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SUMMARY

Land use policies periodically shift among cropland protec-
tion, ecological construction, and economic growth. Under-
standing how these policy reorientations affect carbon storage
is essential for county-level low-carbon land management. This
study uses Qingyun County, China, as a case study. The county
is characterized by severe land fragmentation, with only 713m?
of cropland per capita, and experienced major policy reversals
between 2017 and 2023. We integrated the PLUS-InVEST mod-
el to reconstruct land use trajectories, quantify carbon storage
evolution, and project carbon storage dynamics through 2035
under three scenarios. The results reveal a rise-and-fall trend.
Driven by the Three-Year Greening Campaign, carbon storage
increased from 382.16 x 10°t in 2017 to 399.61 x 10t in 2020.
Following the implementation of the Grain-for-Farmland Poli-

cy, it declined to 392.92 x 10°t by 2023. This trend mirrors a
three-phase policy shift: ecological priority, cropland protection
priority, and land consolidation. The forest protection scenario
generated economic values of carbon storage that were 1.1%
and 2.2% higher than those under the cropland protection and
natural development scenarios, respectively. These findings may
provide a theoretical basis for similar land management strate-
gies in Latin America and the Caribbean. Brazil's Cerrado has
experienced similar carbon losses associated with agri-cultural
expansion. Policy-driven land use transition exerts a measurable
stage-locking effect on carbon storage. As policy priorities shift,
carbon storage responds accordingly. Therefore, low-carbon
land optimization requires a dynamic framework that anticipates
and mitigates carbon losses during policy transitions.

Introduction making it the

second-largest

carbon increasingly important (Zhu et al., 2022;

and use change is a key
regulator of terrestrial
ecosystem carbon stor-
age. It accounts for ap-
proximately one-third of

total anthropogenic carbon emissions,

source after fossil fuel combustion (Foley
and J, 2005; Houghton, 2010; Lu et al.,
2016). Under China's goals of peaking
carbon emissions by 2030 and achieving
carbon neutrality by 2060, understanding
how land use policy adjustments shape
carbon storage dynamics has become

Zhang et al., 2023).

The PLUS-InVEST
model provides a reliable framework for
assessing the effects of land use change
on carbon storage dynamics (Sharp and
Chaplin-Kramer et al., 2018; Liang and
Guan et al, 2021). It enables highly
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accurate simulation of land use conver-
sions under multiple policy scenarios (Shi
et al., 2015). This model has been widely
applied in large regions such as the
Yangtze River Delta (Zhou et al., 2025)
and Xinjiang, as well as in watersheds,
including the Fuhe River Basin (Chen et
al., 2025), Taihu Lake (Zhu et al., 2025),
Lijiang (Xinran et al., 2024 NOT IN
REFERENCES), and the transition zone
of the southwestern mountainous region
(Zhou et al., 2025).

Notably, the model has
also demonstrated strong applicability in
Latin America. A study conducted in Trés
Lagoas, Brazil, combined PLUS and
InVEST to assess carbon storage in a eu-
calyptus  production area (Jimenez-
Castaneda et al.,, 2022; Bacani et al.,
2024). That study found that total carbon
stock under the forest protection scenario
was 2.48Tg higher than under the busi-
ness-as-usual scenario, while the econom-
ic value of carbon sequestration nearly
doubled. These studies consistently show
that forestland and cultivated land are the
primary land use types controlling carbon
storage and that their conversion to con-
struction land is the dominant factor lead-
ing to carbon stock loss (Li et al., 2023).

Despite these advances,
research has focused primarily on regional
or watershed scales, whereas county-level
analyses remain limited. Counties repre-
sent the fundamental administrative unit
for implementing land use policies; there-
fore, research at this scale is essential for
under-standing how policy interventions
affect carbon storage. Although existing
scenario-based sim-ulations have explored
ecological conservation and urban growth
pathways (Zhang et al.; Li et al., 2025),
they remain largely limited to quantifying
carbon storage. Consequently, quantitative
assessments of carbon storage variation
under different policy scenarios remain in-
sufficient, constraining targeted land use
management at the county level. This
challenge is not unique to China. Many
agricultural countries in Latin America
and the Caribbean face similar issues,
highlighting the need to strengthen coun-
ty-level research on low-carbon land man-
agement in these regions.

This study uses Qingyun
County, Shandong Province, China, as a
case study. Located in the North
Shandong Plain within the Yellow River
Delta, the county experienced a rare cycle
of policy reversals between 2017 and
2023. This cycle comprised three phases.
The first was the Three-Year Greening
Campaign, during which forestland ex-
panded and carbon storage increased. The
second was the non-grain cropland reculti-
vation campaign, during which forestland
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was converted back to cropland and car-
bon storage declined. The third involved
small-to-large field consolidation, during
which cropland expanded, and carbon
storage came under increasing pressure.

These policy reversals
occurred within a short period and within
a single administrative unit, providing a
natural experiment for investigating the
causal relationship between policy re-ori-
entation and carbon storage responses.
Owing to the county's low topographic re-
lief, land use patterns are highly sensitive
to policy and market conditions. Land
conversion is frequent, and conversion
pathways are well defined, making the
area particularly suitable for high-preci-
sion simulations using the PLUS model.
Moreover, low-carbon land management
in Qingyun County remains underdevel-
oped, making scenario-based analyses par-
ticularly relevant.

