism adaptation
measures for three regions of the EAR (Table 1) and assessed whether they
address the drought risk or vulnerability and who the key stakeholders are
(policy-makers, government agencies, pastoralists, research institutions,
and researchers, international organizations and other social and economic
actors).While many of the proposed adaptationmeasures build on existing
traditional ecological knowledge, such as reserves, rotational grazing, herd
movement to allow rehabilitation, adjustment of herd numbers, and pro-
tection of emergency pastures, there is a wide range of strategies for
improving adaptation through management improvement (including
nature-based solutions such as increasing hay harvesting (fencing, fertiliz-
ing, seeding, and irrigation) and planting of more drought-tolerant forage
species), social transformation, capacity building, and policy reform efforts
(Table 1).

Management improvement measures include enhancing rangeland
protection and restoration by rotational grazing, matching stocking rates
with the rangeland capacity, promoting drought-tolerant livestock breeds,
and increasing feed reserves. Measures related to social transformations
include diversification of livelihoods, providing access to markets, and
fostering cooperation within communities (to encourage the next genera-
tion of herders, as observed in most countries), while capacity-building
measures highlight the need to establish monitoring systems to assess the
vulnerability to drought, as well as improve knowledge sharing and transfer,
e.g., with regard to the use of early-warning systems and other risk man-
agement tools. All EAR countries could focus on thesemeasures.Moreover,
these adaptation measures must be accompanied by policy reforms that
improve infrastructure, transportation, information, technology, and
institutional capacity, expand research and education, and establish fair and
transparent natural resource management rules focusing on risk and
insurance funds, emergency assistance, and risk recovery.

Regions with higher drought risk in the past (Fig. 1) and future
(Supplementary Fig. 7) (West Asia: eastern Turkey, North Iran;
Central Asia: southeastern Kazakhstan, southern Uzbekistan, and
Turkmenistan; and East Asia: central Mongolia and northern Inner
Mongolia) should prioritize measures to increase the feed supply and
reserve, risk management by strengthening early warning-action-
preparedness and aid/insurance and reduce vulnerability among
pastoralists (Table 1). Measures to strengthen institutions in mana-
ging rangelands (improve the pasture yield, efficiency use, controlling
and reversing degradation, and protecting pastures), livestock (adjust
the herd number to match the carrying capacity), and pastoral
movement (herd mobility) should be considered in regions where
productivity is becoming increasingly vulnerable to drought (e.g.,
northern Kazakhstan and eastern Mongolia) (Table 1). These mea-
sures are especially critical in countries already experiencing low to
severe rangeland degradation (e.g., Mongolia: 76.5% of rangelands30;
Kazakhstan: 66.0% of rangelands69; Turkey: 64% of rangelands70) as a
result of both the combination of increased droughts leading to
productivity reduction due to decreased soil moisture together with
increased land use (i.e., overpopulated herds above the rangeland
carrying capacity)13,24. The degraded areas in rangelands could serve
as important sinks for greenhouse gas emissions and should be
rehabilitated, and climate-friendly agricultural practices should be
supported. Moreover, drought-prone regions (eastern Turkey, North
Iran, eastern Kazakhstan, Turkmenistan, Uzbekistan, and south-
western Mongolia) are projected to experience drying trends with
more hazardous droughts than those during the present period; thus,
water crises triggered by climate change will be the most important
threat factor69,71. Therefore, the protection of water resources, sup-
porting and ensuring the common use of modern water-saving
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techniques, and developing drought-resilient species are important.
Overall, a wide range of measures exist for adapting the three regions
of the EAR to increasing drought risk and vulnerability levels, and
future studies should focus on implementing these measures in a
sustainable manner.

