& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY

Anteneh Tesfaye Tekleyohannes,

Ethiopian Environment and Forest Research
Institute, Ethiopia

REVIEWED BY

Xiangjin Shen,

Chinese Academy of Sciences (CAS), China
Zhaojin Yan,

China University of Mining and Technology,
China

*CORRESPONDENCE
Jiameng Yang
yjm@njfu.edu.cn

RECEIVED 21 February 2025
ACCEPTED 31 July 2025
PUBLISHED 14 August 2025

CITATION
Yu H, Li S and Yang J (2025) Responsibility
definition and standard calculation of forest
horizontal ecological compensation: a case
study of Chongqging, China.

Front. Sustain. Food Syst. 9:1580737.

doi: 10.3389/fsufs.2025.1580737

COPYRIGHT

© 2025 Yu, Li and Yang. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Sustainable Food Systems

Frontiers in Sustainable Food Systems

TYPE Original Research
PUBLISHED 14 August 2025
pol 10.3389/fsufs.2025.1580737

Responsibility definition and
standard calculation of forest
horizontal ecological
compensation: a case study of
Chongqging, China

Honghong Yu’?, Suwan Li? and Jiameng Yang?*

1School of Economics and Management, Changzhou Institute of Technology, Changzhou, China,
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Introduction: The work of forest horizontal ecological compensation has progressed
from policy guidance to practical exploration. Scientifically defining the responsible
entities and measuring the compensation standard is an important component of
improving the forest horizontal ecological compensation mechanism.

Methods: This study selects Chongqging as a case study. From the perspective
of the carbon budget, the carbon emissions, forest carbon sequestration, and
non-forest carbon sequestration of 38 districts and counties in Chongqging
were measured. Additionally, by incorporating carbon market transaction
prices, economic development levels, and resource endowment conditions of
different regions, the forest horizontal ecological compensation standards for
each district and county were calculated.

Results: From 2012 to 2021, the payer and receiver entities for forest horizontal
ecological compensation in Chongging generally remained stable, overall
presenting a spatial pattern of “southwest compensating the east.” The total
compensation amount that forest ecological protection areas in Chongging
should receive showed a steady increase from 2012 to 2021. The total
compensation amount that ecological payment areas should pay showed a
fluctuating upward trend. The spatial distribution of forest horizontal ecological
compensation priorities in Chongqging changed significantly.

Discussion: The issue of carbon supply and demand mismatch exists in various
districts and counties in Chongging, therefore it is essential to further clarify the
forest compensation responsibility based on the carbon budget of each district and
county. Taking into account the ecological characteristics of forests, carbon supply
and demand, economic development level, as well as other factors, differential
regional compensation standards should be established to achieve a synergistic
symbiosis between regional forest ecology and economic development.

KEYWORDS

forest horizontal ecological compensation, carbon budget, compensation zoning,
compensation standards, Chongqing

1 Introduction

Global climate change has become the greatest challenge facing the world today (Espinoza
et al., 2018; Shen et al,, 2020). In 2020, China proposed the goal of “peaking carbon dioxide
emissions before 2030 and striving to achieve carbon neutrality before 2060” (Hepburn et al.,
2021). Forests, as the largest “carbon sink” on land, provide multiple ecological functions,
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including carbon sequestration and oxygen release, water
conservation, wind prevention and sand fixation (Brockerhoff et al.,
2017), which can contribute to the achievement of the dual-carbon
goal. However, the ecological services provided by forests have
significant externalities and public good characteristics, often leading
to the unfair phenomenon of “society as a whole benefits, but only a
few bear the burden” (Deng et al., 2011). Ecological compensation has
become an effective policy tool to address environmental pollution
problems and protect the ecological environment (Jack et al., 2008).
Although China has implemented forest ecological compensation
policies, the compensation standards remain low and the scope of
compensation is limited, resulting in the failure to achieve the
expected effects (Zhao et al., 2023; Sheng et al., 2017). The underlying
reason is that current ecological compensation mainly depends on
fiscal With  low
compensation standards and insufficient intrinsic incentives for

transfers from higher-level governments.
ecological protection, there is an urgent need to broaden the funding
channels for compensation. At present, the establishment of horizontal
ecological compensation system has become a consensus among both
the government and the academic community. In April 2024, the State
Council of China issued the Regulations on Ecological Protection
Compensation, which defines the basic system rules for ecological
protection compensation in the form of administrative regulations.
The regulations also emphasize the practical implementation of
“horizontal compensation between regions” to guide the development
of an effective mechanism that links the interests of ecological
protection areas with those of ecological beneficiary areas. In practice,
under the guidance of national policies, some regions have explored
and developed forest horizontal ecological compensation schemes that
meet their own development realities, such as Chongqing, Linyi City
in Shandong Province, and Ezhou City in Hubei Province. Since the
benefit direction of basin ecosystem services is relatively clear, scholars
often designate the upstream government as the compensation
recipient and the downstream government as the payer (Zhou et al,
2022). This framework typically uses cross-sectional water quality as
the assessment index (Yang et al., 2019), thereby aligning the rights
and responsibilities associated with basin ecosystem services.
However, for other ecosystems, such as farmland and forests, the
direction of ecosystem service flow is uncertain, which results in
services spanning multiple regions and makes it difficult to identify
specific beneficiaries (Lin et al., 2019). Many scholars argue that the
ecological compensation responsibilities of different regions should
be measured from the perspective of regional ecological supply and
demand (Zhao et al., 2021; Wang L. et al., 2023; Wang T. et al., 2023).