The policy swing dilem-
ma faced by Qingyun County is not
unique to China. The county must con-
tinuously balance food security, ecologi-
cal protection, and economic develop-
ment. Latin America and the Caribbean
also include numerous agricultural coun-
ties facing similar land use conflicts. A
study on environmental efficiency in
Latin American agriculture found that
only a few countries can offset agricul-
tural emissions through land-use-related
carbon sequestration (van Oudenhoven
and De Groot, 2013). Research conduct-
ed in Brazil's Sergipe semiarid region
es-timated  that, under the  busi-
ness-as-usual scenario, carbon emissions
would reach 736,900 Mg CO,-eq by
2030, whereas the protected forest sce-
nario would increase carbon sequestration
by 481,900 Mg CO,-eq, equivalent to ap-
proximately US$11.6 million (Hora,
2001). A compre-hensive overview esti-
mated soil organic carbon losses of 4.21
Pg C in forests, 1.86-7.32 Pg C in grass-
lands, and 0.36 Pg C in mangroves
across the region (2018; Jimenez-
Castaneda et al.,, 2022). These studies
demonstrate the potential effects of poli-
cy adjustments on carbon storage and
highlight the importance of county-level
scenario simulations.

Of particular relevance, a
2024 Brazilian study employed the same
coupled PLUS-InVEST approach used in
the present research (Jimenez-Castaneda et
al., 2022; Bacani et al., 2024). The au-
thors reported that total carbon stock un-
der the protected forest scenario was 2.48
Tg higher than under the business-as-usu-
al scenario, while the economic value of
carbon sequestration reached US$117.43
million, nearly double that of the busi-
ness-as-usual scenario (Bacani et al.,

2024). The study also revealed substantial
variation in carbon stocks among forest,
savanna, eucalyptus plantations, and pas-
tureland, underscoring the importance of
scenario analysis (Bacani et al., 2024).
These findings are consistent with the re-
sults of the present study, in which forest
protection scenarios provide significant
advantages for maintaining carbon storage
and increasing the eco-nomic value of
carbon storage. Together, these results
support the reliability and broader ap-pli-
cability of the PLUS-InVEST approach
for assessing the effects of land use poli-
cies on carbon storage at the county or
municipal scale.

Therefore, the empirical
experience of Qingyun County may pro-
vide a useful conceptual reference for
comparable agricultural counties in Latin
America and the Caribbean, although the
transferability of specific findings should
be evaluated in light of local conditions.
The stage-locking effects of policy-driv-
en land use transition on carbon storage,
together with the trade-offs in the eco-
nomic value of carbon storage under dif-
ferent policy scenarios, have direct im-
plications for low-carbon land use plan-
ning in these regions.

Based on land use data
from Qingyun County covering the period
2017-2023, this study applies the coupled
PLUS-InVEST model to achieve three ob-
jectives. First, it analyzes coun-ty-level
land use change and quantifies carbon
storage evolution to characterize the tem-
poral relationship between policy shifts
and carbon storage dynamics. Second, it
simulates carbon storage dynamics and
the economic value of carbon storage in
2035 under three scenarios: natural devel-
opment, Forest Protection Priority, and
cropland protection priority. Third, it iden-
tifies policy optimization pathways to en-
hance county-level carbon sink capacity.
The findings are expected to provide em-
pirical evidence to support spatially ex-
plicit land use planning and carbon man-
agement strategies aligned with China's
dual-carbon goals.

Materials and Methods
General profile of the study area

Qingyun County is lo-
cated in  northwestern Shandong
Province, China (Figure 1). It has flat
terrain, with elevations ranging from 5.1
to 7.5m. This low relief makes land use
highly sensitive to policy and market
changes. The county has a temperate
continental monsoon climate, and its
soils are predominantly Fluvo-aquic soils
and Solonchaks. Qingyun is a typical
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Figure 1. Location map of Qingyun County.

agricultural county characterized by se-
vere land fragmentation and only 713m?
of cropland per capita. Between 2017
and 2023, it experienced three major pol-
icy reversals: the Three-Year Greening
Campaign, the non-grain cropland recul-
tivation campaign, and small-to-large
field consolidation. These policy changes
induced stage-specific land use transi-
tions, making the county a natural labo-
ratory for investigating policy-driven re-
sponses of carbon storage.

Data sources

The data used in this
study included land use, carbon density,
meteorological, elevation, and slope data.
Land use data were obtained from the
National Land Use Change Survey of
Qingyun County for 2017, 2020, and
2023. Elevation and slope data were de-
rived from the 1:500 topo-graphic maps
of Qingyun County and supplemented
with data from the Geospatial Data Cloud.
Carbon density values were determined
according to the actual conditions of
Qingyun County.

The original land use
classification was consolidated into six
categories: cultivated land, forest land,
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grassland, water bodies, construction land,
and unused land. All driving-factor data
were preprocessed in ArcGIS, resampled
to a uniform spatial resolution of 30m x
30m, and standardized to the same pro-
jected coordinate system as the Qingyun
County land use data.

Research methods
InVEST model

The InVEST model, a
widely used tool for assessing ecosystem
service values, is fre-quently applied to
the comprehensive evaluation of multiple
ecosystem services. In this study, the
InVEST model categorizes terrestrial car-
bon storage into four components: abo-
veground carbon storage, belowground
carbon storage, soil carbon storage, and
dead organic matter carbon storage.
ck=cabove+cbelow+csoil+cdead

(M
2

Cy represents the total carbon density of
the kth land use type (t/hm?). Capove deno-
tes the aboveground carbon density (t/
hm?), Cgeow the belowground carbon

ctotalzzrllFl Ak XCk’ k=1,2, n

density (t/hm?), C,,; the soil carbon
density (t/hm?), and Cge,q the dead orga-
nic matter carbon density (t/hm?). Ciua
rep-resents the total ecosystem carbon
storage (t). Ay is the area of the kth
land use type (hm?), and k indicates the
land use category.