Methods
Study area
The study area of the EARencompassesWest, Central, andEastAsia, which
includes 11 countries (33°−56°N and 25°−128°E) (Fig. 1a and Supple-
mentary Fig. 1). To define the extent of the EAR for pastoralism,we used the

Table 1 | Synthesis of the existing adaptationmeasures rooted in the traditional ecological knowledge of pastoralists in the EAR
(marked in italics) and potential futuremeasures andpractices to adapt pastoralism in theEAR to the increasing vulnerability to
droughts and the overall drought risk (refer to Supplementary Table 1 for a list of references)

Objective of the adaptation
measures

Measures for adapting to

the increasing vulnerability to droughts (V) the increasing risk of drought impacts (R)

Management improvement - [P, G] Create and implement local rangelandmanagement plans for user
groups
- [G, H, R] Enhance biodiversity by changing grazing techniques (e.g.,
rotational grazing), facilitating herd mobility, and protecting rangeland
- Implement restoration
- [P, G, H] Control and reverse rangeland degradation to increase vege-
tation cover
- [G, R] Monitor and control the spread of harmful rodents and insects
- [G, P, S, H] Increase water resource protection and management (fen-
cing, harvesting, managing livestock to improve access, and restoring)
- [G,H, R]Adjust the herdnumber tomatch the rangelandcarrying capacity
- [G, H, R, I] Increase hay harvesting (fencing, fertilizing, seeding, and
irrigation) and planting drought-tolerant forage species
- [G, S, H] Protect bushes, shrubs, forest understory, and riparian areas for
emergency grazing
- [G, S, S, R,H] Strengthen rangeland firemanagement and control; enable
rapid postfire restoration efforts

- [P, G, R, H, S] Increase the efficiency of rangeland use through revitali-
zation, protection, and forage cultivation
- [G, S, H] Organize herding mobility (short- and long-distance) for rehabi-
litation of pastures
- [P, G, S, H] Set aside emergency reserves of forage, grazing and/or
migration area with livestock shelters and government services (mobile)
- [P, G, R] Improve cross-sectoral and/or institutional management coor-
dination to regulate emergency and cross-border movements
- [G, S, H, I] Increase feed reserves by producing and importing hay and
fodder
- [G, S, R, H]Encourage diversification of the livestock composition to utilize
the available forage and produce a variety of livestock products
- [G, R, S] Introduce drought-tolerant livestock breeding or crossbreeding
and species switching,
- [G, R, S, H] Improve veterinary services
- [G, R, I] Strengthening early warnings and early actions, forecasting and
monitoring of extreme events and forage conditions
- [G, S, R, I, H] Enhance early action and disaster preparedness and coor-
dination of actions among all actors from the international to local levels for
effective responses

Social transformation - [G, S, I] Improve the adaptive capacity of herders - [P, G, S, R, I, H] Encourage livelihood diversification to increase credit
access, generate alternative income, and improve market access for pas-
toral products
- [G, S, I, H] Encourage herder groups to form small enterprises and
cooperatives for risk management, credit processing and accessing,
receiving processing, enterprise development, and marketing training
- [P, G, I, S] Provide targeted income assistance to low-income and vul-
nerable herders
- [G, P, I, H] Reduce outmigration by reducing vulnerability and increasing
the adaptive capacity

Capacity building - [G, R, S, I] Improve the knowledge of herders and local officials by
teaching traditional and modern advanced methods, rangeland and herd
management technologies, and adaptation to climate change
- [R, S, I] Monitoring and experimental research on rangeland improve-
ment, opportunities in feed options, and drought-resistant varieties of
plant and animal species
[G, R, I, S, H] Encourage the traditional adaptive capability (mobility,
diversification, storage, etc.)

- [P, G, S] Improve infrastructure with storage capacity and transportation
by increasing road and market accessibility levels
- [G, R, S, I] Enhance information technology for rural areas and herders to
improve dissemination and response networks in a timely manner
- [G,R,S, I] Encourage the transferof technologyandcapacitydevelopment
and increase the institutional capacity for hazard response and recovery
- [R, I, S, H] Increase research collaboration with herders, livestock orga-
nizations, and other pastoralism and rangeland actors
- [R, S, I, H] Expand research for integrating traditional and scientific
knowledge in adaptation and decision-making processes
- [P, G, R, S, I, H] Improve scientific communication between research
findings and decision-making processes
- [G,R, I] Educateand incentivizepastoralists to adoptgreater responsibility
for rangeland climate disaster risk, preparedness, and early response
- [R, S, I, H] Expand research to assess alternative gendered and equity-
based (ethnicity, age, and wealth) approaches to addressing differences in
the adaptive capacity within pastoralist communities

