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Abstract

Coordinating ecological restoration with livelihood protection is a central challenge in
grassland governance, particularly in regions where ecological fragility coincides with
strong dependence on pastoral production. Using panel data for 1008 county-level units
in 11 provinces from 2005 to 2020, this paper applies a difference-in-differences approach
combined with an event-study design to examine the ecological and income effects of two
rounds of China’s Grassland Ecological Compensation Policy (GECP), as well as their un-
derlying mechanisms. The results show that the ecological effects of the GECP are dy-
namic, peaking two to three years after implementation before gradually stabilizing. The
first-round policy significantly improved grassland ecological conditions, increasing the
Normalized Difference Vegetation Index (NDVI) by about 3%, but reduced herders’” per
capita disposable income by about 6.9%. By contrast, the second-round policy also signif-
icantly improved grassland ecological conditions, with an average NDVI increase of about
1.7%, while its income effect was small and statistically insignificant. Mechanism analysis
shows that the ecological effects are stronger in areas with lower dependence on animal
husbandry and poorer initial grassland conditions, while heterogeneity analysis indicates
stronger ecological gains in low-population-density and low-income regions. Overall, the
GECP contributes to ecological restoration, but its income gains remain limited.

Keywords: grassland ecological compensation policy; grassland ecological restoration;
herders’ income; difference-in-differences; policy rounds; pastoral dependence; China’s
pastoral regions

1. Introduction

In pastoral regions, grassland governance involves a dual policy objective: restoring
grassland ecosystems while maintaining the livelihood security of households whose in-
come depends on grazing. Grasslands provide multiple ecosystem services, including bi-
odiversity conservation, climate regulation, and carbon sequestration [1-3], while also
serving as the main production base for herding households [4]. In China, grasslands con-
stitute the largest terrestrial ecosystem, and their condition is closely linked to both the
functioning of ecosystems and the sustainability of pastoral livelihoods [5,6]. Against the
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broader backdrop of ecological conservation, green development, and the national goals
of carbon peaking and carbon neutrality, improving grassland governance has become
increasingly important. The key question is therefore not only whether degraded grass-
lands can be restored but also whether ecological regulation can avoid imposing excessive
livelihood costs on households that depend on grazing.

The Grassland Ecological Compensation and Reward Policy (GECP) provides a use-
ful policy setting for examining this issue because it combines regulatory restrictions with
fiscal compensation and has been implemented in successive policy rounds. The policy
was introduced in response to long-standing grassland degradation, excessive grazing
pressure, and the need to reconcile ecological restoration with herders’ livelihood secu-
rity. Its main goals are to restore grassland ecosystems, regulate grazing activities, and
compensate herding households for the economic costs associated with conservation re-
quirements. Rather than relying solely on administrative restrictions, the policy links
grazing regulation with fiscal transfers designed to compensate herding households for
the economic costs of conservation [7,8]. The GECP has been implemented in successive
five-year rounds. The first round, from 2011 to 2015, covered eight major pastoral prov-
inces, while the second round, from 2016 to 2020, expanded coverage to thirteen prov-
inces. A third round has continued during the Fourteenth Five-Year Plan period. This
staged implementation makes it possible to examine whether ecological and income ef-
fects differ as policy coverage, compensation arrangements, and local implementation
conditions change over time. After more than a decade of implementation and cumulative
fiscal expenditure exceeding RMB 150 billion, the GECP provides an important setting for
examining whether an incentive-based conservation program can simultaneously im-
prove ecological conditions and protect household livelihoods.

Although a growing body of research has examined the GECP, three issues remain
insufficiently resolved. First, existing studies often evaluate ecological outcomes and
household income outcomes separately, making it difficult to assess whether the policy
has achieved a balance between ecological restoration and livelihood protection. Second,
limited attention has been paid to differences across policy rounds, even though the GECP
has evolved over time in terms of coverage, compensation standards, and implementation
conditions. Third, the role of local conditions in shaping the ecological effects of the policy
remains insufficiently clarified. These issues suggest the need for an integrated evaluation
of the GECP that considers both ecological and livelihood outcomes across different im-
plementation stages.

To address these issues, this paper evaluates the ecological and income effects of the
GECP across two policy rounds within a unified framework. The general aim of this study
is to assess whether the GECP has achieved a balance between grassland ecological resto-
ration and herders’ livelihood protection during different stages of implementation. Spe-
cifically, this study has three objectives: (1) to estimate the effects of the GECP on grass-
land ecological conditions and herders’ income; (2) to compare the ecological and income
effects of the first and second policy rounds; and (3) to examine how local conditions,
particularly dependence on animal husbandry and initial grassland conditions, shape the
ecological effects of the policy. Using panel data for 1008 county-level units in 11 provinces
over the period 2005-2020, this paper applies a difference-in-difference (DID) model com-
bined with an event-study design. The phased implementation of the GECP across prov-
inces and policy rounds allows us to compare changes in ecological and income outcomes
between treated and untreated counties before and after policy implementation. This
strategy helps identify the average policy effects while controlling for time-invariant
county characteristics and common year shocks.
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The paper makes three contributions. First, it provides a unified evaluation of eco-
logical and income effects, allowing for a more comprehensive assessment of policy effec-
tiveness. Second, it explicitly compares the first and second rounds of the GECP and high-
lights the dynamic and round-specific nature of policy impacts. Third, it examines how
local production dependence and baseline grassland conditions shape the ecological ef-
fects of the GECP, focusing on local dependence on animal husbandry and initial grass-
land conditions.

The remainder of the paper is organized as follows. Section 2.1 reviews the related
literature. Section 2.2 presents the theoretical analysis and develops the research hypoth-
eses. Sections 2.3-2.8 describes the empirical strategy, variable construction, and data
sources. Section 3 reports the empirical results, including the baseline estimates, parallel-
trends evidence, dynamic effects, and mechanism-related heterogeneity analysis. Section
4 discusses the findings. Section 5 concludes.

2. Materials and Methods

2.1. Literature Review

Existing studies on the GECP can be grouped into three main strands. The first eval-
uates ecological responses to the policy, including changes in vegetation growth, grass-
land productivity, and ecological quality. The second examines income and livelihood
consequences for herding households under ecological regulation and compensation pay-
ments. The third explores how policy effects vary across regions, households, policy in-
struments, and implementation periods.