Previous studies have
demonstrated that carbon density is
closely correlated with mean annual pre-
cipitation and mean annual temperature.
To improve the accuracy of the calcula-
tions, benchmark data from a climatically
similar region (Shandong Province) were
adopted to cali-brate the model parame-
ters. During 2017-2023, the mean annual
precipitation  was 870.785mm  in
Shandong Province and 622.787mm in
Qingyun County, whereas the corre-
sponding mean annual temperatures were
14.109°C and 13.671°C, respectively.
The carbon density correction coefficient
was obtained by substituting these data
into the correction equations. The final
car-bon density values for the study area
were calculated by multiplying the refer-
ence carbon densi-ty by the correspond-
ing correction coefficient. The correction
equations are as follows:

_1 (0.03><p1+ 144

00T +43.0) (3
B2\0.03%p, +14.4

-0.04xT5+43.0

-3.4xT1+157.7
+ 4)
-3.4xTp+157.7

_1(0.07%p; +79.1
572\0.07p,+79.1

_1 (O.lep1+0.58

-0.03%T; +2.03 5)
D72 \0.01%p, +0.58

-0.03xT5+2.03

kp denotes the biomass correction coeffi-
cient. kg represents the soil organic mat-
ter correction coefficient. k, indicates the
dead organic matter correction coeffi-
cient. p; and p, are the mean annual pre-
cipitation of the study area and the refe-
rence region, respectively. 7; and T, are
the mean annual temperature of the stu-
dy area and the reference region, respec-
tively. The carbon density values corres-
ponding to the different land use types
in Qingyun County are presented in
Table 1.

PLUS model

The PLUS model is used
to simulate and forecast land use dynam-
ics by identifying the driving mechanisms
underlying land use transitions. The model
supports the spatiotemporal characteriza-
tion of land use evolutionary processes
and facilitates analysis of land use expan-
sion patterns and their associated driving
factors. Accordingly, it generates the de-
velopment probabilities of individual land
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TABLE I

CARBON DENSITY OF DIFFERENT LAND USE TYPES IN QINGYUN COUNTY

Land use types

Aboveground carbon
density (t/hm?)

Belowground carbon
density (t/hm?)

Soil organic carbon

Dead organic carbon

density (t/hm?) density (t/hm?)

Cultivated land
Forest land
Grassland

Water area
Construction land
Unused land

1.08 0.23
3.71 0.77
0.40 0.08
0.12 0.02
0.01 0.00
0.01 0.00

78.42 0.17
107.49 0.57
84.89 0.07
68.42 0.02
64.03 0.00
9.94 0.00

use units and the contribution weights of
the driving factors.

Structurally, the PLUS
model integrates two core components:
the LEAS module and the CARS mod-
ule. The LEAS module quantifies the re-
lationships between land use categories
and ecosystem functions, thereby evalu-
ating changes in ecosystem services un-
der different land use scenarios. The
CARS module reproduces the patch-level
characteristics of different land use types
based on the analysis of dynamic change
arcas extracted from bi-temporal land
use data.

Carbon density correction

Carbon density correlates
closely with precipitation and temperature.
We used benchmark data from climatical-
ly similar Shandong Province to calibrate
parameters. Mean annual precipitation was
870.79mm for Shandong and 622.79mm
for Qingyun County. Mean annual tem-
peratures were 14.11°C and 13.67°C, re-
spectively. A correction coefficient derived
from these data was applied to obtain fi-
nal carbon densities.

Accuracy validation

In this study, the Kappa
coefficient was used to assess the simula-
tion accuracy of the model. Before the for-
mal analysis, the simulated land use pat-
tern for 2023 was compared with the ob-
served land use distribution. The resulting
Kappa coefficient of 0.89 exceeded the
threshold value of 0.75, indicating high
simulation accuracy and confirming that
the model was suitable for predicting land
use patterns for 2035 (Figure 2).

Economic valuation of carbon storage

The economic value of
carbon storage represents the monetary
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Figure 2. Temporal evolution: articles, journals and authors. Source: Authors' own elaboration.

benefit derived from ecosystem carbon se-
questration and storage. This value plays
an important role in offsetting regional
carbon emissions, enhancing the value of
ecosystem services, and supporting biodi-
versity conservation. The economic value
of carbon storage was calculated using the
following equation:

P=2n-16n %P, ©)

p,=Fx (PIF, e n,) N

pc represents the economic value of car-
bon storage. ¢, denotes the carbon market
price in the n-th period. (PIF, e, n,) is the
compound interest present value or future
value factor, with e indicating the dis-
count rate.

The average carbon
trading price in 2023 of 64yuan/t was
obtained from the Shanghai
Environment and Energy Exchange.
Based on this value, the carbon trading
prices for 2017, 2020, and 2035 were
estimated using the compound-interest
present-value and future-value methods,
respectively (Table II).

Contribution rate of carbon storage and
driving factors

Variations in carbon stor-
age are directly influenced by changes in
land use policies. The contribution rate
was calculated using the following formu-
la, which provides a direct and systematic
assessment of the effects of land use
change on carbon storage dynamics. The
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TABLE 1I

CARBON TRADING PRICES IN QINGYUN COUNTY FROM 2017 TO 2035

Year

2017 2020

2023 2035

Price of carbon trading (yuan/t)

48 55

64 115

Geodetector is a statistical method used to
analyze spatially stratified heterogeneity,
and its calculation formula is as follows:

®)

(Cl-Co)XE
C; TA

CR=

CR represents the contribution rate of land
use change to carbon storage variation. C,
is the initial carbon storage of the land use
type. C; denotes the carbon storage after
land use conversion. C, is the total absolute
value of carbon storage changes across the
study area. LA refers to the area of land
undergoing type conversion. 74 represents
the total area of the study area.