Policy reforms - [P, G, R] Levy rangeland usage fees
- [P, G] Establish risk funds to reduce vulnerability

- [P, G] Establish an insurance system for livestock, financial services,
savings programs, and cash transfers to increase the effectiveness of
drought responses
- [P, G] Increase institutional support through policies that address land
tenure, fragmentation, and degradation
- [G, S, I, H] Increase social protection and create channels for effective
emergency assistance to protect vulnerable herders from climate shocks
- [P, G, S] Create post-disaster risk recovery programs (emergency
response, disaster recovery, andmigration, reactive or ex-post adaptation)
- [P, G, S, R, I] Increase the participation of herders in decision-making and
policy debates, market economies, rangeland management etc.
- [P, G, I] Develop adaptation-focused strategic planning and budgeting
strategies by identifying socioeconomic issues and financial constraints
- [P, G, P, S] Create community and/or group funds (risk management,
credit for members, and joint investments in pasture management)

Vulnerability to drought is defined as the difference in rangeland productivity (i.e., the growing season aboveground net primary productivity, ANPP) between nonhazardous and hazardous drought years.
Drought risk refers to the potential for adverse effects of hazardous droughts on the ANPP by combining the ANPP vulnerability and the probability of hazardous droughts
Stakeholders: P–Policy-makers;G–government agencies; H–pastoralists; R–research institutions/researchers; I–international organizations; S–other social and economic actors (i.e., mining companies,
agricultural enterprises, civil society organizations, and community groups)
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rangelands72 of the Environmental Systems Research Institute, Inc. (ESRI),
land covermap73 (Fig. 1a) (with excluded grid cells of trees, crops, build-up,
and bare lands) as a base map. Then, we combined the base map with
grazing lands retrieved from the History database of the Global Environ-
ment (HYDE)73 to define the final EAR (Fig. 1b and Supplementary
Fig. 1b, c).We considered grazing lands with fractions above 0.3. In general,
climatologically (1985–2014), the annual precipitation (P) in West Asia
(490mm) was greater than that in Central Asia (346mm) and East Asia
(254mm), with a concentration in April–September (Supplementary Fig.
1a, b). With increasing P and temperature (T), the vegetation greenness
(normalized difference vegetation index or NDVI) increases fromApril on,
peaks during regionally different time periods (West Asia: May–June;
CentralAsia: June–July; andEastAsia: July–August) anddeclines in autumn
(September) (Supplementary Fig. 1b). We defined the growing season as
April–September to ensure consistency across the EAR. The latitudinal
climate pattern (Supplementary Fig. 1c) is a key factor driving the rangeland
productivity (as the modeled annual aboveground net primary production
(ANPP) and NDVI in April−September (NDVI4–9). Favorable rangeland
productivity exists in northeasternCentral andEastAsia and southernWest
Asia (Supplementary Fig. 1c), which corresponds to the growing season T
(T4–9) and P (P4–9) gradients in April–September, with southward and
westward decreasing P4–9 and increasing T4–9 values (Supplementary
Fig. 1b).

Probabilistic risk assessment for assessing the vulnerability and
drought risk across the EAR
Adapting a probabilistic risk approach (PRA)45,46, we distinguished envir-
onmental (drought, denoted as D in this study) and rangeland ecosystem
variables (rangelandproductivity:ANNP in this study). Ecosystemvariables
are expected to be suboptimal when drought values reach levels that con-
stitute hazardous conditions. Numerically, the risk (R) is defined as the
expectation of ecosystem loss, i.e., the amount by which the average eco-
system performance is reduced from that under continuously non-
hazardous conditions45,46.