2.1.1. Ecological Effects of the GECP

The first strand of the literature evaluates the ecological outcomes of the GECP, fo-
cusing on changes in vegetation cover, grassland productivity, and overall ecological
quality after policy implementation. Some studies report improvements in vegetation
cover, net primary productivity, and grassland quality following policy implementation,
suggesting that the policy has contributed to ecological recovery [9,10]. Other studies find
that the effects are weaker than expected and that grassland degradation has not been
fundamentally reversed in some regions [11-13]. There is also evidence that policy effects
vary across instruments and local contexts. For example, grazing bans appear to generate
stronger ecological effects, whereas the effects of grass-livestock balance are relatively
limited [14]. Some studies even report negative ecological effects associated with the pol-
icy [15,16].

2.1.2. Income and Livelihood Effects of the GECP

The second strand of the literature focuses on the income and livelihood conse-
quences of the GECP. Some studies find that compensation payments can partly offset the
income losses associated with grazing restrictions and may improve household income
through changes in employment and livelihood structure [17]. Other studies show that
the policy may reduce pastoral production income in the short run and that compensation
payments are not always sufficient to fully offset these losses [18,19]. In addition, several
studies emphasize that the income effects of the policy are heterogeneous and may differ
across households and regions depending on compensation intensity, dependence on an-
imal husbandry, and access to alternative livelihoods [20,21]. This literature highlights a
central trade-off in ecological compensation programs. Restrictions on grazing may gen-
erate ecological benefits, but they may also reduce the private returns from livestock pro-
duction. Whether compensation can offset this opportunity cost is therefore crucial for
evaluating the welfare consequences of the GECP.
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2.1.3. Heterogeneity and Dynamics of Policy Effects

The third strand of the literature examines the heterogeneity and dynamic evolution
of the GECP’s effects. Existing studies suggest that the policy effects vary across regions,
households, policy instruments, and implementation periods, reflecting differences in
ecological conditions, production structures, compensation standards, livelihood strate-
gies, and enforcement intensity [20,21]. At the regional level, the ecological and economic
effects of the GECP may differ with grassland degradation, grazing pressure, market ac-
cess, and local implementation capacity [11,21]. At the policy-instrument level, grazing
bans, grazing suspension, and grass-livestock balance requirements may produce differ-
ent effects because they impose different degrees of restriction on herders’ production
behavior [14]. In addition, the effects of the GECP may evolve gradually, as grassland
restoration and household livelihood adjustment often take time after policy implemen-
tation [9,10]. Overall, the literature shows that the GECP’s effects are context-dependent
and may change over the course of implementation.

2.1.4. Summary of the Literature

Overall, existing studies have provided valuable evidence on the ecological, income,
and heterogeneous effects of the GECP. However, several issues remain insufficiently ad-
dressed. First, ecological and income outcomes are often examined separately, making it
difficult to assess whether the policy has balanced ecological restoration with livelihood
protection. Second, limited attention has been paid to differences across policy rounds,
despite changes in coverage, compensation standards, and implementation conditions
over time. Third, the role of local conditions in shaping ecological responses has not been
fully examined within an integrated empirical framework. By addressing these gaps, this
paper differs from studies that focus primarily on herders’ grazing behavior or single-
dimensional policy outcomes and instead provides a county-level evaluation of the eco-
logical and income effects of the first two rounds of the GECP.

2.2. Theoretical Framework and Hypotheses

The GECP is closely related to broader debates on ecological compensation, payment
for ecosystem services (PES), environmental governance, and livelihood adaptation in so-
cio-ecological systems. PES programs are generally designed to internalize environmental
externalities by providing incentives for land users or resource managers to generate eco-
logical benefits, but their effectiveness depends on institutional design, implementation
conditions, and local socio-economic contexts [22-24]. In China’s pastoral regions, these
issues are particularly relevant because grasslands are both ecological assets and the pro-
duction base for herding households. The GECP can therefore be understood as a large-
scale ecological compensation program that seeks to improve grassland conditions while
protecting herders’ livelihoods [21]. However, unlike many voluntary and contract-based
PES programs, the GECP combines fiscal compensation with regulatory instruments, such
as grazing bans and grass-livestock balance requirements. This feature makes the GECP
not only a compensation mechanism, but also a state-led environmental governance ar-
rangement embedded in China’s pastoral socio-ecological system. From this perspective,
the effects of the GECP depend not only on compensation incentives but also on local
production dependence, baseline ecological conditions, and households’ capacity for live-
lihood adjustment [19,25].

Building on this theoretical perspective, the core economic logic of the GECP is to
reduce the ecological externality of grazing by changing the relative returns to livestock
production and grassland conservation. In pastoral areas, herding households derive in-
come from livestock production, while grazing activities also exert pressure on grassland
ecosystems. When household decisions are based mainly on private production returns,
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grazing intensity may exceed the level consistent with ecological sustainability. By intro-
ducing grazing restrictions and compensation payments, the GECP may affect both grass-
land ecological conditions and herders’ income.

2.2.1. Policy Incentives and Grazing Behavior

The GECP affects herding households primarily by changing the incentives associ-
ated with grazing. Grazing bans, grazing suspension, and grass-livestock balance require-
ments restrict the use of grassland resources and reduce the feasible intensity of livestock
production. Compensation payments, in turn, are intended to offset part of the income
loss caused by reduced grazing. From the perspective of household decision-making, the
policy changes the trade-off between livestock production and ecological compliance.
When compensation is sufficient to offset the opportunity cost of reducing grazing, herd-
ing households have stronger incentives to reduce grazing intensity. When compensation
is insufficient or when livestock production remains the dominant source of income, the
behavioral response may be limited. Therefore, the effect of the GECP depends on both
the strength of policy incentives and the production dependence of herding households.

2.2.2. Grazing Reduction and Ecological Outcomes

The ecological effect of the GECP depends on whether the policy effectively reduces
grazing pressure. Lower grazing intensity can reduce vegetation loss, improve above-
ground biomass recovery, and create conditions for grassland restoration. Since NDVI
captures vegetation growth and grassland ecological conditions, effective reductions in
grazing pressure are expected to increase NDVI. Ecological restoration is unlikely to occur
immediately after policy implementation. Vegetation recovery depends on cumulative
changes in grazing pressure and the adjustment process of grassland ecosystems. There-
fore, the ecological effect of the GECP may display a dynamic pattern, with delayed im-
provement followed by stabilization.

2.2.3. Compensation, Opportunity Costs, and Income Effects

The income effect of the GECP is theoretically ambiguous. On the one hand, compen-
sation payments directly increase household disposable income. On the other hand, graz-
ing restrictions may reduce livestock production income by limiting grazing intensity,
livestock scale, or access to grassland resources. Thus, the net income effect depends on
the balance between compensation gains and the opportunity cost of reduced grazing. If
compensation payments are insufficient to offset the income loss associated with reduced
livestock production, the policy may reduce herders’ income, especially in the short run.
If compensation standards increase or households gradually adjust their production and
livelihood strategies, the negative income effect may weaken over time.

