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restoration (16, 17), social stability (18), and economic viability
(4). While agriculture has historically been a major driver of land
degradation (2, 19), evidence from numerous desertification-prone
countries across the Middle East and North Africa (20-22) demon-
strated that advances in pasture cultivation and crop switching can
simultaneously increase productivity, reduce water use, and main-
tain vegetation cover. Embedding such practices into desertification
reversal strategies and rigorously evaluating their multidimensional
SDG cobenefits offers a transformative pathway to reconcile envi-
ronmental and socioeconomic goals (23). Given its extensive
desertification-prone regions and history of large-scale interven-
tions, China provides a critical testbed for these innovations.

Here, we assess the trade-offs between China’s conventional
desertification reversal strategies since 1999 including the Grain-
for-Green Program, which compensates farmers for converting
unsuitable cropland into forest or grassland to promote ecological
restoration as well as soil and water conservation, and grazing exclu-
sion via fencing to restore natural vegetation (Materials and
Methods). Using high-resolution local data and statistical learning
models, we developed suitability and yield assessment models for
major crops, natural grasslands, and cultivated pastures. These
models were applied to compare agricultural productivity and
income trends over the past 60 y (1961-2022) under two scenarios:
1) full implementation of the Grain-for-Green Program with graz-
ing exclusion, and 2) a baseline without interventions, to evaluate
the socioeconomic sustainability of current strategies. We further
examine how optimized agricultural practices, including pasture
cultivation and crop switching, can combat desertification while
generating coordinated socioeconomic and ecological cobenefits.
Using climate projections from the Coupled Model Intercomparison
Project Phase 6 (CMIP6) as inputs, we project trends in agricultural
suitability, production, and income from 2023 to 2050 under
future climate scenarios. Building on these projections, we design
specific practical strategies and evaluate their socioecological out-
comes. Finally, we discuss pathways for integrating SDGs into
policy frameworks and propose reimagined strategies to combat
global desertification.

Results

Trade-Offs between Combating Desertification and Enhancing
Agricultural Sustainability. Using multiyear averages of climatic,
topographic, soil, land use, and socioeconomic conditions, we
evaluated both the scale and intensity of China’s desertification
reversal strategies and their alignment with regional ecological
carrying capacity and agricultural sustainability before (1961-
1999) and after (2000-2022) the implementation of the Grain-
for-Green Program and grazing exclusion (Materials and Methods).
Our results indicated that 30.7% of cultivated cropland in
desertification-prone regions was unsuitable for farming between
1961 and 1999 (Fig. 1 A and E and SI Appendix, Fig. S4). Despite
extensive efforts since 2000 (S Appendix, Fig. S2), only 2.0%
of marginal cropland was effectively rehabilitated, while 23.9%
of cultivated cropland remained unsuitable during 20002022
(Fig. 1 Cand E and SI Appendix, Figs. S5 and S6). From 1961 to
1999, these regions supported an annual average of 1.74 billion
sheep units (SUs), with 47.9% grazing on natural grasslands and
52.1% barn-fed; notably, 18.4% of SUs relied on forage grown
on unsuitable cropland (Fig. 1 B and E). Between 2000 and
2022, livestock capacity increased by 6.2%, with 51.7% grazing
on natural grasslands and 48.3% barn-fed, while 12.6% still
depended on unsuitable cropland (Fig. 1 D and E). These patterns
reveal limited relief of pressure on ecologically unsuitable lands
and suboptimal strategies implementation.

https://doi.org/10.1073/pnas.2515470123

Vegetation restoration remains the primary goal of existing con-
ventional strategies, however, these measures inadvertently constrain
farming and rural livelihoods without attention to agricultural via-
bility. Using current agricultural practices as the baseline, we further
simulated a full-implementation scenario under 2000-2022 cli-
matic conditions in which all unsuitable cropland and natural grass-
lands were retired. Compared with the no-intervention scenario,
full implementation of the Grain-for-Green Program and grazing
exclusions would reduce annual grain output by 26.0%, livestock
production by 64.2%, and cash crop output by 14.6%, while cut-
ting annual houschold incomes for farmers and herders in
desertification-prone regions by 46.2% (Fig. 1 Fand G). Nationally,
grain and livestock production would decline by 4.1% and 11.5%,
respectively, resulting in a 0.2% decrease in gross domestic product

(GDP) by 0.2%.