Economically developed regions often have a higher demand for
forest ecosystem services. In contrast, economically underdeveloped
regions typically bear the responsibility for forest conservation. From
the perspective of shared responsibility and obligation, horizontal
compensation mechanisms are needed to adjust ecological and
environmental interests between regions without administrative
affiliation and promote coordinated regional development (Liu, 2007;
Nie and Cheng, 2019). Clarifying the responsible entities and
calculating compensation standards of forest horizontal ecological
compensation are the fundamental work of implementing horizontal
ecological compensation. These actions help optimize and guide the
flow of compensation funds, while also promoting coordinated
regional development. In practice, some provincial regions set forest
coverage targets for the areas under their jurisdiction. This method
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focuses solely on forest quantity and fails to account for the ecological
attributes of forests in a comprehensive manner. It also overlooks the
consumption and demand degree of forest ecosystem services.
Especially in some districts and counties where forest resources are
relatively abundant but the forest coverage is close to the required
threshold, the forest coverage zoning method cannot accurately
determine compensation responsibilities. Under the dual carbon goals,
the annual carbon sequestration of forestry accounts for more than
60% of the total carbon sequestration of terrestrial ecosystems (Keenan
and Williams, 2018), playing a crucial role in carbon absorption (Fang
etal, 20015 Zhang C. etal,, 2013; Zhang M. et al., 2013). Scholars have
gradually paid attention to the field of forest carbon compensation
(Latta et al,, 2016; Liu et al., 2024), but few studies have been carried
out on forest horizontal ecological compensation based on forestry
carbon sequestration function. Carbon budget, as one of the methods
for measuring carbon sequestration and emissions, is commonly used
in carbon compensation zoning for functional areas (Liu et al., 2024;
Xia and Yang, 2022). However, there are few studies on the application
of carbon budget accounting system to forest horizontal ecological
compensation. Regarding the calculation of compensation standards,
many scholars argue that compensation standards should reflect
factors such as regional economic levels and resource endowments
conditions (Wang et al., 2016; Jiang, 2018). Therefore, based on the
practice of horizontal forest ecological compensation in Chongging,
this study adopts the carbon budget method to reflect the ecological
consumption and input relationship between carbon emissions from
production and domestic activities and forestry carbon sequestration.
It comprehensively considers forest carbon sequestration service
function and ecological supply-demand issues, and clarifies the
responsibilities for horizontal forest ecological compensation in
different districts and counties. Furthermore, the compensation
standards for different districts and counties are determined according
to their
development differences.

resource endowment conditions and economic

2 Materials and methods

2.1 Study area

Chongging is located in the upper reaches of the Yangtze River
and the core area of the Three Gorges Reservoir Area (Figure 1). Its
healthy forest ecosystem plays a vital role in advancing the New Era of
Western Development, promoting the green development of the
Yangtze River Economic Belt, and ensuring the well-being of people’s
livelihoods and production activities.

In 2018, Chonggqing launched a large-scale land greening
enhancement initiative and introduced the “Implementation Plan for
Horizontal Ecological Compensation to Increase Forest Coverage Rate
in Chonggqing (Trial) (hereinafter referred to as the Plan), which set
targets for the forest coverage rate of 38 districts and counties
according to the natural conditions and main functional positioning
of the city. For example, nine districts or counties identified as major
grain or rapeseed production areas (excluding national key ecological
function areas) were assigned a minimum forest coverage rate target
of 50%; six districts or counties that served as both major grain and
rapeseed production areas (excluding national key ecological function
areas) were given a target of no less than 45%; and the remaining 23
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FIGURE 1
Location map of Chongging.
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districts and counties were assigned a target of at least 55%. The Plan
proposed that districts and counties struggling to meet forest coverage
rate requirements may purchase forest coverage rate quotas from
districts and counties that exceed the target. These purchased quotas
would count towards the purchasing districts or county’s forest
coverage rate. However, the seller’s forest coverage rate must remain
above 60% after deducting the sold forest area. This approach aims to
explore diversified ecological compensation mechanisms that combine
vertical government transfer payments with horizontal ecological
compensation between regions.

Regarding the standards for forest horizontal ecological
compensation, the Plan mandated that buyers and sellers should
negotiate to determine the price of forest area quotas, based on factors
such as the forest’s location, quality, afforestation, and management
costs, with a minimum price set at 1,000 yuan per mu. Additionally,
the buyer was required to pay forest management fees from the time
of purchase, which should not be lower than 100 yuan per mu per
year, with a minimum management period of 15 years. These
management fees could be paid annually or in 3-5 installments.

2.2 Research methods

2.2.1 Carbon budget method

The carbon budget method is the primary approach used for
carbon compensation accounting. In existing research, it is commonly
applied to construct carbon emissions and carbon sequestration
accounting systems based on greenhouse gas inventories and carbon
absorption coefficients provided by the Intergovernmental Panel on
Climate Change (IPCC) (Jing et al., 2021; Mohan, 2018). Alternatively,
researchers conduct carbon budget calculations using remote sensing
data, such as nighttime light data (Tang et al., 2024). Guided by the
IPCC inventory method, this study calculates carbon emissions and
carbon sequestration with reference to relevant scholarly findings.