2.2.4. Policy-Round Differences

The effects of the GECP may differ across policy rounds because policy coverage,
compensation standards, implementation conditions, and household adaptation change
over time. The first round, implemented from 2011 to 2015, represented the initial stage of
large-scale grassland ecological compensation. During this period, grazing restrictions
may have generated relatively strong ecological effects by reducing grazing pressure.
However, if compensation payments were insufficient to offset the opportunity cost of
reduced grazing, the first round may also have imposed income losses on herders.

The second round, implemented from 2016 to 2020, was carried out after the policy
had expanded and accumulated implementation experience. Compensation arrange-
ments and implementation capacity may have improved, and households may have had
more time to adjust production decisions. As a result, the negative income effect may have
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weakened in the second round. At the same time, the marginal ecological gains may have
declined if part of the ecological recovery had already occurred during the first round or
if the second round was implemented under different initial ecological conditions.

2.2.5. Research Hypotheses

Based on the above theoretical discussion of ecological compensation, policy incen-
tives, livelihood adjustment, and ecological responses, this paper proposes the following
hypotheses:

Hypothesis 1: The GECP improves grassland condition, as measured by NDVI.

Hypothesis 2: The ecological effects of the GECP exhibit dynamic adjustment, with delayed im-
provement followed by stabilization.

Hypothesis 3: The first round of the GECP has a negative average effect on herders’ income when
compensation is insufficient to offset the opportunity cost of reduced grazing.

Hypothesis 4: The second round of the GECP has an insignificant average effect on herders’ in-
come when higher compensation and improved implementation offset the income loss caused by
reduced grazing.

2.3. Sample Selection

This paper exploits the implementation of the Grassland Ecological Compensation
Policy as a quasi-natural experiment and estimates the effects of the first and second policy
rounds separately, given the differences in policy coverage across rounds. This round-
specific sample construction is used to avoid overlapping policy exposure and to define
treatment and control groups more clearly for each implementation stage. The treatment
and control groups are constructed according to the phased rollout of the GECP rather
than an arbitrary regional classification.

For the first round, implemented during 2011-2015, the empirical analysis restricts
the treatment group to counties in Tibet, Inner Mongolia, Xinjiang, and Qinghai. These
four provinces are selected because they constitute the core pastoral areas among the first-
round policy regions and account for the largest shares of China’s total grassland area, at
20.9%, 20.1%, 14.6%, and 9.3%, respectively. Their early inclusion reflects their ecological
importance, extensive grassland resources, and strong relevance to pastoral production.
Focusing on these provinces allows the analysis to capture the main scope of policy inter-
vention and the areas most directly exposed to the policy during the first round. The first-
round control group consists of counties in provinces that were not covered by the first
round of the GECP but are included in the sample, namely Liaoning, Jilin, Shanxi, Hebei,
Guangxi, Guizhou, and Shaanxi. These counties provide a comparison group that was not
exposed to the first-round policy shock during 2011-2015. Although the treatment and
control regions differ in some economic, geographic, and institutional characteristics, the
difference-in-differences (DID) design controls for time-invariant county-level differences
through county fixed effects and for common shocks through year fixed effects. In addi-
tion, time-varying climate, geographic, and socioeconomic controls are included to reduce
the influence of observable differences across regions. Figure 1 presents the geographic
distribution of treatment and control groups across the two GECP rounds, with Panel A
showing the first-round sample classification and Panel B showing the second-round clas-
sification, including regions excluded because of prior policy exposure.

For the second round, implemented during 2016-2020, the treatment group consists
of counties in provinces that were newly included in the policy in 2016, namely Liaoning,
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Jilin, Shanxi, and Hebei, while the control group is restricted to counties in provinces that
did not implement the policy during 2016-2020, namely Guangxi, Guizhou, and Shaanxi.
Counties in Tibet, Inner Mongolia, Xinjiang, and Qinghai are excluded from the second-
round estimation because they had already been exposed to the first round of the policy.
This design helps reduce contamination from prior policy exposure and allows the sec-
ond-round effect to be identified by comparing newly treated counties with counties that
remained untreated during the same period. The validity of this identification strategy
relies on the following parallel trends assumption: in the absence of the GECP, the out-
come variables in the treatment and control groups would have followed similar trends.
To assess the plausibility of this assumption, this paper conducts event-study analyses for
both ecological and income outcomes. The pre-policy coefficients provide direct evidence
on whether the treatment and control groups exhibited similar trends before policy im-

plementation.

i b3 sichuon i F
Jiangsi Jiangsi
Fuii Fuii
Guangxi ) € Treatment Guani
ong : Control  Kong :
o Provincial Boundary K
iy 0 500 km iy
I

(A) First GECP round, 2011-2015 (B) Second GECP round, 2016-2020

Figure 1. Geographic distribution of treatment and control groups across GECP rounds. (A) Panel
A shows the treatment and control groups for the first GECP round from 2011 to 2015. (B) Panel B
shows the newly treated counties, control counties, and counties excluded from the second-round

estimation because of prior policy exposure.

2.4. Baseline Empirical Strategy

We use a difference-in-differences (DID) model [26] to estimate the ecological and
income effects of the GECP. This specification is used to test the average ecological and
income effects implied by the theoretical framework. The baseline specification is as fol-
lows:

Yii = Bo + BL(GECP; X Post,) + AZ;; + v; +e; + &;; €))

where 7 indexes counties and t indexes years. The dependent variable Y;;Y;; measures ei-
ther grassland ecological condition or herders’ income at the county level. Specifically, the
ecological outcome is measured by the Normalized Difference Vegetation Index (NDVI),
which is a unitless vegetation index, and the income outcome is measured by real per
capita disposable income. The key explanatory variable is GECP; X Post,, which indicates
whether county i is exposed to the policy in the post-treatment period. Z;; is a vector of
time-varying county-level controls. A is the corresponding coefficient vector. The model
includes county fixed effects v; and year fixed effects e;. ¢; is an idiosyncratic error
term. The definitions and units of all variables are reported in Table 1. Standard errors are
clustered at the county level to account for serial correlation and heteroskedasticity. The
coefficient B, captures the average effect of policy implementation under the identifying
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assumptions of the difference-in-differences design. The model is estimated separately for
the first and second policy rounds.

Table 1. Descriptive statistics of variables.