Impacts of Future Climate Change on Combating Desertification.
The impacts of climate change on conventional strategies for
combating desertification remain uncertain, while existing
implementation strategies may have already led to suboptimal
developmentin relevant regions. To address this, we applied a Bayesian
ensemble average of multiple CMIP6 models to generate daily
climate projections under three future scenarios combining Shared
Socioeconomic Pathways (SSPs) and Representative Concentration
Pathways (RCPs). These scenarios represent key future baselines:
L1 (SSP1-2.6, low warming with sustainable development and
aggressive emission reductions), M2 (SSP2-4.5, moderate warming
with intermediate development and mitigation), and H3 (SSP5-8.5,
high warming with fossil-fueled growth and minimal mitigation)
(SI Appendix, Supporting Téxt). Changes in annual agricultural
production and income in China’s desertification-prone regions from
2023 to 2050 were then recalculated by rerunning suitability and
yield assessment models with projected climate inputs, while holding
soils and terrain constant. This approach enabled the assessment of
potential implications of maintaining current desertification reversal
strategies through 2050.

We found that future climate change is projected to reduce
farmland productivity while enhancing pastoral carrying capacity,
suggesting that maintaining current desertification reversal strat-
egies could exacerbate agricultural losses (Fig. 2). Compared to
2000-2022 averages, grain output in desertification-prone regions
is projected to decrease by 5.3 + 1.5% under L1 and by 5.8%
under both M2 (+1.6%) and H3 (+1.4%) (Fig. 2C) during 2023—
2050. Conversely, livestock production is projected to increase by
5.9 + 4.8% under L1, 9.2 + 4.8% under M2, and 12.0 + 7.9%
under H3 (Fig. 2D). These projections suggest future climate
change will negatively impact grain production but may create
opportunities for livestock expansion, especially under moderate
(M2) and high (H3) warming scenarios. However, continuing the
Grain-for-Green Program and grazing exclusion is projected to
cause sharp declines, including crop output losses of 54.0% (M2)
to 55.2% (L1), livestock production losses of 80.7% (L1) to
81.4% (H3), and income losses for farmers and herders of 60.9%
(M2) to 61.7% (H3) relative to the no-strategy baseline
(Fig. 2 C-E).

In addition, the potential opportunities presented by climate
change should not be overlooked, particularly increased soil mois-
ture and expanded suitable cropping areas. Here, we projected
significant increases in root-zone soil moisture—derived from
multiple reanalysis products—across all climate scenarios (L1, M2,
and H3) from 2023 to 2050 in China’s desertification-prone
regions (81 Appendix, Fig. S7 and Supporting Text), which substan-
tially shifts optimal agricultural practices. Suitability assessments
indicated that crop-suitable area expanded by 9.8% (L1), 12.3%
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Fig. 1. Crop suitability, livestock capacity, agricultural production, and agricultural income in China’s desertification-prone regions before (1961-1999) and after
(2000-2022) the implementation of the Grain-for-Green Program and grazing exclusion. Panels (A) and (B) display the spatial distributions of crop suitability and
livestock capacity for 1961-1999, respectively. Panels (C) and (D) display the corresponding distributions for 2000-2022. Livestock capacity reflects the carrying
capacity of natural grasslands combined with barn feeding supported by feed crops (maize, wheat, rice, soybeans, and potatoes). The Top-Left and Bottom-Left
charts in panel (E) show crop suitability statistics for maize, wheat, potatoes, rice, soybeans, cotton, and rapeseed across four levels (unsuitable, low, medium,
high), derived from Panels (A) and (C). These charts also display the proportion of nonarable land classified as moderately or highly suitable within total available
land, excluding undeveloped areas deemed unsuitable or of low suitability for antidesertification efforts. The Top-Right and Bottom-Right charts in panel (E) show
the proportion of livestock capacity attributed to feeding crops and grasslands relative to the total regional livestock population in Panels (B) and (D). Panels (F)
and (G) present regional agricultural production statistics and related incomes for 1961-1999 and 2000-2022, respectively. Gray bars represent the production
and incomes under current agricultural practices, while colored bars—yellow for crop output, green for livestock production, and purple for agricultural income—
denote the outcomes after retiring unsuitable/low-suitability cropland and excluding grazing on natural grasslands. All data are expressed as percentages of
the actual regional total production and income. Actual areas abandoned and impacts observed during desertification combating in 2000-2022 are shown in
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SI Appendix, Fig. S5. Independent crop suitability assessments for both periods are shown in S/ Appendix, Figs. S4 and S6.