R ¼ E rangeland
� ��Dnon�hazÞ � EðrangelandÞ ð1Þ

where E½rangeland� is the overall expected value of the rangeland ecosystem
variable (ANPP in this study), and E½rangelandjDnon�haz� is the expected
value of the rangeland ecosystem variable when the drought conditions are
nonhazardous (Dnon�haz). Hazardous drought conditions are defined as
those where the drought is more extreme than a given threshold, and the
probability of occurrence is denoted by P Dhaz

� �
. Quantitatively, vulner-

ability (V) is the difference in the ecosystem performance between non-
hazardous (favorable) and hazardous (adverse) drought conditions.

V ¼ E rangelandjDnon�haz

� �� EðrangelandjDhazÞ ð2Þ

The risk of the rangeland ecosystem is the product of the probability of
hazardous droughts and the vulnerability of the rangeland:

R ¼ P Dhaz

� �
×V ð3Þ

Equations (1) and (3) aremathematically equivalent, yielding exact risk
estimates. A detailed description of PRA implementation is provided in
previous studies45,46.

PRAcan be employed to quantify the long-term (30 years in our study)
and combined impacts of extreme drought events but cannot be used to
evaluate the effect of single events51,52. Here, risk analysis was conducted in
three consecutive steps. First, we examined P[Dhaz] during the growing
season (April−September) under historical baseline (1985−2014) and
future climate changes (2031−2060 and 2071−2100) using the monthly
PNI and Wp over the EAR (at a 0.5° × 0.5° spatial resolution). Second, the
ANPPwas simulated using a process-based vegetationmodel ORCHIDEE-
GM forced by climate observations and GCMs under three SSPs with

natural rangeland conditions. Third, we quantified the PRA results for the
ANPP in each cell of the grid (0.5° × 0.5°) over the historical baseline
(1985–2014) and two future periods (2031–2060 and 2071–2100). The
expected values E rangelandjDnon�haz

� �
and E rangeland

� ��DhazÞ were cal-
culated from the frequency distribution of the ecosystem values (ANPP)
over the 30-year period. Vulnerabilities and risks were calculated based on
Eqs. (2) and (3), respectively. It should be noted that all PRA calculations
were performed at the grid level.

Wequantified the future changes (in relative terms) in the vulnerability
and risk of the rangeland productivity to hazardous droughts by calculating
the future changes (Δ) in each value (i.e., the difference between the average
of two future periods (2031−2060 and 2070−2100) and the baseline period
(1985−2014) by the same GCMs in each grid cell. We obtained the spatial
standard deviation (SD) of each region as Δ±SD (%) to assess the climate
model uncertainties.

Drought indices
Since precipitation is a proxy indicator of the water available to the coupled
human–environment system, the frequency of abnormal precipitation
deficits at a certain level of intensity can thus be used to represent the
drought hazards for drought-prone ecosystems and society. In this study, to
calculate hazardous droughts in each grid cell, we used the PNI49 (a per-
centage of the normal precipitation) during April–September, as it provides
growing season drought74 information. The PNI has been commonly used,
and its utility has been demonstrated75. PNI values <0.8 were designated as
dry periods, whereas PNI values ≥1.2 were selected as wet periods. We
calculated the PNI using the monthly precipitation obtained from gridded
observed and projected climate datasets for 1971–2100 over the EAR by
dividing the actual precipitation by the reference precipitation over the time
period considered. Here, we considered 1971−2100 as the reference period.
Furthermore, we used alternative indicators for droughts usingWp

53. In this
region, this indicator has been used and proven to be a suitable indicator of
pasture drought76. The root-zone Wp was calculated using soil moisture
outputs from the top 50 cmof the soil layer, representing the typical rooting
zone in theEARbyORCHIDEE-GM,whichwas validated against extensive
observations of soil moisture over the EAR. Employing the Weibull dis-
tributionof the locationdata, soilmoisturewas simulatedon amonthly time
scale in each grid cell. Moreover, we used the critical growing season SPEI
for a 3-month timescale to examine the drought conditions in the future,
thereby considering the air temperature and precipitation. The critical
growing seasonwasdefinedas threeconsecutivemonthsduring the growing
season with a notable correlation between the SPEI and ANPP as derived
from gridded climate data. Here, we used SPEI, spanning the critical
growing season months at each grid cell, by identifying the highest corre-
lations between the ANPP and SPEI.