_ o i Ny, SSW
O=1—r—=1- ©)
SSW=Xi; Ny, (10)
SST=Ng? (11)

QO represents the explanatory power of
the driving factor, ranging from 0 to 1,
with a higher value indicating stronger
explanatory power. L denotes the number
of classes (strata) for the driving factor. %
refers to a specific class (h=I, 2,...). N
and N, are the total number of units and
the number of units in class %, respec-
tively. ¢? and o?, represent the variance
of the entire area and the variance within
class /, respectively. SSW and SST are
the sum of within-stratum variances and
the total variance of the entire study
area, respectively.

Scenario setting

To project future land
use dynamics and their carbon conse-
quences, three simulation scenarios for
2035 were developed based on different
policy priorities. The baseline year for all
simulations was 2023, representing the
most recent observed land use pattern un-
der the current policy framework (crop-
land protection priority). The scenarios
were defined as follows.

Natural development

Land use change is as-
sumed to continue along the historical

INERCIENDIA  JuLY 2026 + VOL. 51 N° 7

trend observed from 2017 to 2023 with-
out additional policy interventions. The
transition probabilities for each land use
type were extrapolated from the histori-
cal period. This scenario serves as a
reference for assessing the consequenc-
es of maintaining current land use prac-
tices without policy adjustments. The
main assumptions are: (i) continued ur-
ban expansion at the current rate; (ii)
ongoing conversion of forestland and
grassland to cropland driven by agricul-
tural demand; and (iii) no additional re-
strictions on land use conversion be-
yond existing regulations.

Cropland protection priority

This scenario prioritizes
food security and cropland preservation,
reflecting the current policy direction in
Qingyun County following the imple-
mentation of the non-grain cropland re-
cultivation policy. The main assumptions
are: (i) strict protection of cropland, with
restrictions on its conversion to other
land uses; (ii) limited expansion of built-
up land into high-quality cropland; and
(iii)) maintenance of cropland area at or
above the 2023 level through the reculti-
vation of other land use types. This sce-
nario represents a continuation of the
policy direction observed between 2020
and 2023.

Forestland Protection Priority

This scenario prioritizes
ecological protection and carbon seques-
tration through forestland conservation
and expansion, representing an alternative
policy pathway that emphasizes ecosystem
services and enhanced carbon sink capaci-
ty. The main assumptions are: (i) strict
protection of existing forestland; (ii) mod-
erate reforestation of marginal cropland
and grassland; (iii) restriction of built-up
land expansion to non-forest areas; and
(iv) maintenance or expansion of forest-
land relative to the 2023 level.

All scenarios were im-
plemented using the CARS module of the
PLUS model. Transition probabilities for
each scenario were derived from the
LEAS module based on historical data
(2017-2023) and adjusted according to the

policy assumptions described above. The
same set of driving factors—elevation,
slope, distance to roads, distance to water
bodies, population density, GDP, and land
use policies—was used in all scenarios to
ensure comparability. Carbon storage for
each scenario was then calculated using
the InVEST model with the projected land
use maps as input.

For comparison purpos-
es, the observed 2023 land use map and
its corresponding carbon storage value
(392.92 x 10%) were used as the baseline.
All 2035 simulation results were com-
pared with this baseline to quantify the
relative changes in carbon storage under
different policy priorities. Comparisons
with the 2020 carbon storage value
(399.61 x 10%) are also presented to illus-
trate the complete historical trajectory.

Results and Analysis

Impact of land use policies on land use
types

Land wuse changes in
Qingyun County are driven by market
forces and policy interventions. Cultivated
land, forestland, and built-up land are the
dominant land use types. Rising costs of
seeds, fertilizers, pesticides, diesel, and
labor have increased grain cultivation ex-
penses, while farmers' incomes remain
low. Driven by cost-benefit consider-
ations, farmers have converted land to
cash crops, facility agriculture, or agri-
tourism, leading to non-grain conversion
in some areas.

From 2017 to 2020, cul-
tivated land decreased from 334.20km? to
241.94km?, a net loss of 92.26km?2.
During the same period, farmers convert-
ed land to landscaping and nursery bases.
Forestland expanded from 17.64km? to
76.30km?, a net gain of 58.66km?. Built-
up land increased from 104.23km? to
110.60km?.  Grassland decreased from
5.22km? to 2.73km?, while water bodies
increased from 33.86km? to 68.41km?.

From 2020 to 2023, the
conversion trend reversed following the
implementation of the non-grain cropland
recultivation policy and the Grain-for-
Farmland policy. Forestland contracted
from 76.30km?> to 57.08km?, a loss of
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19.22km?, whereas cultivated land rebound-
ed to 257.60km? a gain of 15.66km?
Built-up land expanded to 113.03km?, a net
gain of 2.43km? Grassland further de-
creased to 2.39km?, while water bodies re-
mained stable at 66.09km?.

The 2035 Natural
Development scenario shows the continua-
tion of these trends. Cultivated land is
projected to reach 287.66km? whereas
forestland is projected to decrease to
23.59km?2. Built-up land is projected to
expand to 116.85km? The policy shift
from ecological construction to cropland
protection reversed the previous trend of
forestland expansion, transforming the
dom-inant land conversion pathway from
cropland-to-forestland to forest-
land-to-cropland (Figure 3).

Staged changes in land use type area and
composition

Cultivated land, forest-
land, and built-up land dominate Qingyun
County, together ac-counting for more
than 90% of the total area (Table III).
From 2017 to 2020, the Three-Year
Greening Campaign drove forestland ex-
pansion from 17.64km?> to 76.30km?
(3.52% to 15.24%), while cultivated land
decreased from 334.20km? to 241.94km?
(66.76% to 48.33%). This cropland-to-for-
estland conversion reflected the ecological
construction policy.

From 2020 to 2023, the
non-grain cropland recultivation policy re-
versed this trend. For-estland contracted to
57.08km? (11.48%), whereas cultivated

(2)2017

(d)2035

(b)2020

land rebounded to 257.60km? (51.82%).
Built-up land increased to 113.03km?
(22.74%), while both grassland and water
bodies declined.