(M2), and 11.3% (H3) under 2023-2050 climatic conditions
compared with 2000-2022 levels (Fig. 24 and S/ Appendix,
Fig. S8), with more than 70% of the expansion occurring on
currently uncultivated cropland. Simultaneous, natural grasslands’
carrying capacity is projected to increase by 16.3 + 7.9% under
L1,23.3 £+7.8%, under M2 and 28.6 + 14.0% under H3 (Fig. 2B).
Trade-offs make it possible to consider optimizing agricultural
and pastoral land use patterns as an alternative to current deser-
tification reversal strategies. Building on this foundation, proac-
tively adjusting agricultural practices, including expanding
cultivation in newly suitable areas and adopting innovative farm-
ing systems, could therefore enhance economic resilience while
combating desertification under future climate scenarios.

Reimagined Strategies to Combat Desertification under Future
Climate Scenarios. To address the opportunities arising from
climate change, we evaluated six advanced agricultural practices
(Table 1 and ST Appendix, Fig. S9) for their impacts on vegetation

PNAS 2026 Vol.123 No.1 2515470123

cover, crop outpug, livestock production, agricultural income, and
ecological water deficits in China’s desertification-prone regions
from 2023 to 2050 under scenarios L1, M2, and H3 (Fig. 3
and SI Appendix, Figs. S10-S14). These indicators were selected
in consideration of their ability to capture the sustainability of
desertification reversal strategies and their direct relevance to
SDG priorities such as hunger alleviation, poverty reduction,
and water sustainability (8] Appendix, Table S1). The baseline
scenario (S0) reflects current agricultural practices without
additional interventions, serving as the reference for assessing
strategy outcomes. Given high interannual variability, average
climatic conditions for 2023-2050 were used as model inputs to
evaluate each scenario and proposed strategies.

Our findings revealed that the conservative land-retirement
strategy (S1) could effectively reduce regional ecological water
deficits by 20.7 to 22.3%. However, it also decreases crop output
by 21.3 to 22.9%, livestock production by 6.6 to 7.6%, agricul-
tural income by 10.0 to 11.0%, and vegetation cover by 0.8 to

https://doi.org/10.1073/pnas.2515470123 3 of 10
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)LJ &URS VXLWDELOLW\ OLYHVWRFN FDSDFLW\ DQG SRWHQWLDO LPSDFWV RI FXUUHQW GHVHUWL«FDWLR:

GHVHUWLSDROIHRQHILRQV IRU 3DQHOV A DQG B VKRZ WKH GLVWULEXWLRQV RI FURS VXLWDELOLW\
OHJH@BQVLVWHQW AZR WIKEE& 3QHOV CE LOOXVWUDWH WKH SRWHQWLDO HSHFWV RI PDLQWDLQLQJ FXUUHQ
SURGXFMWQ®RQQFRPH IURP WR 7KH VSDWLDO PDSV GLVSOD\ WKH SURMHFWHG SHUFHQWDJH GHFUHDVI

U HWDUQ DX L WRZE @ ¥ LOAFELRCBLAD@I® D ] LHI F OR@RID DW RO DVVORQGRZE SO HP HQ WIB YL RWE WD WHSIVHVDUH FREEWHKH G
W KE-D \OH. @ AH Q RQ R' W U D W BKIHEHDIF K D WA W P D HWL H J L RAADDWAL LEFRYE USRR X W SOXIVY HFYBAUR G X@ DOLAR J U L F X@ O KRIDIH WEID U W RKILLAD S
HOHPHQWY FRQVLVWEQ® HIRWKK)Y$SMWLDO PDSV DQG EDU FKDUWY UHEHFW VLPXODWHG DYHUDJHV XQGHU V
RQVKH ERDUWY LQGLFDWLQJ WKH DVVHVVPHQW UDQJHV DFURVV VFHQDULRV ,QGHSHQG S/[@pdemlixR LV Xol6W D E L