Hazardous drought conditions were defined as PNI ≤−0.7 (moderate
to severe droughts), Wp ≤ 0.2% (moderate to exceptional droughts), and
SPEI≤−1.0 (moderate to severe droughts) during the growing season (April
−September). P[Dhaz] was calculated as the fraction of each growing season
of each 30-year period using PNI ≤0.7, Wp ≤ 0.2%, and SPEI ≤−1.0. The
drought duration can be calculated as the total number ofmonths with PNI
≤0.7 from the beginning to the end of hazardous drought conditions during
April−September, and the intensity is defined as the lowest PNI ≤0.7.

Rangeland productivity simulated by a process-based
ecosystemmodel
The daily ANPP and soil moisture were simulated using the ORCHIDEE-
GM v3.2 model65. ORCHIDEE is a process-based ecosystem model devel-
oped for simulating carbon, water, and energyfluxes in ecosystems from the
site to the global scales76–78. ORCHIDEE-GMwas specifically developed for
integrating grassland management47. In this study, ORCHIDEE-GM was
applied over the EAR at a 0.5° × 0.5° spatial resolution for 1901–2100 driven
by the observation-based historical climate dataset and downscaled and
bias-corrected climate projections of the five GCMs.We considered that all
grid cells were covered by C3 grasses (the dominant plant functional type in
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the EAR). We used the 12 USDA texture classes79 provided at a global
resolution of 0.08° and upscaled them to the resolution of the atmospheric
dataset for the soil texture. Only the dominant texture type for a given grid
cellwasused at a 0.5° resolution todefine the soil hydraulic parameters in the
model. To estimate the natural ANPP, we did not consider the grazing
pressure. The model was first operated for spin-up purposes without
management using the first 10 years of the climate (1901–1910) cycled in a
loop and the atmospheric CO2 concentration for 1900 (296 ppm) until all
carbonpools reached equilibrium (long-termnet ecosystemexchange = 0 at
each grid point). This first spin-up period usually lasts 10,000 years. Then,
the model was run over the EAR for 1901–2100, forced by the observed
increasing atmospheric CO2 concentration, variable climate, and variable
nitrogen deposition.

The ANNP and soil moisture simulated by ORCHIDEE-GM were
validated against the satellite-derived monthly base data, namely, the
0.5° × 0.5° gridded NDVI for April–September (NDVI4–9) in 2000–2019,
while the simulated soil moisture was evaluated by the observed soil
moisture during the growing season at 55 stations in 1978–2015. Generally,
at the interannual scale, the observed climate-forced modeled ANPP rea-
sonably agreedwith the observedNDVI4–9 at 80%of all grid cells (R > 0.456,
p < 0.05) over the EAR in 2000–2019 (Supplementary Fig. 10a). Moreover,
the simulated spatiotemporal variations in the ANPP by the five GCMs
corresponded well to those in the observed NDVI4–9 (R

2 > 0.85, p < 0.05)
(Supplementary Fig. 10b) for 2000–2019. Moreover, the modeled soil
moisture in the various soil layers showed satisfactory agreement with the
observed soil moisture (R2 = 0.83 in West Asia, R2 = 0.90 in Central Asia,
and R2 = 0.81 in East Asia) (Supplementary Fig. 10c) for 1978–2015 for the
three regions (corresponding stations). The result suggests that
ORCHIDEE-GM could reproduce the spatial and temporal variations in
soil moisture and rangeland productivity. However, the model tended to
simulate higher soil moisture levels than the observations in higher-
productivity areas (northern forest-steppe). Such overestimation probably
resulted from location-specific conditions (such as soil properties and
topographic features) not explicitly parameterized in the model.

Datasets
Climate data. To examine the changes in climate variables (i.e., T and P)
and drought conditions during the growing season, we used two climate
datasets in this study, namely, 0.5° × 0.5° grid cell, observed (GSWP3-
W5E580, 1901−2019) climate data and a downscaled and bias-corrected
ISIMIP3b52 climate dataset covering historical (1971−2014) and future
(2015−2100) periods derived from the five GCMs under the three sce-
narios (SSP1−2.6, SSP3−7.0, and SSP5−8.5).