Variable Obs Mean S.D Min Max
NDVI 16,048 0.622 0.206 0.057 0.925
Log population density (persons/km?) 13,250 4.622 1.814 —1.914 9.970
Log county area (km?) 14,686 7.797 1.344 2.398 12.218
Ratio of primary to secondary industry value added 15,568 0.800 1.157 2.03 x 10 30.9875
Share of tertiary industry value added in GDP 15,258 0.379 0.134 0.041 0.999
Log real GDP per capita 14,909 11.573 0.989 8.782 14.726
Temperature (°C) 15,856 9.371 6.321 -9.959 24.185
Annual precipitation (mm) 15,856 841.070 564.436 21.316 5713.017
Elevation (m) 16,048  1157.517  1272.937 -4.171 5148.034
Slope (°) 16,048 3.989 3.448 0.038 20.387
Log real pastoral value added per capita 5553 8.845 1.040 3.434 11.749
Log real rural income per capita 10,877 10.424 0.764 8.008 12.318
Log real regional disposable income per capita 6436 12.089 0.508 10.254 13.165

The key identifying assumption is that, in the absence of the GECP, the treatment and
control groups would have experienced parallel changes in the outcome variables. We
acknowledge that provincial inclusion in each GECP round was not randomly assigned.
In particular, the first-round provinces were selected partly because of their ecological
importance, extensive grassland resources, and pastoral characteristics. Therefore, treat-
ment and control counties may differ in baseline ecological, economic, geographic, and
institutional conditions. However, the DID design does not require identical baseline lev-
els between treatment and control counties; rather, it requires that the outcome trends
would have been parallel in the absence of the policy. Since the treatment and control
regions may differ in baseline economic, geographic, and institutional conditions, the
specification includes county fixed effects to absorb time-invariant county characteristics
and year fixed effects to control for common time shocks. The control variables further
account for time-varying differences in climate, geography, industrial structure, popula-
tion density, and economic development that may affect both NDVI and income. These
settings help improve comparability between treatment and control counties and reduce
potential omitted variable bias arising from concurrent environmental or rural develop-
ment policies and other observable shocks. The plausibility of the parallel trends assump-
tion is further examined using the event-study specification.

2.5. Event-Study Specification

To examine the dynamic effects of the GECP and assess the parallel trends assump-
tion, this paper further estimates an event-study model [27]. The specification is written
as follows:

Yie = a+ Z B (GECP; X yearf) + AZ;y + v; + e, + &1 @)
ke -1

where yearf

is an indicator for event year k relative to the implementation year of the
corresponding policy round. The year immediately before policy implementation is omit-
ted as the reference period. The coefficients f), capture the dynamic effects of the GECP
before and after policy implementation. The definitions and units of the variables are re-

ported in Table 1.
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The event-study specification is used not only to describe the dynamic policy effects,
but also to assess the plausibility of the parallel trends assumption. If the coefficients for
the pre-policy years are statistically insignificant and show no systematic trend, this sug-
gests that the treatment and control groups followed similar trajectories before policy im-
plementation. In this case, the DID estimates are less likely to be driven by pre-existing
differential trends. The post-policy coefficients are then used to examine whether the ef-
fects of the GECP emerge gradually, persist, or stabilize over time.

2.6. Mechanism Specification

To examine the mechanisms through which the GECP affects grassland ecological
conditions, this paper extends the baseline DID specification by interacting the policy term
with pre-policy county characteristics [28,29]. The mechanism model is specified as fol-
lows:

Yy = 8y + 8,(GECP; X Post,) + 8,(GECP; X Post, X M) + AZ;, + v; + e, + &5 (3)

where M; denotes a pre-policy county characteristic capturing the proposed mechanism.
The coefficient 6, on the triple interaction term indicates whether the ecological effect of
the policy varies systematically with the corresponding pre-policy condition. GECP;,
Posty, Zy, v;, e;, A and ¢, are defined as in Equation (1). The definitions and units of
all variables are reported in Table 1.

This paper considers two mechanism variables. The first is dependence on animal
husbandry, which captures the extent to which local production and livelihoods rely on
livestock activities. Higher dependence on animal husbandry may imply higher adjust-
ment costs and therefore weaker ecological responses to grazing restrictions. The second
is the initial grassland condition, which captures the baseline ecological status of a county
before policy implementation. Counties with poorer initial grassland conditions may have
greater potential for ecological recovery after grazing pressure is reduced.

In the empirical analysis, dependence on animal husbandry is measured by the pre-
policy share of value added in animal husbandry in regional GDP. Initial grassland con-
ditions are proxied by alternative pre-policy NDVI measures, including NDVI in 2000,
NDVIin 2004, and the average NDVI over the period 2000-2003. Using pre-policy values
helps mitigate reverse causality and ensures that these variables capture baseline county
characteristics rather than post-policy responses.

2.7. Variable Specification
2.7.1. Dependent Variables

To examine the ecological effects of the policy, the dependent variable is the loga-
rithm of county-level average grassland NDVIL. NDVI is widely used as an indicator of
grassland quality [30] and can also serve as a proxy for ecological restoration. To examine
the income effects of the policy, the dependent variable is the logarithm of real per capita
disposable income of farmers and herders. Given the relatively long study period from
2005 to 2020, nominal income is deflated using the annual GDP deflator to ensure compa-
rability over time.

2.7.2. Key Independent Variable

The key independent variable is the implementation of the Grassland Ecological
Compensation Policy, captured by the interaction term GECP; X Post,. Here, GECP; is a
treatment-group indicator equal to 1 for counties covered by the policy and 0 otherwise,
while Post; is a post-policy time indicator. When estimating the effects of the first policy
round, Post, =1 for 2011-2015 and 0 otherwise. When estimating the effects of the sec-
ond policy round, Post, =1 for t = 2016 and 0 otherwise.

https://doi.org/10.3390/agriculture16131404
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2.7.3. Control Variables

Following the related literature [28,31], we include climate, geographic, and socioec-
onomic controls that may affect grassland ecological conditions and local economic out-
comes. Climate controls include temperature and precipitation. Geographic controls in-
clude elevation and slope, which are important determinants of the spatial distribution
and ecological quality of grassland ecosystems. Socioeconomic controls include real GDP
per capita, the ratio of value added in the primary sector to that in the secondary sector,
the share of value added in the tertiary sector of GDP, population density, and county
area. Given the long sample period, nominal GDP per capita is deflated using the GDP
deflator to obtain its real value.

2.7.4. Mechanism Variables

Two pre-policy mechanism variables are used in the mechanism analysis. The first is
dependence on animal husbandry, measured by the share of value added in animal hus-
bandry in regional GDP. A higher value indicates that the local economy relies more heav-
ily on livestock production. To mitigate reverse causality, this variable is constructed us-
ing its pre-policy average. The second is initial grassland conditions, measured by pre-
policy NDVI. To reduce the influence of year-specific fluctuations, three alternative indi-
cators are used: NDVI in 2000, NDVI in 2004, and average NDVI over the period 2000-
2003.