0.9%, respectively. In contrast, strategies involving pasture cwititer de cits by 23.7 to 29.6%, while newly reclaimed land
vation and crop switching (S2—S4) are projected to increase wegtd fail to o set widespread crop abandonment, causing a 51.7
etation cover by 0.2 (S2) to 0.6% (S4); increase livesttek7.2% decline in crop output. Conversely, completely banning
production by 5.1 (S2) to 35.2% (S4); and reduce ecological wat@zing in natural grasslands (S6) could dramatically increase
de cits by 0.1 (S3) to 3.7% (S4). While these strategies may intregetation cover by 55.7 to 60.4%, meanwhile at the cost of
duce trade-o s between crop outputs and agricultural incommeducing livestock production by 15.3 to 18.4% and lowering
due to resource constraints, allocating land areas according tcagnpultural income by 28.2 to 31.7%. e reimagined strategies
suitability can largely mitigate con icts between economic develcombat deserti cation projected divergent outcomes under
opment and deserti cation combating. Our ndings also suppdtiture climate scenarios, enabling the cautious decéeioTy
this hypothesis, indicating that converting unsuitable croplandfalesdr cation combating practices toward sustainability from
natural grassland, transformingsmitability cropland into cul multiple dimensions.
tivated pasture, and switching crops on mediunigh suitability
cropland (S3) synergistically increase crop output by up to 4.3% FXVVLRQ 7RZDUG 6XVWDLQDELOLW\ LQ &RPED
and agricultural income by over 20.5%. Deserti cation remains a major obstacle to sustainable development
We further assessed two additional radical agricultural desehcerbating poverty, food insecurity, and water scarcity in arid anc
opment strategies aimed at addressing extreme food crisese(8iarid regions (3, 13). Between 2000 and 2020, China invested
and S6). Our results indicated that fully utilizing-bigtability ~ ~470 billion RMB (67 billion USD), equivalent to 3.19% of
cropland while converting other cropland to cultivated pastloeal scal &venues, in the Graior-Green Program and grazing
(S5) could increase livestock production by 35.3 to 40.1%, raigsusion (SlAppendix, Figs. S2 and S3). Yet despite generous
agricultural income by 0.0 to 5.3%, and enhance vegetation cewsidies—1,500 yuan‘hg! for cropland retirement and 37.5
by 1.9 to 2.2%. However, this strategy also increases ecologiddl2.5 yuan Hay* for grazing exclusion—farmers and herders
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7DEOHD 6WUDWHJILHY UHLPDJLQHG -IRU Apphdatiow af@his Baineéwarnin. China shows that advanced
4FDWLRQ XQGHU IXWXUH FOLPDWH DQG agKouluialppdeticosH—especidlly Brép switching and pasture cul

PHQW VFHQDULRV tivation on marginal croplands—can simultaneously mitigate

6WUDWHJ\ "HVFULSWLRQ ecological degradation, enhance rural livelihoods, and alleviate
SG rdens. y}@rm' igduc (j SOPNM It is projected to increase

6 0DLQWDLQ FXUUHQW DJULFXOWXUD (\)/vagetrp v'gﬁggi ity cg:gc\?#e Iog%ly\ﬁf agile regloNggendjx

«<FDWLRQ FRPEDWLQJ VWUDWHJILHV

Fig. S7, creatin ities for strategicleedadjust
6 &RQYHUW XQVXLWDEOH RU ORZ VXLV\)%%L@_ \h‘;%&%r .é:\%r% : PAIUS
QDWXUDO JUDVVODQG DQG GHWHUPIS )- HIEST E"@%nt%l Igsl optlm]:al redlstrltIJng” ct’.f
LQWHQVLW\ LQ DFFRUGDQFH zLWK WS ad asiires cpld; ¢ set yjgld losses from cropland retire

LQ QDWXUDO JUDVVODQGYV ment while reducing public expenditures on combating -deserti

6 &RQYHUW XQVXLWDEOH FXowLYDw H &) jy 582 dilliehwkap 3 Rlligy USD) annually
JUDVVODQG FRQYHUW ORZ VXLwDHPAPREN@XOH S¥ iidB3 ese strategies, aligned with
FURSODQG LQWR FXOWLYDWHG SD\VuhxaHdigasy:gaidelineg wb2hkg of meat oap(31), the
WKH JUD]LQJ LQWHQVLW\ LQ DFF R UUGniediNationsextrgmerpoverty line of 1.90 USI3.67 yuan)
OLYHVWRFN FDSDFLW\ LQ QDW XU D aapt & wanbtkeGNorld Health Organization minimum water

6 &RQYHUW XQVXLWDEOH FXOWLY DW Htbreshakisad 504 ®f water Rag'D(V) xcowdbetween 2023 and
JUDVVODQGV FROMHDEL ORW\ FXOW2050 Bustain adequate protein intake for 71.78 million people,
FURSODQG LQWR FXOWLYDWHG SD V¥ X 8HmiMahLiMdividuals Rt \of edreme poverty, and mitigate
PHGLXWR KLYKWDELOLW\ FXOWLYD\Vh& 53aRBOBro186.10 million people (Fig. 3). Collectively,
DQG GHWHUPLQH WKH JUDILQJ LQWHENM e kQaf\ahEeYPAREEDG 1 (out of 1.1 billion in
ZLWK WKH OLYHVWRFN FDSDFLW\ L QR HERR)) Y 8% 0P S ¥ ggut of 733 million facing