The 2035 simulations
show contrasting land use structures under
different policy priorities. Under the
Natural Development Scenario, cultivated
land expands to 287.66km? (57.87%),
whereas forestland shrinks to 23.59km?
(4.75%). Under the Economic-Priority
Development Scenario, built-up land ex-
pands the most to 122.75km? (24.69%),
and cultivated land decreases to
254.74km?.  Under the  Forestland
Protection Priority Scenario, forestland
reaches 31.94km? higher than under the
Natural Development Scenario but lower

than  under  the  Economic-Priority
[3. N
" A
y.
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Y SN
pge L
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Figure 3. Spatiotemporal patterns of land use in Qingyun County from 2017 to 2035. Panels (a), (b), and (c) show the observed land use distribu-
tions in 2017, 2020, and 2023, respectively, reflecting three policy phases: ecological construction priority (2017-2020), cropland protection priority
(2020-2023). Panel (d) shows the simulated land use distribution for 2035 under the natural development scenario. Panel (e) illustrates the newly
allocated land by type accumulated from 2017 to 2035, highlighting the dominant conversion pathways.
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TABLE III

AREA OF VARIOUS TYPES IN QINGYUN COUNTY FROM 2017 TO 2035

Year Prgi(e);togi\érela(g/l:)lﬁn) CuIl:[;\IIIe:ited Forest-land Grass-land Water Area Cong;ggtmn Uf:sgd
Area 334.20 17.64 523 33.86 104.23 5.42
2017 Proportion 66.76 3.52 1.04 6.76 20.82 1.08
Area 241.94 76.30 2.73 68.41 110.60 0.60
2020 Proportion 4833 15.24 0.54 13.67 22.09 0.12
Area 257.60 57.08 2.39 66.09 113.03 0.94
2023 Proportion 51.82 11.48 0.48 13.29 22.74 0.19
Natural Development Area 287.66 23.59 2.09 66.09 116.85 0.84
Scenario in 2035 Proportion 57.87 4.75 0.42 13.29 23.51 0.17
Economic-Priority Area 254.74 51.11 2.06 66.09 122.75 0.38
ﬁegglgmem Scenario Proportion 51.24 10.28 0.42 13.29 24.69 0.08
Forestland Protection Area 288.73 31.94 2.12 66.09 107.41 0.83
Priority in 2035 Proportion 58.08 6.43 0.43 13.29 21.61 0.17

Development Scenario. Built-up land is
lowest at 107.41km?, whereas cultivated
land reaches its highest value at
288.73km? (58.08%).

This seemingly count-
er-intuitive result can be attributed to
the interaction between policy con-
straints and the PLUS model’s econom-
ic-driven transition rules. The Forestland
Protection Priority Scenario simultane-
ously imposes restrictions on built-up
expansion and maintains cropland area,
limiting forest expansion. In contrast,
the Economic-Priority Scenario allows
forestry activities to remain profitable,
leading to larger forestland retention
(51.11 km?). This indicates that carbon
storage outcomes depend not only on
policy labels, but also on how different
constraints and incentives interact within
the model.

These differences reflect
policy priorities on land allocation.
Cultivated land is largest under the
Forestland Protection Priority Scenario
due to the inertia of the Grain-for-
Farmland policy and con-straints on built-
up land expansion. Forestland is higher
under the economic-priority scenario, pos-
sibly reflecting the value of forest carbon
sinks; however, this interpretation requires
further assessment.

Spatiotemporal evolution of carbon
storage and contributions by land use type

Carbon storage in
Qingyun County is concentrated toward
urban peripheries and exhibits a rise-and-
fall pattern (Figure 4). This pattern is
driven by land use policies and market
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Figure 4. Carbon storage flow chart 2017-2023.

conditions. Forestland and cultivated land
are the dominant contributors. Affected by
the non-grain cropland recultivation poli-
cy, the contribution rate of cultivated land
was 52.9% in 2017, decreased to 48.43%
in 2020, and rebounded to 52.9% in 2023.
Forestland showed the opposite trend,
in-creasing from 5.2% in 2017 to 21.49%
in 2020 before declining to 16.42% in

Custivated land 2017 Woodland 2017 ] Waters 2020 Unused land 2020 Unused land 2017
Waters 2017 Unused land 2017 Woodiand 2023 Waters 2023 Unused land 2023
Cuttivated land 2020 Grassland 2020 Construction land 2020 Woodland 2017

Construction land 2017 Cutivated land 2023 Grassland 2023 Construction land 2023

2023. The con-tribution of water bodies
increased by 5.61%.

From a spatial perspec-
tive, built-up land expansion initially in-
creased and then slowed within the urban
boundary because of fluctuations in the
real estate market. Outside the urban
boundary, large areas were converted to
cultivated land after 2020 under policy
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protection. For-estland became more con-
centrated around urban areas, where in-
dustrial park shelterbelts were planned to
absorb industrial CO, emissions. Carbon
flows were closely associated with land
use types. Forestland expansion drove the
increase in carbon storage from 2017 to
2020, whereas the conversion of forest-
land to cultivated land contributed to the
decline in carbon storage from 2020 to
2023. This trajectory directly reflects
changes in land use policies.

Evolution of the economic value of
carbon storage

The economic value of
carbon storage in Qingyun County in-
creased from 183.44 million yuan in 2017
to 251.47 million yuan in 2023, represent-
ing a cumulative increase of 68.03 million
yuan (Table IV). Although total carbon
storage declined after 2020, its economic
value continued to increase. This trend
primarily reflects changes in carbon prices
over time.

The 2035 simulations
show substantially higher economic val-
ues than those observed during the histor-
ical period. The economic-priority scenar-
io yields the highest value (448.27 mil-
lion yuan), followed by the Forestland
Protection Priority Scenario (443.51 mil-
lion yuan) and the natural development
scenario (438.64 million yuan). The max-
imum difference among the scenarios is
only 9.63 million yuan.