2.7.5. Data Processing and Spatial Harmonization

The empirical analysis combines raster-based ecological, climatic, and geographic
data with county-level socioeconomic statistics. Since these datasets differ in spatial reso-
lution and original format, all variables are harmonized to the county-year level before
estimation. County administrative boundaries are used as the common spatial unit for
aggregation and matching.

For NDVI, monthly MOD13A3 raster data with a spatial resolution of 250 m x 250
m are first projected to a common coordinate system and clipped using county bounda-
ries. To better capture grassland ecological conditions, the calculation is based on valid
grassland pixels within each county. County-level monthly NDVI is obtained by averag-
ing all valid grassland pixels within the county boundary, and the annual NDVI is then
calculated as the average of monthly NDVI values within each year. The logarithm of
county-level annual average grassland NDVI is used in the empirical analysis.

Climate variables, including temperature and precipitation, are also spatially
matched to county boundaries. Raster or gridded climate observations are aggregated to
the county level by calculating the average value of all valid grid cells falling within each
county. Annual temperature and precipitation are constructed from the corresponding
yearly averages or accumulations, depending on the original data format. Geographic var-
iables are derived from the DEM data. Elevation is calculated as the county-level average
elevation, while slope is generated from the DEM and then averaged within each county
boundary.

Socioeconomic variables, including GDP, industrial structure, population, county
area, and rural per capita household income, are obtained directly at the county level from
statistical yearbooks. These variables are matched to the spatially aggregated ecological,
climatic, and geographic variables by county administrative code and year. When county
boundary adjustments or missing observations occur, county names and administrative
codes are checked to ensure temporal consistency. Observations with insufficient spatial
coverage or missing key variables are excluded from the corresponding regressions.

Although this procedure improves consistency across datasets, aggregating raster-
based indicators to county-level averages may introduce measurement error, especially in

https://doi.org/10.3390/agriculture16131404



Agriculture 2026, 16, 1404

11 of 22

counties with large internal ecological variation. Therefore, the estimates should be inter-
preted as county-level average effects rather than fine-scale ecological responses.

2.8. Data Sources and Descriptive Statistics

The empirical analysis is based on a panel of 1008 county-level units in 11 provinces
over the period 2005-2020. NDVI data are obtained from the MOD13A3 product provided
by NASA EarthData, National Aeronautics and Space Administration, Washington, DC,
USA, which offers monthly observations for 2004-2021 at a spatial resolution of 250 m x
250 m. Climate data come from the National Meteorological Science Data Center, Beijing,
China, while geographic variables are derived from the 2023 DEM dataset provided by
the General Bathymetric Chart of the Oceans (GEBCO), Liverpool, UK, with a spatial res-
olution of 15 arc-seconds, or approximately 500 m. Socioeconomic data and rural per cap-
ita household income data are drawn from the China County Statistical Yearbook for 2006
2021. Table 1 reports the descriptive statistics of the main variables. Because data availa-
bility varies across indicators, especially for income- and pastoral-related variables, the
number of observations differs across regression specifications.

3. Results
3.1. Baseline Regression Results
3.1.1. Ecological Effects of the First-Round Policy

Table 2 reports the baseline regression results for the ecological effects of the first-
round GECP. In column (1), which includes only county fixed effects and year fixed effects,
the coefficient on the interaction term GECP x Post is 0.028 and statistically significant at
the 1% level. This estimate suggests that the first-round policy is associated with an in-
crease in grassland NDVI of approximately 2.8%. In column (2), after including the full
set of controls, the coefficient rises to 0.160 and remains statistically significant at the 1%
level. This coefficient corresponds to an approximate increase of 3%, (€®°3° — 1 ~ 0.030).
in grassland NDVI in treated areas. These results suggest that the first-round GECP may
have contributed to improved grassland ecological conditions, conditional on the validity
of the parallel trends assumption and the comparability of treatment and control counties.
Therefore, the estimates provide support for Hypothesis 1.

Table 2. Baseline estimates of the ecological effects of the first-round GECP.

) Log NDVI
Variable 1 2
GECP x Post 0.028 *** 0.030 ***
(0.004) (0.006)
Constant —0.604 *** —0.749 ***
(0.002) (0.102)
County fixed effects Yes Yes
Year fixed effects Yes Yes
Time trend No Yes
Controls No Yes
Observations 11,033 9486
Adjusted R2 0.453 0.1888

Notes: The control variables include population density, land area, the ratio of value added in the
primary sector to that in the secondary sector, the share of the tertiary sector, real GDP per capita,
temperature, precipitation, elevation x year fixed effects, slope x year fixed effects, province x year
fixed effects, and time trends. Standard errors clustered at the county level are reported in paren-

theses. *** denotes statistical significance at the 1% level.
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3.1.2. Income Effects of the First-Round Policy

Table 3 reports the estimated income effects of the first-round GECP. In column (1),
which includes only county fixed effects and year fixed effects, the coefficient on
GECP X Post is —0.048 and statistically significant at the 1% level. This estimate implies an
income decline of approximately 4.7% in treated areas. In column (2), after adding the full
set of controls, the coefficient decreases to —0.067 and remains statistically significant, cor-
responding to an income reduction of about 6.9% (¢%%¢” — 1 ~ 0.069). These findings sug-
gest that the first-round GECP was associated with a reduction in herders” income. This
result is consistent with Hypothesis 3.

Table 3. Baseline estimates of the income effects of the first-round GECP.

Log Income

Variable ) @
GECP x Post —-0.048 *** -0.067 ***
(0.013) (0.017)
Constant 9.345 *** 5.719 ***
(0.006) (0.303)
County fixed effects Yes Yes
Year fixed effects Yes Yes
Time trend No Yes
Controls No Yes
Observations 8436 7907
Adjusted R? 0.964 0.971

Notes: Column (1) reports the estimates without control variables and time trends, while column
(2) includes control variables and time trends. The control variables are the same as those reported
above. Standard errors clustered at the county level are reported in parentheses. *** denotes statis-

tical significance at the 1% level.

3.2. Parallel Trends and Dynamic Effects

A key identifying assumption of the difference-in-differences (DID) model is that the
treatment and control groups follow parallel trends prior to policy implementation [32].
To assess this assumption and to trace the dynamic effects of the policy, this paper em-
ploys an event-study specification [33], using the year immediately preceding policy im-
plementation as the reference period.