Frontiers in Sustainable Food Systems

Carbon emissions are calculated based on existing research (Kong
etal, 2023), considering factors such as energy consumption, human

respiration,  livestock, agricultural production  activities,
and wastewater.
(1) Energy carbon emissions
CE,‘ . Ei Xo (1)

where CE; represents the carbon emissions of energy consumption
in region i, E; represents the total energy consumption in region i
(tons of standard coal), and o denotes the carbon emission coefficient
per unit of energy consumption, which is 1.87 t C/t (Liao et al., 2024).

(2) Carbon emissions from human and animal respiration
CE, =2(Nump><9p) 2)

where CE, represents the carbon emissions from human and
animal respiration in a specific region, Num,, represents the number
of humans and animals in that region, and ¢, represents the carbon
emissions exhaled by each person (head) in a certain area every year.
The carbon emissions exhaled by each person, each pig and each cow
every year are 0.079t, 0.082t, and 0.796t, respectively (Zeng
etal., 2016).

(3) Carbon emissions from agricultural production

CEagricultuml machinery = Scrops X0+ Pagricultuml machinery X 6, (3)

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1580737
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Yu et al.

CEirrigation = Sirrigatiun %0 (4)
CEchemical fertilizer = Gehemical fertilizer X 04 (5)
CEagricultuml film = Gugricultuml film % 0s (6)

where CEygricultural machinery represents the carbon emission of
agricultural machinery, Scops is the planting area of crops,
Pagricultural machinery represents the total power of agricultural
machinery, CEjrrigation indicates the carbon emission of farmland
irrigation, Sirrigation represents the area of farmland irrigation,
CEChemical fertilizer represents the carbon emission of chemical
fertilizer, and Gchemical fertilizer T€presents the amount of chemical
fertilizer used. CEgricultural film Tefers to the carbon emission of
agricultural film, and Gagricultural film indicates the amount of
agricultural film used. 6, 6, s, 8,, and 65 are the carbon emission
coefficients, with values of 16.47 kg C/hm?, 0.18 kg C/kW, 266.48 kg
C/hm?, 857.54kg C/Mg, and 5.18 kg C/kg, respectively (Kong
etal., 2023).

(4) Carbon emissions from wastewater

CE domestic wastewater = Numpeople X BOD gpitg
xSBF xCgop x FTA x365 7)

CEindustrial wastewater = Gindustry X CODindustry * Ccop (8)

where CEjomestic wastewater Tepresents the carbon emission in
domestic wastewater, Numpeope indicates the population,
BOD,pitq refers to the organic content in the biochemical oxygen
demand (BOD) per capita, SBF is the proportion of BOD easily
deposited, Cgop is the emission factor of BOD, FTA is the
proportion of BOD without oxygen degradation in wastewater,
CEindustrial wastewater Y€presents the carbon emission in industrial
wastewater, Giudystry represents the volume of industrial
wastewater discharged, CODjyqyst, represents the chemical
oxygen demand, and Cgop is the maximum CH,
production capacity.

Carbon sequestration mainly considers five types of ecosystems:
cropland, forest land, grassland, water wetland, and unused land. The
calculation formula for carbon sequestration of each type of land use

is as follows

CS;=X(8;%5;) 9)

where CS; represents the carbon sequestration of each type of land
use in region 4, §; is the area of each type of land use in region i, J; is
the carbon sequestration coeflicient per unit area for each type of land
use, and the carbon sequestration coefficients of cropland, forest land,
grassland, water wetland, and unused land are 0.13 t/(hm?a) (Zhang
C.etal, 2013; Zhang M. et al., 2013), 5.77 t/(hm*a) (Li et al., 2019),
0.022 t/(hm?a) (Fang et al., 2007), 0.253 t/(hm?a) (Wang et al., 2017),
and 0.005 t/(hm?-a) (Lai, 2010), respectively.
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C; =SCS; — FFCE; — FCE; (10)

where C; represents the net carbon emissions for region i, SCS; is
the total carbon emissions for the district and county i in Chongging,
FFCE; and FCE; represent the carbon sequestration from non-forest
land and forest land in the district and county i, respectively. The
carbon emissions from each region are first offset by the carbon
sequestration from non-forested land. If the carbon sequestration
from non-forest land is insufficient to fully offset the emissions, the
remaining emissions are then offset by the carbon sequestration from
forest land. If C; is positive, it indicates that the carbon emissions in
the region are greater than the carbon sequestration, meaning the
region has a carbon deficit and should pay compensation, making it
an ecological payment area. If C; is negative, it indicates that the
carbon emissions are less than the carbon sequestration, meaning the
region should receive compensation, making it an ecological
acceptance area.

The preliminary calculation results show that the method of
Equation 10 is too simple. At the current stage, if the subject and
object of forest horizontal forest ecological compensation are divided
entirely based on net carbon emissions, large errors may occur in
actual applications. There are two key reasons for this issue. On the
one hand, carbon emissions exceed carbon sequestration in many
regions. If compensation responsibilities are defined based solely on
the carbon sequestration of forested and non-forested areas, along
with regional carbon emissions, it could result in an imbalance
between compensation providers and recipients, thereby hindering
the effective implementation of the compensation mechanism (Wu
and Tian, 2022). On the other hand, the carbon budget framework
typically considers only net carbon emissions, without adequately
accounting for regional differences in carbon intensity and resource
endowments, which affect the fairness and effectiveness of forest
horizontal ecological compensation (Li et al., 2023). Therefore, this
study seeks to adjust net carbon emissions by considering regional
economic development and resource endowment differences.