This ranking suggests
that neither pure ecological protection
nor unconstrained natural development
maximizes the economic value of carbon
storage. Instead, a balanced pathway
in-tegrating development and environ-
mental protection may provide greater
economic benefits.

Compared with the his-
torical period, the economic value of car-
bon storage under all three 2035 scenarios
is approximately 2.4 times that of 2017,
2.0 times that of 2020, and 1.7 times that
of 2023. This substantial increase is main-
ly attributable to cumulative increases in
carbon prices rather than to actual growth
in carbon storage.

Discussion

Policy swings drive staged changes in
carbon storage

This study reveals a
clear rise-and-fall trajectory of carbon
storage in Qingyun County from 2017 to
2023. Total carbon storage increased from
382.16 x 10% to a peak of 399.61 x 10%
before declining to 392.92 x 10%. This
fluctuation closely reflects changes in land
use policies. The Three-Year Greening pe-
riod (2017-2020) promoted an increase in
carbon storage, whereas the non-grain
cropland recultivation and Grain-for-
Farmland policies (2020-2023) contributed
to its subsequent decline.

Cultivated land and for-
estland were the dominant contributors,
exhibiting a clear seesaw effect in their
contribution rates. From 2017 to 2020,
farmers converted cultivated land to
for-estland. Consequently, the contribution
rate of cultivated land declined from
52.9% to 48.43%, whereas that of forest-
land increased from 5.2% to 21.49%.
These findings are consistent with those
reported for the Northeast Wetlands,
where non-grain conversion temporarily
enhanced carbon sink capacity (Li and
Yuan et al., 2025). However, such practic-
es may compromise food security.

After 2020, following
the implementation of the relevant poli-
cies, cultivated land recovered from
241.94km? to 257.60km?, and its contri-
bution rate rebounded to 52.9%.
Forestland con-tracted to 57.08km?, while
its contribution rate declined to 16.42%.
These findings demonstrate that the inten-
sity of policy implementation influences
land use patterns and carbon sink
func-tionality at the county level (Zhang
and Zhou et al., 2025).

This policy-driven pat-
tern of carbon storage has also been re-
ported in Latin America and the
Caribbean (Machado and Aguiar et al.,
2024). In Brazil's Cerrado, agricultural ex-
pansion has removed more than 55% of
the native vegetation over the past half
century. Similar to Qingyun County, the
Brazilian government has used policy

TABLE IV

instruments to influence land use. The
Low Carbon Agriculture Plan and the
Amazon Fund constitute two of the coun-
try's principal policy instruments (Moraes
and De Azevedo et al., 2025).

The carbon density dif-
ference between forestland and cropland
is key. In Qingyun, for-estland carbon
density is higher than cropland. This ex-
plains why carbon storage rose during for-
est expansion and fell during for-
est-to-cropland conversion. Similar pat-
terns exist in Latin America. A study in
the Brazilian Cerrado found forest soil or-
ganic carbon stocks reached 147.34 Mg C
ha', while cropland stocks were signifi-
cantly lower (Nwaogu et al., 2024).
Research in Brazil's dry region showed
cropland stocks (60.3 Mg Cha') are lower
than native vegetation (86.6 Mg C ha')
and agroforestry systems (87.6 Mg Cha)
(Greschuk and Villela et al., 2025). Land
use con-version from forest to cropland
inevitably reduces carbon storage.

Policy priority trade-offs revealed by
multi-scenario simulations

Multi-scenario  simula-
tions show that carbon storage declines
under all three 2035 sce-narios relative
to historical baselines. Using 2020 as the
baseline (399.61 x 10%), the natural de-
velopment scenario decreases by 17.47 x
10%, the economic-priority scenario by
046 x 10%, and the Forestland
Protection Priority Scenario by 7.26 x
10%. This counter-intuitive finding is
corroborated by Latin American studies
(Bacani et al., 2024). A study in Trés
Lagoas, Brazil, used the same coupled
PLUS-InVEST approach and found that
total carbon stock under forest protection
was 2.48Tg higher than under the busi-
ness-as-usual scenario. The economic
value reached US$117.43 million, nearly
double that of the business-as-usual sce-
nario. Significant variability was ob-
served across land use types. Scenario
analysis is therefore critically important
for assessing carbon mitigation potential,
both in Brazil and China.

A deeper analysis ex-
the Forestland Protection

plains why

ECONOMIC VALUE OF CARBON STORAGE IN QINGYUN COUNTY FROM 2017 TO 2035 UNDER

Natural Economic-Priority Forestland
Year 2017 2020 2023 Development Development Protection Priority
Scenario in 2035  Scenario in 2035 in 2035
Economic value of carbon
18343.87 21978.68 25146.80 43864.20 44827.33 44350.82

storage (10,000 yuan)
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Priority Scenario did not produce the
highest carbon storage. Under this scenar-
io, forestland reached 31.94km?2, exceed-
ing the Natural Development Scenario
(23.59km?) but remaining below the
Economic-Priority Scenario (51.11 km?).
This result reflects the interaction between
policy constraints and the economic-driv-
en transition rules embedded in the PLUS
model. While the Forestland Protection
Priority Scenario restricts built-up expan-
sion and simultaneously maintains crop-
land area, these combined constraints also
limit forest expansion. By contrast, the
Economic-Priority Scenario allows greater
forestland retention while maintaining
economically viable forestry activities.
Because forestland has the highest carbon
density in Qingyun County (107.49t/hm?
of soil organic carbon, compared with
78.42t/hm? for cultivated land), the larger
forest area under the Economic-Priority
Scenario ultimately results in higher total
carbon storage. Similar trade-offs have
been reported in Brazil's Cerrado, where
conservation outcomes depend not only
on protection policies but also on land-use
configuration and carbon efficiency
(Soares-Filho et al., 2012). These findings
indicate that carbon storage is determined
not only by policy objectives, but also by
the spatial allocation of high-carbon-densi-
ty land uses and the interactions among
policy constraints within the simulation
model. Therefore, ecological policies
should consider both the quantity and spa-
tial configuration of forestland to maxi-
mize long-term carbon storage.