TheGSWP3-W5E5 dataset is based onGSWP3 v1.0951,81 (version 1.09
of theGlobal SoilWetness Project Phase 3) andW5E5 v2.051, which are also
used as the observational referencedataset for bias adjustment of the climate
input data for Inter-Sectoral ImpactModel IntercomparisonProject 3b-part
(ISIMIP3b)82. W5E5 v2.0 combines WFDE5 v2.0 (WATCH Forcing Data
methodology applied to European Reanalysis, ERA5) data over land50 with
data from the latest version of the ERA583 over the ocean. SinceW5E5 v2.0
only covers the 1979 to 2019 period, it was extended backward in time to
1901. To this end, the GSWP3 dataset, bias-adjusted toW5E5 v2.0, reduces
any discontinuities during the 1978–1979 transition. The method used for
bias adjustment was ISIMIP3BASD v2.552,82. The GSWP3 dataset is a
dynamically downscaled and bias-adjusted version of the Twentieth Cen-
tury Reanalysis version 2 (20CRv2) product84. The GSWP3-W5E5 data
consist of the following tenmeteorological variables: 2-m temperature, 2-m
maximum and minimum temperatures, total precipitation, specific
humidity, downward solar radiation flux, downward longwave radiation
flux, pressure, and zonal and meridional components of the wind speed.

ISIMIP3b bias adjustment and statistical downscaling of the CMIP6
output using ISIMIP3BASD v2.5.0 and W5E5 v2.0 are described in the
ISIMIP3b bias adjustment fact sheet (https://www.isimip.org/documents/
413/ISIMIP3b_bias_adjustment_fact_sheet_Gnsz7CO.pdf). The five
GCMs selected for bias adjustment are suitable representatives of the entire

CMIP6 ensemble, as they include three models with low climate sensitivity
(GFDL-ESM4,MPI-ESM1-2-HR, andMRI-ESM2-0) and twomodels with
high climate sensitivity (IPSL-CM6A-LR and UKESM1-0-LL).

Ground and satellite observations
Regarding model validation, we used satellite-derived monthly gridded
(0.5° × 0.5°) Moderate Resolution Imaging Spectroradiometer (MODIS)
NDVI4–9 data, which were derived from the 16-d 0.05° × 0.05° spatial
resolution MOD13C1 dataset for 2000–2020, obtained from the NASA
Land Processes Distributed Active Archive Center (LP DAAC)85. To vali-
date the modeled soil moisture in the various soil layers, we used daily and
10-day ground-based measurements of soil moisture in grass fields at sta-
tions for 1978–2015, which were collected from the top 50 cm of the soil
layer, representing the typical rooting zone in the EAR86,87. The locations of
the sampling stations are shown in Supplementary Fig. 10a. InWest Asia, a
total of 15 stations across Turkey88 for the 0–10 cm soil layer in
April–September of the 2008–2016 period, 17 stations in Central Asia from
International soil moisture datasets89 (Kazakhstan, Uzbekistan, Tajikistan,
and Kyrgyzstan) for the 0–5 and 0–10 cm soil layers in 1978–1985 and
2001–2011, and 22 stations in East Asia (20 stations in Mongolia86 for the
0–50 cm soil layer from 1986–2005 and 2 stations in Inner Mongolia87 for
the 0–5 cm depth in 2005–2015), were used for obtaining soil moisture
validations. The soilmoisturemeasurements inTurkey and InnerMongolia
were conducted by soil moisture sensors on a daily basis throughout the
year, while in the other countries, the soil moisture measurements were
conductedon the 8th, 18th, and28thof eachmonthduring thewarmseason
(April–October) using the gravimetric method.

Data availability
The bias-corrected climate model outputs are available at https://data.
isimip.org/search/tree/ISIMIP3b/InputData/climate/. The data which sup-
port the findings of this study are available in a public repositorywith aDOI
(doi: 10.6084/m9.figshare.25224899).

Code availability
The source code for ORCHIDEE-GM v3.2 is available at https://doi.org/10.
14768/ 20190319001.1.
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