Carbon emission intensity (carbon emissions per unit of GDP) is
an indicator to measure the relationship between carbon emissions
and economic efficiency. Generally speaking, carbon emission
intensity gradually decreases with technological progress and
economic growth. To comprehensively reflect the differences in
carbon emission intensity in different regions and increase the offset
payment costs required for inefficient carbon emissions (Wan et al.,
2020), this study makes appropriate adjustments to carbon emissions.
The specific calculation formula is as follows:

wi=1+(6,-0)/0 (11)

SCS,i =SCS; x 14 (12)

where SCS,; represents the adjusted carbon emissions of the
district and county i in Chongqing, #; is the carbon emissions
adjustment coefficient of the district and county i, 6; is the carbon
emission intensity of the district and county i, and 6 represents the
carbon emission intensity of Chongging.

Considering the differences in resource endowments among
various districts and counties in Chongqing, regions with larger
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populations and more abundant forest resources should be allowed
to have relatively more carbon emissions. To ensure the fairness of
forest horizontal ecological compensation, this study refers to the
practice of Li et al. (2023), and introduces the carbon emission

benchmark threshold based on regional differences in
resource endowments.
O,‘ X SL,'
i =—————x2C; 13
=S 0oxsL, i 13)

where TV; represents the carbon emission benchmark threshold
adjusted for resource endowment differences in region i, O; represents
the population of region i, and SL; refers to the forest area in region i.

Based on the above analysis, appropriate adjustments are made to
the net carbon emissions, and the formula for calculating the adjusted
net carbon emissions is as follows:

C,i =SCS,; —FFCE; —FCE; -TV; (14)
where C,; represents the adjusted net carbon emissions of the
district and county i in Chongqing. if C,; >0, it indicates that the
district and county is the payment area of forest horizontal ecological
compensation; if not, it indicates that the district and county is the
acceptance area of forest horizontal ecological compensation.

2.2.2 Forest horizontal ecological compensation
standards and priority calculation

Based on the net carbon emissions C,; of each district and county
in Chongging and the price of forestry carbon sequestration, the
compensation amount that each district and county should pay or
receive is calculated. It is worth noting that the net carbon emissions
calculated by Equation 14 need to be converted to net CO, emissions.
The method for calculating the forest horizontal ecological
compensation amount M; is as follows:

M; =PxCyx44/12 (15)

where P refers to the average transaction price of carbon in the
Chongqing carbon trading market in 2021, which is 30 yuan per ton.

Due to the disparities in economic development across regions,
the compensation capacity should vary accordingly. The exponential
form is adopted to reflect the nonlinear relationship between regional
economic development and compensation responsibility. Considering
the actual payment capacity and willingness of each region, this study
builds on the research of Zhao et al. (2016) and Kong et al. (2023).
Based on the economic development levels of different areas, the
improved Peal growth curve model is employed to adjust the
calculated amounts of forest horizontal ecological compensation. The
calculation formula is as follows:

M} = M, x ECEi

X Ai

oS m (16)

where M]" represents the revised amount of forest horizontal
ecological compensation in region i, 4; is the compensation capacity
of region i, defined as the ratio of GDP of region i to the total GDP of
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Chonggqing, a and b are constants, taking the value as 1 (Zhao et al,,
2016), and ¢ is the Engel coeflicient of Chongging.

In the process of forest horizontal ecological compensation, in
order to improve the forest protection rate and ensure the effective use
of funds, this study considers the urgency of compensation funds in
different districts and counties. The GDP captures the scale of
economic activities that benefit from ecological services and correlates
more directly with regional carbon emissions. Drawing on approaches
from relevant literature (Li et al., 2023; Chen and Jiang, 2018; Wang
et al., 2020), the study calculates the priority for acceptance or
payment in forest ecological receiving areas and forest ecological
paying areas. The specific calculation formula is as follows:

M
FECPI; =

G 17)

where, G; represents the GDP of district and county i in
Chongqing. FECPI; represents the priority of forest horizontal
ecological compensation in region i.

If the priority index of ecological compensation in forest
ecological payment areas is lower, it indicates that the economic
impact of paying the compensation in this area is smaller, suggesting
that these areas should be prioritized for payment. On the other hand,
if the priority index of horizontal ecological compensation in forest
ecological protection areas is higher, it means that the compensation
funds have a greater impact on the economic development of these
areas, indicating that they are more urgent in terms of receiving
compensation and should be prioritized for compensation funds.

If the priority index of ecological compensation in forest
ecological payment areas is smaller, it indicates that the impact on the
economic development of this area after paying the compensation
amount is smaller, suggesting that these areas should be prioritized for
payment. On the other hand, if the priority index of horizontal
ecological compensation in forest ecological protection areas is higher,
it means that the compensation funds have a greater impact on their
economic development, indicating that they are more urgent to
receive compensation funds and should be given priority to obtain
compensation funds.