The natural development
scenario assumes continued expansion of
built-up land and the conversion of forest-
land and grassland to cropland without
policy interventions to protect forest re-
sources. This results in the largest loss of
forestland (from 57.08km? in 2023 to
23.59km? in 2035) and, consequently, the
greatest reduction in carbon storage be-
cause forestland has the highest carbon
density among all land use types in
Qingyun County. In contrast, the
Forestland Protection Priority Scenario
maintains more forestland (31.94km?),
whereas the economic-priority scenario re-
tains  the largest forestland area
(51.11km?), which is consistent with the
higher carbon storage projected under that
scenario.

Policy implications from the perspective
of carbon economic value

Carbon economic value
further underscores the importance of for-
estland protection. The economic-priority
scenario yields the highest value at 448.27
million yuan, followed by the Forestland
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Protection Priority Scenario at 443.51 mil-
lion yuan and the natural development
scenario at 438.64 million yuan. However,
the economic-priority scenario comes at
the cost of substantial cropland loss. In
contrast, the Forestland Protection Priority
Scenario achieves 392.92x10% of carbon
storage while allowing cropland to expand
to 288.73km?2. Its carbon economic value
is only 1.06% lower.

This trade-off is widely
discussed in Latin America and the
Caribbean (Jimenez-Castaneda and Lal et
al., 2022). A comprehensive overview es-
timated soil organic carbon losses of
4.21Pg C in forests, 1.86-7.32Pg C in
grasslands, and 0.36Pg C in mangroves.
Farmers are key actors and therefore re-
quire incentives or fair compensation.
National and con-tinental policies are
critical for land restoration. Jamaica's ex-
perience shows that land use poli-cies can
reduce  emissions  (Fiillberg-Stolberg,
2010). In 2020, Jamaica included land
use in its nationally determined contribu-
tions. More than 25% of its land is cur-
rently under protection, with a target of
30% by 2025. Forest cover has increased,
and secondary forests are recovering.
These experiences provide useful policy
lessons for Qingyun County.

Policy implications for Latin America and
the Caribbean

Qingyun's experience
provides useful references for comparable
agricultural counties in Latin America and
the Caribbean (Machado et al., 2024).
This region faces similar land use con-
flicts, including the need to balance food
security, ecological protection, and eco-
nomic de-velopment. Brazil's agricultural
expansion, Argentina's Pampas conflicts,
and Central American forest challenges all
demonstrate the influence of land use pol-
icies on carbon storage. Regional efforts,
such as those of Guevara et al. (2008),
have highlighted the challenges of digital
soil mapping and carbon estimation across
Latin America, further emphasizing the
need for localized validation.

Three policy implications
emerge. First, policy-driven land use tran-
sitions exert a stage-locking effect on car-
bon storage. Policymakers must anticipate
the risks of carbon loss during these tran-
sitions. Second, forestland protection
achieves a better balance between carbon
economic value and food security. For
forest-rich Latin American countries such
as Brazil, Co-lombia, and Costa Rica, this
finding may provide valuable policy guid-
ance. Third, optimizing low-carbon land
use requires a dynamic framework that
anticipates and mitigates carbon losses.

The Central American
experience also offers valuable lessons for
Qingyun County (Lal et al., 2006). CATIE
has led blue carbon science and policy
initiatives in Central America, ex-panding
from projects in Costa Rica to broader
initiatives in Panama, El Salvador, and
Hondu-ras. The region has incorporated
mangroves into national forest inventories
and REDD+ pro-grams. This progression
from local initiatives to national imple-
mentation is consistent with the dynamic
policy framework proposed in this study.
However, although the land use patterns
and policy dilemmas in Qingyun County
share similarities with those of Latin
American and Carib-bean countries, their
biophysical conditions, institutional frame-
works, and socioeconomic con-texts vary
considerably. Therefore, the policy impli-
cations presented in this study should be
regarded as conceptual references rather
than universally applicable conclusions.
Future research should conduct compara-
tive case studies to examine the generaliz-
ability of the stage-locking effect across
different regions.

Limitations and future directions

This study has several
limitations. The carbon density data used
are static parameters calibrated solely us-
ing climatic factors. Future studies should
integrate field sampling data to develop
more refined dynamic carbon density da-
tabases. The scenario simulations are
based on linear extrapolations of current
policy trends. Future work could incorpo-
rate system dynamics models to simulate
the complex feedback mechanisms be-
tween policies and stakeholders. This
study focuses only on the quantity and
economic value of carbon storage. Future
research should integrate carbon storage
with other ecosystem services into a uni-
fied assessment frame-work.