6 ERQYHUW XQVXLWDEOH FXOWLYDW Hts G &d 3 896 of SHE Bt B8 '8 Biffion lacking safe water)
JUDVVODQG F-memw;mvszELOngj

V h ' in ies in crop and livestocl

O G RSO0 0GR oS TEOR A st i, 3) reate cascating

GHWHUPLQH WKH JUDILQJ LQWHQV L%W%&&B@%SR'U@B ipnal cooperation (32, 33), supporting

ZLWK WKH OLYHVWRFN FDSDFLW\ LRSS Whktesdcefynpgvalities)cl2 (responsible consumption),
6 ,Q DGGLWLRQ WR 6 IX00\ H[SORLW.B&YM3IEASHPN. X1 8y lard), and 17 (partnerships)

FURS SODQWLQJ DQG GHWHUPLQH WAPQWM@%@ B Given that similar agricultural practices

VLW\ LQ DFFRUGDQFH ZLWK WKH O Lavejaligaey widespread worldwisle22)) the bene ts demeon

QDWXUDO JUDVVODQGV strated in China are both scalable and globally relevant.

6 ,Q DGGLWLRQ WR 6 HQIRUFH WKH FRNaetheless ¢papitprs/management ofeoradenong SDGs,

RI JUD]LQJ LQ QDWXUDO JUDVVODQpatticularly those concerning food security, water conservation,
1IRWH &XUUHQW GLVWULEXWLRQV RI DJULFXOWXUDO SUDF@Ddegg@tW‘aHr@pQ\@Mﬂi-sv%s@@nuab L_@Hbmjllings indicate th_at
)RLSJWbLGP LIDWLRQ VWUDWHJILHV LQURQIQ D VI GRIY W IDsUAsRMIR LR Agxpanding crop and livestock productivity to secure food supplies

risks worsening water scarcity, while prioritizing water conserva
. . _ tion may reduce agricultural pro tability, and maximizing vege
mclurr?d much higher income losses (21,129.5 and 139.8 yufbn restoration can displace {degendent households (Fig. 3).
ha” y-, respectively (FigG124). Given scal constraints, suchMoreover, achieving optimal outcomes for water conservation (S4
subsidies were sustainable for only 5 to 10 y (24), rendering thesable 1), agricultural prot (S3), or vegetation recovery (S6)
strategies economically unsound and unviable for replicatiomeiuires reallocating 26.3 to 31.2 million hectares of land (Fig. 3
low-income regions such as-Sabaran Africa or Central Asia.and S| AppendjxFig. S, necessitating substantial labor and
Besides scal limitations, ecological constraints also underminertfcial investments. ese tensions underscore both the com
longterm e ectiveness of largigale greening initiatives, includingplexity of combating deserti cation and the broader challenge of
the persistence of stable desert states that hinder forest reqe@iyiling competing SDGs under nite resource constraints (3,
in some drylands (25, 26) and groundwater depletion cause@4)y Addressing these challenges requires coordinated e orts acro:
waterintensive species like eucalyptus (27, 28). communities, institutions, governments, and international part

To address these limitations, we developed a scalable decisis (35), supported by higisolution environmental data,-reli

making framework for combating deserti cation that integratgble climate projections, and regipecic socioeconomic
multiple statistical learning algorithms with-néggtolution empir  assessments. By critically engaging with global frameworks while
ical evidence data and extensive environmental datasets (Figrofihding solutions in local realities, our work highlights a prom
Speci cally, this framework incorporates 95 biophysical variald@sg pathway for combating deserti cation that balances global
covering topography, soils, climate, and water availability. Aéigpirations with regional feasibility, thereby advancing both the
rigorous sample screening and principal component analysis, #i#s6ti c understanding and the practical implementation of sus
variables were coupled with niche and yield models to genesat@ible development.
~30 m resolution probabilistic maps of yield potential for major
crops, natural grasslands, and cultivated pastures, achieving inter- |
pretability exceeding 95%dterials and MethauiglS| Appendjx  Materials and Methods

Supporting Textis methodological advance provides a robush,a sources and processing methods areSisAaiEnhitBupporting
foundation for quantifying the cobene ts of optimized resourggyigelow is an overview of the main models and methods.

allocation across combating deserti cation, socioecononiic devel

opment, and resouraee e ciency. More signi cantly, by simu gurs sxLwDELOLW\ Wevdevelepedverop suitability assessment
lating the outcomes of multiple optimized strategies, the framewfdgels for maize, wheat, cotton, potatoes, rice, soybeans, and rapesee
operationalizes the principles of the SDGs and identi es locayreser68.8% of the total sown area in China’s degadineatémions
tailored implementation pathways. (Sl Appenglikable $2ising the maximum entropy algorithm (36, 37). Nation
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