Figures 2 and 3 report the dynamic ecological effects of the first and second policy
rounds, respectively. For both rounds, the estimated coefficients in the pre-treatment pe-
riod are generally close to zero and statistically insignificant, with confidence intervals
covering zero and no systematic upward or downward pattern. This provides support for
the parallel trends assumption. For the first round, with 2011 as the implementation year,
the ecological effect exhibits a brief negative fluctuation at the time of implementation,
then becomes significantly positive, reaches a peak in the second to third years after im-
plementation, and declines slightly thereafter while remaining positive overall. This pat-
tern suggests that the ecological effects of the policy are characterized by a lagged re-
sponse and diminishing marginal gains over time. For the second round, implemented in
2016, the estimated effect is insignificant in the implementation year and the following
year, becomes significantly positive from 2018 onward, peaks in 2019, and moderates
slightly in 2020 while remaining positive. These results indicate that the ecological effects
of the GECP emerge gradually rather than immediately.

Figures 4 and 5 report the dynamic income effects of the first and second policy
rounds, respectively. The pre-treatment coefficients are again generally close to zero and
statistically insignificant, which is consistent with the parallel trends assumption. For the
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first round, the estimated effect on herders” income turns negative in the implementation
year and becomes more pronounced in the second to third years after implementation,
reaching statistical significance in some periods and remaining in the negative range
thereafter. For the second round, the estimated effect is insignificant in the implementa-
tion year and the following year, and the coefficients then gradually move from around
zero to positive values in later periods. The results indicate that the income effects of the
GECP also follow a lagged adjustment process and differ across policy rounds. While the
first round is associated with a significant compression of herders’ income, the second
round does not reproduce the same negative pattern, although its average income effect
remains statistically insignificant over the sample period.

0.1

0.05
L

-
5
-e
————1

Estimated coefficients

b oo 7
| 1 [0} T
° T ) T T
L | 1 )
I
L 1
T
|
o]
8 |
S 1
u T T T T T T T T T
2005 2006 2007 2008 2009 2011 2012 2013 2014 2015

Years relative to policy implementation

Figure 2. Dynamic ecological effects of the first-round GECP. Dots represent estimated coeffi-
cients, vertical bars indicate 95% confidence intervals, the horizontal line denotes zero, and the

vertical dashed line indicates the policy implementation year.
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Figure 4. Dynamic income effects of the first-round GECP.
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Figure 5. Dynamic income effects of the second-round GECP.

3.3. Robustness Checks

To assess the robustness of the baseline ecological results, four additional tests are
conducted. First, a placebo test is implemented by artificially moving the policy timing
forward to 2009, following the placebo-law logic commonly used in the DID literature to
assess whether the estimated policy effect merely reflects spurious pre-treatment differ-
ences [34]. As reported in column (1) of Table 4, the coefficient on the placebo interaction
term is statistically insignificant. Second, when the sample window is restricted to 2007-
2014, the coefficient on GECP X Post remains significantly positive, as shown in column
(2), indicating that the main result is not driven by the particular time span of the full
sample [35]. Third, clustering standard errors at the provincial level instead of the county
level does not alter the sign or statistical significance of the main coefficient, as reported
in column (3), indicating that the baseline inference is not sensitive to the choice of clus-
tering level [36]. Fourth, after winsorizing all continuous variables at the 1% level, the
coefficient remains significantly positive in column (4). Overall, these results indicate that
the positive ecological effect of the first-round GECP is robust across alternative specifica-

tions.

Table 4. Robustness checks for the ecological effects of the first-round GECP.

. Log NDVI
Variable ) @ 3) @
GECP x Post 0.014 0.235 *** 0.057 ** 0.1071 ***
(0.018) (0.055) (0.022) (0.029)
Constant 0.627 *** -0.017 0.673 *** -0.550 ***
(0.045) (0.132) (0.048) (0.103)
County fixed effects Yes Yes Yes Yes
Year fixed effects Yes Yes Yes Yes
Time trend Yes Yes Yes Yes
Province x year fixed effects Yes Yes Yes Yes
Controls Yes Yes Yes Yes
Observations 10,362 6074 10,362 9639
Adjusted R? 0.394 0.442 0.394 0.378

Notes: Columns (1), (2), and (4) report standard errors clustered at the county level, while column
(3) reports standard errors clustered at the provincial level. **, and *** denote statistical significance

at the 5% and 1% levels, respectively.
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3.4. Mechanism Analysis

This section examines whether the ecological effects of the GECP vary with pre-pol-
icy county characteristics related to the proposed mechanisms. Since the empirical analy-
sis relies on interaction terms constructed from county-level variables, the results should
be interpreted as mechanism-related evidence and conditional variation in policy effects,
rather than direct identification of complete causal pathways [37,38].

3.4.1. The Production Adjustment Channel

Table 5 reports the results for the interaction between the policy variable and pre-
policy dependence on pastoral production. Here, Pastoral_Dependence is measured by pre-
policy log real per capita pastoral value added and is used to capture baseline dependence
on pastoral production at the county level. The coefficient on the triple interaction term,
GECP x Post x Pastoral_Dependence, is negative and statistically significant. This result sug-
gests that the estimated ecological effect of the policy is weaker in counties with stronger
baseline dependence on pastoral production, and stronger in counties with lower depend-
ence on animal husbandry. A plausible interpretation is that greater reliance on pastoral
production raises the cost of behavioral adjustment under the GECP, thereby constraining
the ecological gains from policy intervention. However, this result should be interpreted
with caution. The variable Pastoral_Dependence is measured at the county level and cap-
tures local production structure rather than household-level grazing behavior or livestock
adjustment. Therefore, the finding provides indirect evidence for the production adjust-
ment mechanism, rather than direct proof of household-level behavioral responses.

Table 5. Mechanism analysis: the production adjustment channel.

Variable Log NDVI
GECP x Post 0.073 **
(0.037)
GECP x Post x Pastoral_Dependence -0.104 **
(0.041)
County fixed effects Yes
Year fixed effects Yes
Time trend Yes
Controls Yes
Observations 3605
Adjusted R? 0.4671

Notes: Standard errors clustered at the county level are reported in parentheses. ** denote statistical

significance at the 5% level.