2.3 Data sources

Data used in this study were obtained from the Chongqing
Statistical Yearbook (2013-2022), Statistical Yearbook of various
districts and counties in Chongqing from 2012 to 2021, the Statistical
Bulletin on national economic and social development in Chongging
from 2012 to 2021, the China Energy Statistical Yearbook (2013-2022),
the Bureau of Statistics of Chongqing’s districts and counties, and the
China Forestry and Grassland Statistical Yearbook (2012-2021). The
land use type data of Chongqing from 2012 to 2021 is obtained from
the Institute of Remote Sensing Information Processing, Wuhan
University', with a spatial resolution of 30 meters.

1 http://irsip.whu.edu.cn
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3 Results

3.1 Analysis of net carbon emissions results
in Chongqing

3.1.1 Spatial and temporal characteristics of
carbon budget in Chongging

According to Equations 1-8, the carbon emissions of various
districts and counties in Chongging in 2012, 2015, 2018, and 2021
were calculated, and it was found that the total carbon emissions in
Chonggqing were in a fluctuating upward trend, with the total carbon
emissions increasing from 179.50 million tons in 2012 to 249.77
million tons in 2021, with an average annual growth rate of 3.91%.
In terms of the composition of carbon emissions, carbon emissions
from agricultural production and animal husbandry account for a
relatively small proportion, while the carbon emissions from energy
accounted for the largest proportion, rising from 96.87% in 2012 to
97.67% in 2021. In terms of regions, Fuling District had the highest
total carbon emissions, increasing from 12.11 million tons in 2012
to 17.30 million tons in 2021, of which energy carbon emissions
reached 17.07 million tons. Chengkou County, Wuxi County,
Youyang Tujia and Miao Autonomous County (hereinafter referred
to as Youyang County), Shizhu Tujia Autonomous County
(hereinafter referred to as Shizhu County) and Wushan County had
lower total carbon emissions, each not exceeding 2 million tons.
From the trend of total carbon emissions in each district and county,
the total carbon emissions of Yunyang County, Tongnan District,
Rongchang District, Liangping District, Fengdu County, Yuzhong
District, Zhong County, Tongliang District and Wulong District
have increased significantly, with a relatively fast growth rate. By
2021, the growth rate in these areas has exceeded 100% compared to
2012. In contrast, The total carbon emissions of Wuxi County, Yubei
District, Qianjiang District, Nanan District, Shizhu County, Youyang
County, Wanzhou District, Shapingba District and Chengkou
County decreased, among which the total carbon emissions of
Chengkou county decreased from 0.77 million tons in 2012 to 0.30
million tons in 2021, a decrease of 60.58%. From the perspective of
spatial distribution, carbon emissions exhibit a pronounced spatial
clustering. Areas with higher carbon emissions are primarily
distributed in economically developed areas such as urban functional
core areas and urban development zones in the southwestern region.
Notably, districts and counties like Fuling District, Yubei District,
Jiangjin District, and other counties have well-developed
manufacturing, electronic information industries, and energy
industries, resulting in substantial carbon emissions. In particular,
Fuling District, as one of the few districts in Chongqing with a GDP
exceeding 100 billion yuan, accounts for 5.07% of Chonggqing’s total
GDP. In addition, there is less ecological land in Fuling District,
which leads to the district’s carbon emissions ranking among the top.
In contrast, the counties and districts located in the northeastern
ecological conservation development zone and the southeastern
ecological protection development zone of Chongqing have relatively
low total carbon emissions due to relatively rich ecological resources
and relatively underdeveloped industrial development. For instance,
Chengkou County’s carbon emissions in 2021 were 0.30 million
tons, accounting for only 1.76% of Fuling District’s carbon emissions.
Overall, there is a pronounced polarization in carbon emissions
across the counties within Chongqing.
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According to Equation 9, the carbon sequestration of different
land use types in various districts and counties of Chongqing from
2012 to 2021 was calculated. The carbon sequestration increased from
26.16 million tons in 2012 to 26.44 million tons in 2021, a year-on-
year increase of 1.05%. The growth rate was slow, indicating that the
carbon sequestration capacity of different land types still requires
further enhancement. Among them, the carbon sequestration of forest
land accounts for over 98% in total. In contrast, the carbon
sequestration of grasslands and unused lands is relatively low,
primarily due to the limited area of these land types and their
inadequate carbon sequestration capacity. In terms of regions,
Pengshui Miao and Tujia Autonomous County (hereinafter referred
to as Pengshui County), Fengjie County, Chengkou County, Wuxi
County, and Youyang County exhibited higher carbon sequestration
levels, each exceeding 1.5 million tons. The carbon sequestration of
Yuzhong District, Dadukou District, Jiangbei District, Rongchang
District, Nanan District, Jiulongpo District, Shapingba District and
Tongnan District ranked last in Chongqing, and none of them
exceeded 50,000 tons. In terms of changes in carbon sequestration, the
carbon sequestration of Yuzhong District, Nan'an District and Jiangbei
District decreased significantly during the study period, with each
area showing a decline of over 20% from 2012 to 2021. The carbon
sequestration in Yunyang County, Hechuan District, Zhong County,
Kaizhou District and Tongnan District increased significantly, with
the values in 2021 exceeded 10% compared with 2012. Among them,
Tongnan District showed the largest increase, with a carbon
sequestration increase rate of 20.67%. Overall, the carbon
sequestration in various districts and counties did not exhibit
substantial fluctuations, with changes occurring at a relatively slow
pace. From the perspective of spatial distribution, the spatial
differences in carbon sequestration of these areas in Chongging from
2012 to 2021 were large. Regions with higher carbon sequestration
were primarily located in areas with rich forest ecological resources,
such as Youyang County, Wuxi County, Fengjie County, Chengkou
County, Pengshui County, and Kaizhou District. In 2021, the carbon
sequestration of these five districts accounted for 41.44% of
Chonggqing’s total carbon sequestration. Relatively speaking, regions
with lower carbon sequestration were mainly districts and counties
with faster economic development in the western part of Chongging,
such as Yuzhong District and Dadukou District. In addition to
economic factors, issues such as deforestation and urbanization also
contribute to the lower intensity of carbon sequestration in these areas.