Conclusions

This study reveals a
stage-locking effect of policy swings on
county-level carbon storage. From 2017 to
2023, carbon storage in Qingyun County
rose from 382.16x10% to 399.61x10% and
then declined to 392.92x10%. This trajec-
tory mirrored the policy shift from eco-
logical restoration to cropland protection.
Forestland and cultivated land exhibited a
seesaw effect in their contribution rates.
Multi-scenario simulations for 2035 show
that carbon storage declines under all
three scenarios. The forestland protection
scenario achieves a better balance be-
tween carbon economic value and food
security, with a carbon economic value
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only 1.06% lower than that of the
eco-nomic-priority scenario. These find-
ings indicate that policy-driven land use
transitions exert a stage-locking effect on
carbon storage and that low-carbon land
use optimization requires a dy-namic poli-
cy framework capable of balancing carbon
value and food security.
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TRANSICION DEL USO DEL SUELO IMPULSADA POR POLITICAS Y SUS IM-PACTOS ESPECIFICOS POR ETAPA
EN LA DINAMICA DEL ALMACENA-MIENTO DE CARBONO: ESTUDIO DE CASO A NIVEL DE CONDADO EN

QINGYUN, CHINA

Xiaoyang Xu, Ning zhou, Fengmin Yang, Weihong Sun y Bo Zheng

RESUMEN

Las politicas de uso del suelo cambian periodicamente entre
la proteccion de las tierras agricolas, la construccion ecologica
y el crecimiento economico. Comprender como estas reorienta-
ciones de las politicas afectan el almacenamiento de carbono es
fundamental para la gestion del territorio con bajas emisiones de
carbono a nivel de condado. Este estudio utiliza el condado de
Qingyun, China, como estudio de caso. El condado se caracte-
riza por una intensa fragmentacion del suelo, con apenas 713m?
de tierras agricolas por habitante, y experimento importantes
cambios en las politicas entre 2017 y 2023. Se integro el modelo
PLUS-InVEST para reconstruir las trayectorias de uso del suelo,
cuantificar la evolucion del almacenamiento de carbono y pro-
yectar su dindmica hasta 2035 bajo tres escenarios. Los resulta-
dos revelan una tendencia de aumento seguida de disminucion.
Impulsado por la Camparia de Reverdecimiento de Tres Aiios
(Three-Year Greening Campaign), el almacenamiento de carbono
aumento de 382,16 x 10°t en 2017 a 399,61 x 10%t en 2020. Tras
la implementacion de la Politica Grain-for-Farmland, disminuyo

hasta 392,92 x 10°t en 2023. Esta tendencia refleja un cambio de
politica en tres etapas: prioridad ecologica, prioridad de protec-
cion de las tierras agricolas y consolidacion territorial. El esce-
nario de proteccion forestal generé valores economicos del alma-
cenamiento de carbono 1,1% y 2,2% superiores a los obtenidos
bajo los escenarios de proteccion de las tierras agricolas y de
desarrollo natural, respectivamente. Estos hallazgos pueden pro-
porcionar una base tedrica para estrategias similares de gestion
territorial en América Latina y el Caribe. El Cerrado brasileiio
ha experimentado pérdidas de carbono asociadas con la expan-
sion agricola similares a las observadas en este estudio. La tran-
sicion del uso del suelo impulsada por politicas ejerce un efecto
mensurable de blogueo por etapas sobre el almacenamiento de
carbono. A medida que cambian las prioridades de las politicas,
el almacenamiento de carbono responde en consecuencia. Por lo
tanto, la optimizacion del uso del suelo con bajas emisiones de
carbono requiere un marco dinamico que anticipe y mitigue las
pérdidas de carbono durante las transiciones de politica.

TRANSICAO DO USO DA TERRA ORIENTADA POR POLITICAS PUBLICAS E SEUS IMPACTOS ESRECiFICOS
POR ETAPA NA DINAMICA DO AR-MAZENAMENTO DE CARBONO: UM ESTUDO DE CASO EM NIVEL DE CON-

DADO EM QINGYUN, CHINA

Xiaoyang Xu, Ning zhou, Fengmin Yang, Weihong Sun e Bo Zheng

RESUMO

As politicas de uso da terra alternam-se periodicamente en-
tre a prote¢do das terras agricolas, a construgdo ecologica e
o crescimento econémico. Compreender como essas reorienta-
¢oes das politicas afetam o armazenamento de carbono ¢é es-
sencial para a gestdo territorial de baixo carbono em nivel de
condado. Este estudo utiliza o Condado de Qingyun, China,
como estudo de caso. O condado caracteriza-se por elevada
fragmentagdo da terra, com apenas 713m? de terras agricolas
por habitante, e passou por importantes mudangas nas politicas
entre 2017 e 2023. O modelo PLUS-InVEST foi integrado para
reconstruir as trajetorias de uso da terra, quantificar a evolu-
¢do do armazenamento de carbono e projetar sua dindmica até
2035 sob trés cenarios. Os resultados revelam uma tendéncia
de aumento seguida de redugdo. Impulsionado pela Campanha
de Reflo-restamento de Trés Anos (Three-Year Greening Cam-
paign), o armazenamento de carbono au-mentou de 382,16 x
10°t em 2017 para 399,61 x 10°t em 2020. Apos a implementa-
¢do da Politica Grain-for-Farmland, reduziu-se para 392,92 x

10°t em 2023. Essa tendéncia reflete uma mudanga de politica
em trés etapas: prioridade ecologica, prioridade para a prote-
¢do das terras agricolas e consolidac¢do territorial. O cenario
de prote¢do florestal gerou valores economicos do ar-mazena-
mento de carbono 1,1% e 2,2% superiores aos obtidos nos ce-
narios de prote¢do das terras agricolas e de desenvolvimento
natural, respectivamente. Esses resultados podem fornecer uma
base teorica para estratégias semelhantes de gestdo territo-
rial na América Latina e no Caribe. O Cerrado brasileiro tem
apresentado perdas de carbono associadas a expansdo agri-
cola semelhantes as observadas neste estudo. A transi¢do do
uso da terra orientada por politicas publicas exerce um efeito
mensuravel de bloqueio por etapas sobre o armazenamento de
carbono. A medida que as prioridades das politicas mudam, o
armazenamento de carbono responde de forma correspondente.
Portanto, a otimiza¢do do uso da terra de baixo carbono re-
quer uma estrutura dindmica capaz de antecipar e mitigar as
perdas de carbono durante as transi¢oes de politicas.
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