3.4.2. The Initial Grassland Condition Channel

Table 6 presents the results for the initial grassland condition channel using three
alternative measures of pre-policy grassland conditions. The coefficients on the triple in-
teraction terms are negative and statistically significant across all specifications. This sug-
gests that the ecological effect of the GECP decreases with the level of initial NDVI and is
stronger in counties with poorer pre-policy grassland conditions. This pattern is consistent
with the ecological recovery potential mechanism: areas with poorer initial grassland con-
ditions may have greater room for vegetation recovery after grazing pressure is reduced.
The consistency across alternative NDVI measures suggests that the result is not driven
by a single baseline year. However, because initial NDVI is a county-level proxy for base-
line vegetation conditions and may also reflect other ecological or land-use characteristics,
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the result should be interpreted as indirect evidence consistent with the ecological recov-
ery potential channel, rather than direct identification of the underlying ecological recov-
ery pathway.

Overall, these results suggest that the ecological effects of the GECP are conditioned
by local production structure and baseline ecological endowments. The findings provide
mechanism-related evidence, but the county-level nature of the data requires caution in
drawing household-level behavioral conclusions.

Table 6. Mechanism analysis: the initial grassland condition channel.

. Log NDVI
Variable ) 2 3)
GECP x Post 0.059 *** 0.062 *** 0.058 ***
(0.010) (0.010) (0.010)
GECP x Post x NDVI_2000 -0.087 ***
(0.015)
GECP x Post x NDVI_2004 -0.083 ***
(0.014)
GECP x Post x ave_NDVI -0.079 ***
(0.015)
Constant -0.737 *** —0.740 *** —0.740 ***
(0.095) (0.095) (0.095)
County fixed effects Yes Yes Yes
Year fixed effects Yes Yes Yes
Time trend Yes Yes Yes
Controls Yes Yes Yes
Observations 10,362 10,362 10,362
Adjusted R? 0.375 0.182 0.181

Notes: Columns (1)—(3) use NDVI_2000, NDVI_2004, and ave_NDVI as alternative measures of ini-
tial grassland conditions, respectively. Standard errors clustered at the county level are reported in

parentheses. *** denote statistical significance at the 1% levels.

3.5. Heterogeneity Analysis

Table 7 reports heterogeneity analysis along two dimensions: population density and
real per capita disposable income. In column (1), the interaction term between the policy
variable and population density is negative and statistically significant at the 1% level,
indicating that the ecological effect of the policy is stronger in less densely populated ar-
eas. In column (2), the interaction term between the policy variable and real per capita
disposable income is also negative and statistically significant at the 1% level, indicating
that the ecological effect of the policy is stronger in lower-income regions. The results,
therefore, suggest that the ecological gains from the GECP are more pronounced in areas
with lower demographic pressure and lower income levels.

Table 7. Heterogeneity analysis by population density and income level.

. In NDVI
Variable 1 @

GECP x Post 0.032 *** 1.359 ***
(0.006) (0.311)

Pop_density 0.550 ***
(0.188)

GECP x Post x Pop_density -0.550 ***

(0.188)
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In income 0.028
(0.018)
GECP x Post x In income -0.106 ***

(0.026)

Constant -0.778 *** -0.276

(0.092) (0.349)
County fixed effects Yes Yes
Year fixed effects Yes Yes
Time trend Yes Yes
Province x year fixed effects Yes Yes
Controls Yes Yes
Observations 10,362 3722
Adjusted R? 0.180 0.428

Notes: Column (1) reports the heterogeneity analysis by population density, and column (2) reports
the heterogeneity analysis by income level. Standard errors clustered at the county level are re-

ported in parentheses. *** denote statistical significance at the 1% levels.

3.6. Additional Analysis of the Second-Round Policy Effects
3.6.1. Ecological Effects

Column (1) of Table 8 reports the ecological effect of the second-round GECP. The
coefficient on GECP x Post is 0.017 and statistically significant at the 1% level, indicating
that the second-round policy increased NDVIin the treated group by approximately 1.7%.
This finding supports Hypothesis 2. Although the estimated effect remains positive and
statistically significant, its magnitude is smaller than that of the first-round policy, sug-
gesting a weaker average ecological effect in the second round.

Table 8. Effects of the second-round GECP.

GECP-II
Variable 1) ()
Log NDVI Log Rural_Income
GECP x Post 0.017 *** —0.002
(0.004) (0.006)
Constant —0.594 *** 8.836 ***
(0.040) (0.593)
County fixed effects Yes Yes
Year fixed effects Yes Yes
Time trend No Yes
Province x year fixed effects No Yes
Controls No Yes
Observations 3604 2714
Adjusted R? 0.2457 0.969

Notes: The control variables include population density, land area, the ratio of value added in the
primary sector to that in the secondary sector, the share of the tertiary sector, real GDP per capita,
temperature, precipitation, elevation x year fixed effects, slope x year fixed effects, province x year
fixed effects, and time trends. Standard errors clustered at the county level are reported in paren-

theses. *** denote statistical significance at the 1% levels.

3.6.2. Income Effects

Column (2) of Table 8 reports the income effect of the second-round GECP. The coef-
ficient on GECP x Post is negative but statistically insignificant. This finding supports Hy-
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pothesis 4 and indicates that the second-round policy did not generate a statistically sig-
nificant average income effect over the sample period. At the same time, unlike the first-
round policy, it did not produce a significant negative effect on herders’ income. These
results suggest that the welfare consequences of the policy became weaker and less clearly
negative in the second round.

4. Discussion
4.1. Ecological Effects Across Policy Phases

The empirical results show that the GECP significantly improved grassland ecologi-
cal conditions in both policy rounds. This confirms that the policy generated positive eco-
logical responses across different implementation stages. This finding is broadly con-
sistent with studies reporting positive ecological effects of the policy, including improve-
ments in vegetation cover, net primary productivity, and grassland quality [9,10,21]. A
plausible explanation for the stronger first-round ecological effect is that the first-round
policy was implemented primarily in core pastoral areas with more severe degradation
and stronger grazing pressure. In these areas, the scope for ecological recovery was larger,
so policy-induced reductions in grazing pressure were more likely to generate observable
ecological improvement. By contrast, the second round appears to have covered areas
with relatively better baseline ecological conditions, where the room for additional eco-
logical gains was more limited. This suggests that the smaller second-round effect may
reflect declining marginal ecological returns rather than a failure of the policy itself. Such
a pattern is in line with previous studies suggesting that the ecological effects of the GECP
are shaped by grassland ecosystem vulnerability and may differ across policy stages and
regions [11,14]. It is also consistent with evidence that the ecological impacts of China’s
grassland conservation policies are positive on average but highly heterogeneous across
counties and ecological zones [39,40].