3.1.2 Analysis of the regional results of the
adjusted net carbon emissions

In general, the total carbon emissions in Chongqing are far greater
than the carbon sequestration. If the compensation subject and object
are divided only by the initial net carbon emissions, more than 85%
of the districts and counties in Chongqing may be classified as
ecological payment areas, which is not only unrealistic but also
aggravates the unfairness of development between regions. Therefore,
it is necessary to adjust the carbon emissions. This paper uses
Equations 11-14 to adjust the carbon emissions and calculate the net
carbon emissions from 2012 to 2021. Carbon sequestration from
different land types is divided into forest carbon sequestration and
non-forest carbon sequestration. The baseline value of carbon
emissions for each district and county must first be offset by the
non-forest carbon sequestration, followed by the offset from forest
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carbon sequestration. After adjusting the carbon emissions and
sequentially offsetting with non-forest and forest carbon sequestration,
the net carbon emissions for 38 districts and counties in Chongqing
can be obtained. According to the positive or negative of net carbon
emissions and the natural break point method in ArcGIS, the net
carbon emissions of each district and county in Chongqing from 2012
to 2021 were classified into four categories (Figure 2).

10.3389/fsufs.2025.1580737

As shown in Figure 2, the compensation responsibilities of most
districts and counties remained unchanged from 2012 to 2021, with
only a few experiencing shifts. For example, the compensation
responsibilities of Liangping District and Zhong County changed
during this period. Liangping District transitioned from a payment
area to a acceptance area in 2015, but reverted back to a payment area
in 2018 and 2021. Zhong County changed from a acceptance area to
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Spatial distribution of net carbon emissions in each districts and counties in Chongqing. The dark green and light green areas represent regions with
negative net carbon emissions, indicating forest horizontal ecological compensation acceptance areas. The deeper the green degree, the stronger the
carbon surplus capacity of the region. The yellow and red areas represent regions with positive net carbon emissions, which are designated as
ecological payment areas. The yellow areas indicate that carbon emissions slightly exceed carbon sequestration, while the red areas indicate that
carbon emissions substantially exceed the sequestration capacity.
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a payment area from 2012 and was classified as a payment area again
in 2021. In 2021, among the 38 districts and counties in Chongging,
16 were identified as acceptance areas eligible for receiving
compensation funds, while 22 were classified as payment areas
responsible for paying compensation amounts. Chongging’s net
carbon emissions from 2012 to 2021 exhibited an overall upward
trend, increasing from 14.16 million tons to 24.34 million tons. In
terms of districts and counties, Wanzhou District, Kaizhou District,
Yunyang County, Xiushan Tujia and Miao Autonomous County
(hereinafter referred to as Xiushan County), Fengjie County, Wuxi
County, Youyang County, and Pengshui County had a large total
carbon surplus in forest land. In contrast, Fuling District, Jiulongpo
District, Changshou District, Yongchuan District, and Rongchang
District had significant carbon deficits. As shown in Figure 2, the
spatial distribution of net carbon emissions is highly consistent with
the spatial distribution of carbon sequestration. High carbon surplus
areas are primarily distributed in the northeastern ecological
conservation and development area of Chongging. Wuxi County,
Fengjie County, Yunyang County, and other counties have abundant
forest resources and strong carbon sequestration capacities.
Conversely, high carbon deficit areas are concentrated in the western
metropolitan core areas of Chongging, including Yubei District,
Fuling District, and Jiulongpo District, characterized by high
population density, large construction land and total carbon emissions,
coupled with weaker carbon sequestration capabilities. From the
perspective of spatial distribution changes, the spatial distribution of
carbon deficit and surplus areas in Chongqing has remained relatively
stable from 2012 to 2021, although there was a noticeable trend of
expanding carbon surpluses and diminishing carbon deficits, which
may be caused by the national ecological civilization construction and
industrial transformation and upgrading under the dual carbon goals.

3.2 Standard calculation of forest
horizontal ecological compensation in
Chongqing

The economic development of various districts and counties in
Chongqing City is imbalanced, leading to a mismatch between forest
ecological carrying capacity and regional economies, as well as
discrepancies in carbon supply and demand, which indicates that the
ecological compensation standards of various districts and counties
should be different. Based on the transaction prices in Chongqing’s
carbon trading market, the forest horizontal ecological compensation
standards in each district and county were calculated for the years
2012, 2015, 2018, and 2021 using Equations 15-17, clarifying the
extent of compensation responsibilities for each district and county
(Table 1).

3.2.1 Temporal and spatial changes of forest
ecological compensation standards in each
district and county

From the perspective of changes in payment standards in forest
ecological payment areas, the forest ecological compensation
amounts paid in Chongging showed a fluctuating upward trend from
2012 to 2021. During this period, the number of districts and
counties responsible for forest ecological payments in Chongqing
remained relatively stable, decreasing from 17 to 16. However, the
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compensation amount in 2021 increased by 12.32% compared with
2012, with an average annual growth of 1.37%. In 2018, the total
amount of forest ecological compensation reached 394.01 million
yuan, a decrease of 14.56% compared with 2015, which was caused
by the reduction of compensation amount to be paid in some areas
with large carbon deficit, such as Nan ‘an District, Shapingba District
and Yubei District, indicating that the carbon emissions of these
districts and counties have been optimized to a certain extent. From
2012 to 2021, the highest compensation amount was consistently for
Yubei District, but the payment amount showed an overall trend of
first increasing and then decreasing. The payment amount in 2021
reached 58.25 million yuan, which was a 50.01% reduction compared
to 2012. As of the end of 2021, Yubei District had established 3
national-level green factories and built 28 municipal-level digital
workshops, indicating that it relied on the advantages of economic
development to actively promote technological innovation for a long
time and reduce carbon emissions. From the perspective of changes
in the compensation standards for forest ecological protection areas,
the number of districts and counties receiving forest horizontal
ecological compensation remained relatively stable. Only a few
counties and districts, such as Zhong County and Liangping District,
saw changes in their compensation responsibilities, shifting from
payment area to acceptance area, or vice versa. The total compensation
amount showed a steady increase. In 2021, the total compensation
amount reached 19.04 million yuan, a 65% increase compared to
2012. This growth was primarily due to the significant ecological
advantages of certain districts, such as Youyang County and Xiushan
County, where the forest area continuously expanded, carbon
sequestration capacity gradually increased, and more carbon
surpluses became available for trading. Among them, the district with
the highest compensation amount from 2012 to 2021 was Wanzhou
District, with the amount of compensation increasing from 20.32
million yuan in 2012 to 60.00 million yuan in 2021, an increase of
more than 195.23%.

According to the positive or negative compensation amount and
the natural breakpoint method in ArcGIS, the compensation standards
of each district and county in Chongqing from 2012 to 2021 were
classified into six categories (Figure 3). From 2012 to 2021, the spatial
pattern of forest horizontal ecological compensation in various
districts and counties in Chongqing was basically stable, showing an
overall spatial pattern of “southwest compensates the eastern regions,”
but there would be certain changes in some areas (Figure 3). Among
them, Wanzhou District, Kaizhou District, Fengjie County, etc. in the
northeastern region rank among the top in Chongging City in terms
of compensation amount. The southeastern region also plays a crucial
role in ecological protection, but due to its relatively underdeveloped
economic status and lower carbon emission economic efficiency; its
allowed carbon emission quota was reduced after model adjustments,
leading to lower compensation funds compared to those in the
northeastern region of Chongqing. This differentiated compensation
strategy helps to balance the relationship between economic
development and ecological protection, ensuring that each district and
county can receive reasonable compensation based on its specific
circumstances within the ecological compensation mechanism. It is
worth noting that Zhong County experienced significant changes in
its compensation responsibilities from 2012 to 2021. It transitioned
from an ecological acceptance area in 2012 to an ecological payment
area in 2015, and then back to an ecological acceptance area in 2018.
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TABLE 1 Forest horizontal ecological compensation standards in each district and county of Chongging from 2012 to 2021.

2012 2015 2018 2021 2012 2015
Wanzhou
—2032.20 —2589.33 —4897.56 —5999.61 Bishan District 1150.93 2143.41 2134.58 2649.24
District
Qianjiang Tongliang
—201.94 —172.55 —271.35 —363.87 633.78 911.64 1223.99 1956.33
District District
Tongnan
Fuling District 3114.86 3865.55 4567.72 5479.46 103.19 336.82 466.48 514.65
District
Yuzhong Rongchang
46.14 13.36 13.32 98.27 361.18 612.58 710.62 1548.79
District District
Dadukou Kaizhou
107.92 103.29 112.94 263.79 —1890.20 —759.47 —2368.67 —3286.35
District District
Jiangbei Liangping
1344.21 1079.15 1349.00 1362.97 11.28 —5.61 307.64 566.56
District District
Shapingba Wulong
6449.02 3162.40 2611.15 1464.78 —327.51 —602.47 —324.41 —318.38
District District
Jiulongpo Chengkou
5890.16 5645.87 4297.65 5368.27 —126.42 —1613.16 —113.65 —111.73
District County
Nanan District 3562.32 4916.10 1634.59 1534.62 Fengdu County —402.69 —207.02 —334.87 —378.55
Dianjiang
Beibei District 1991.90 2273.26 1683.70 1661.59 233.87 276.90 312.01 527.03
County
Yubei District 11652.47 13281.81 6951.32 5825.40 Zhong County —123.62 6.76 —2.62 91.91
Yunyang
Banan District 679.31 393.06 245.16 1007.60 —938.36 —1166.61 —1273.36 —1978.68
County
Changshou
1468.23 1366.19 1742.34 3874.23 Fengjie County —1459.04 —1651.04 —1616.64 —1641.02
District
Wushan
Jiangjin District 507.58 747.26 2738.40 3840.98 —319.65 —355.65 —371.72 —450.96
County
Hechuan
840.34 1137.71 1631.71 1471.64 ‘Wuxi County —354.89 —423.50 —420.06 —415.64
District
Yongchuan
1765.16 2781.76 3344.68 4758.22 Shizhu County —375.38 —384.85 —368.01 —414.31
District
Nanchuan Xiushan
—445.18 —584.03 —606.41 —534.69 —288.41 —338.17 —291.95 —471.80
District County
Youyang
Qijiang District —851.64 —995.00 —693.18 —689.46 —889.01 —1013.59 —958.89 —1246.76
County
Pengshui
Dazhu District 701.50 1062.31 1321.59 2001.19 c —515.80 —542.45 —531.02 —742.43
ounty

Positive values indicate the compensation amounts that the payment areas are required to pay, while negative values reflect the compensation amounts that the acceptance areas are entitled to

receive.