The mechanism results further support this explanation. The significantly negative
interaction between the policy variable and initial grassland conditions indicates that the
ecological effect was stronger in counties with poorer initial ecological endowments. In
other words, the policy generated larger marginal improvements where the potential for
recovery was greater [41]. This finding suggests a partial convergence effect in ecological
quality and is broadly consistent with the findings of Deng and Ma [42]. At the same time,
the weaker ecological response in more livestock-dependent areas indicates that policy
effectiveness was constrained where households faced higher adjustment costs from re-
ducing grazing intensity [43]. This interpretation is in accordance with studies emphasiz-
ing that ecological compensation does not automatically translate into ecological improve-
ment unless it induces effective behavioral change [15,44]. In particular, Yu et al. [15] show
that subsidies may even increase livestock numbers in some contexts, while Hu et al. [25]
highlight that the ecological consequences of the GECP are closely tied to changes in
household livestock production. Overall, these results suggest that the ecological gains of
the GECP depend not only on the policy itself, but also on the local capacity for behavioral
adjustment.

4.2. Income and Welfare Implications Across Policy Phases

The income effects differ sharply across the two policy rounds. The first round had a
significantly negative effect on herders’ income, whereas the second round did not gener-
ate a statistically significant average income effect. This contrast is important because the
existing literature has reached divergent conclusions regarding the welfare consequences
of the GECP. Some studies suggest that compensation payments can partly offset income
losses associated with grazing restrictions and may improve household welfare through
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transfer income or non-farm employment [9,17], whereas others find that compensation
is insufficient and that policy constraints reduce pastoral income, at least in the short run
[18,19]. The present results suggest that these divergent findings may partly reflect differ-
ences in policy stage, sample coverage, and the level at which outcomes are measured.

The negative income effect in the first round indicates that the opportunity cost of
ecological regulation was not fully offset by compensation. A likely reason is that grazing
restrictions were introduced relatively strongly in the early stage of the policy, while com-
pensation standards, supporting institutions, and non-pastoral livelihood opportunities
were still limited. Under these conditions, reductions in livestock production would di-
rectly compress household income. This interpretation is consistent with studies showing
that the policy could impose short-run income pressure on herders when compensation
remained insufficient [18,19]. It is also compatible with evidence that the GECP altered
household livestock production behavior, implying that ecological improvement may
come at the cost of reduced pastoral earnings in the short run [25].

By contrast, the absence of a significant negative income effect in the second round
suggests that later policy adjustments may have partly mitigated the welfare losses ob-
served in the first round. This is consistent with Zhang and Tan [13], who show that the
second-round policy generated a livestock reduction effect and provided important im-
plications for improving policy design. However, the second round still failed to produce
a statistically significant positive income effect, which indicates that compensation alone
was not sufficient to generate broad-based welfare gains. This point is important because
some studies report positive income effects through compensation transfers or off-farm
employment [9,17], whereas others emphasize insufficient compensation and continued
income pressure [18,19]. Our results suggest that these differences are likely related to
variation in policy stage, level of analysis, and outcome measurement. Household-level
studies may capture specific channels such as transfer income or livelihood diversifica-
tion, while county-level estimates are more likely to reflect the net effect of reduced pas-
toral production and incomplete compensation.

More broadly, these findings highlight a policy trade-off in ecological compensation
programs. Ecological restoration may generate broad public benefits, but the short-term
costs of grazing restrictions may be borne mainly by herding households whose liveli-
hoods depend on livestock production. The negative income effect in the first round sug-
gests that compensation did not fully offset these costs, raising concerns about the distri-
butional consequences of conservation policy. Therefore, the long-term sustainability of
the GECP depends not only on ecological effectiveness but also on whether compensation
standards and livelihood support can make ecological regulation economically viable for
affected households.

5. Conclusions

Using panel data for 1008 county-level units across 11 provinces from 2005 to 2020,
this paper evaluates the ecological and income effects of two rounds of China's GECP
within a unified difference-in-differences framework. Unlike studies that examine ecolog-
ical restoration or household income separately, this study jointly considers both out-
comes and compares the first and second policy rounds. This design not only allows us to
assess whether the GECP improved grassland ecological conditions but also whether
these ecological gains were achieved alongside livelihood protection.

The results indicate that the GECP generated clear ecological gains, but its income
effects were more limited and varied across policy rounds. The first round produced
greater ecological improvement but was accompanied by income losses, whereas the sec-
ond round showed a weaker ecological effect and no significant average income effect.
These findings suggest that the GECP has been more effective in ecological restoration
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than in livelihood improvement, and that policy performance changes as coverage, com-
pensation arrangements, implementation conditions, and household adaptation evolve.

The study contributes to the literature in three main ways. First, it provides an inte-
grated assessment of the ecological and income effects of the GECP, thereby linking the
environmental and livelihood dimensions of ecological compensation policy. Second, by
comparing two policy rounds, it shows that the effectiveness of the GECP is not static but
varies across implementation stages. This contributes to a better understanding of how
long-term ecological compensation programs evolve over time. Third, the analysis shows
that policy effects are conditioned by local production structure and baseline ecological
endowments. The ecological effect is stronger in counties with lower dependence on ani-
mal husbandry and poorer initial grassland conditions, suggesting that local conditions
shape the extent to which ecological compensation can translate into vegetation recovery.

Several implications follow from these findings. First, the contrast between the two
policy rounds indicates that compensation intensity and implementation quality are cen-
tral to the income consequences of ecological regulation. When compensation does not
adequately offset the opportunity cost of reduced grazing, ecological improvement may
be achieved at the expense of household income. Second, policy design should account
for local heterogeneity. Counties with different degrees of dependence on animal hus-
bandry and different baseline grassland conditions may require differentiated compensa-
tion standards and management measures. Third, ecological compensation alone may be
insufficient to secure broad-based livelihood improvement. Complementary measures,
such as non-pastoral employment support, livelihood diversification, and improved local
implementation capacity, are needed to make ecological regulation socially sustainable.

Several limitations should be acknowledged. First, although the DID framework,
fixed effects, control variables, and event-study tests help strengthen the identification
strategy, the comparability between treatment and control groups remains relevant when
interpreting the estimated effects. Second, other environmental or rural development pol-
icies implemented during the same period may also have influenced NDVI and income,
although the empirical specification controls for common shocks and observable county-
level characteristics. Third, because this study integrates raster-based ecological, climatic,
and geographic data with county-level socioeconomic statistics, the results should be in-
terpreted as county-level average effects rather than fine-scale ecological or household-
level responses. Finally, while NDVI is a widely used indicator of vegetation growth and
grassland ecological conditions, it cannot capture all dimensions of grassland ecosystem
quality. Future research could further improve the analysis by incorporating more de-
tailed county-level policy information, household-level survey data, and multidimen-
sional ecological indicators.
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