3.2.2 Priority of forest horizontal ecological
compensation

According to Equation 17, The priority index for each forest
ecological payment area in Chongqing City from 2012 to 2021 was
calculated. The areas were then classified using the natural breaks
method into three categories: priority payment areas, secondary
payment areas, and potential payment areas (Figure 4). As shown in
Figure 4, priority payment areas mainly included Yuzhong District,
Dadukou District, Tongnan District, Dianjiang County, Banan
District, etc. These areas had relatively high carbon emissions, but the
carbon sequestration capacity of forest lands helped mitigate the
pressure from these emissions. The proportion of forest horizontal

Frontiers in Sustainable Food Systems

ecological compensation payments relative to their GDP was small,
which meant the impact on regional economic development was
minimal. Therefore, these areas should be prioritized for payment.
From 2012 to 2021, the priority payment areas gradually developed
from contiguous distribution in 2012 to dispersed distribution in
2021, with the number of priority payment areas gradually decreased.
In 2012, the secondary payment areas included Changshou District,
Fuling District, Beibei District, Bishan District, and Yongchuan
District. In 2021, the secondary payment areas included Rongchang
District, Dazu District, Tongliang District, Beibei District, Yubei
District, and Nanan District, which were mainly concentrated in the
western part of Chongqing. These regions had relatively high carbon
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Distribution of forest horizontal ecological compensation amount in the counties of Chongqing. The green indicates the acceptance areas. The darker
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the green color, the higher the compensation amount. The yellow, orange and red areas represent the payment areas, where the color gradient from
yellow to red reflects an increasing amount of compensation to be paid.

emissions and a significant carbon deficit, but their economic  Jiulongpo District, etc. These areas, which were originally scattered in
development was relatively strong, providing them with sufficient  the southwest, gradually formed a block distribution. These areas had
economic capacity to pay the compensation funds. The potential  relatively high carbon emissions, but weak carbon absorption capacity,
payment areas mainly included Yongchuan District, Jiangjin District, ~ making it difficult to achieve a balance between carbon emissions and
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carbon sequestration. Additionally, these areas were economically
underdeveloped, with a high ratio of required compensation funds to
their GDP and limited capacity to bear the compensation burden.
Therefore, these areas should be the last to pay compensation funds.
According to Equation 17, the priority index of each forest
ecological acceptance area in Chongging from 2012 to 2021 was
obtained. Subsequently, ArcGIS software was utilized to classify these
areas based on the natural breaks method into three categories:
priority acceptance areas, secondary acceptance areas, and potential
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acceptance areas, with a corresponding spatial distribution map
drawn (Figure 5). The acceptance priority index for areas such as
Kaizhou District, Wulong District, Qijiang District, and Fengjie
County fluctuated significantly, which may be related to the economic
development levels and changes in forest ecological service functions
in these regions. As shown from Figure 5, priority acceptance areas
were primarily located in the northeastern region of Chongqing, most
of which belong to national key ecological function areas and major

agricultural production areas, with abundant forest resources and slow
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Priority distribution of acceptance areas for forest horizontal ecological compensation in the counties of Chongging.
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economic development. Compensation funds play a greater role in
alleviating economic losses caused by forest protection, and should
be compensated first. The number of secondary acceptance areas have
been reduced from 9 districts and counties in 2012 to 5 districts and
counties in 2021, which were mainly sparsely distributed in the
eastern region of Chongging. Shizhu County and Pengshui County in
the southeastern region, as well as Yunyang County, Wushan County,
and Wuxi County in the northeastern region, are part of Chongqing’s
key national ecological function zones. The number of potential
acceptance areas has gradually increased from 2 districts and counties
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in 2012 to 7 districts and counties in 2021, most of which were located
in the southwestern region of Chonggqing, such as Qijiang District,
Nanchuan District, Wulong District, Fengdu County, etc.

4 Discussion

This study examined the net carbon emissions and corresponding
forest horizontal ecological compensation standards across all districts
and counties in Chongging. The results show that energy-related
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carbon emissions were the dominant source, which may be associated
with the increased energy demand driven by rapid economic growth
and accelerated industrialization. In contrast, forest land accounted for
the largest share of carbon sequestration due to Chongging’s abundant
forest resources and strong carbon sink capacity. From the perspective
of adjusted net carbon emissions, districts such as Wanzhou District
and Kaizhou District exhibited considerable carbon surpluses. Despite
high total emissions, their large populations, economic output, and
abundant forest resources resulted in high carbon emission efficiency
and elevated emission thresholds. Similarly, less industrialized counties
such as Yunyang County, Fengjie County, Wuxi County, Youyang
County, and Pengshui County are rich in forest resources. Since the
launch of large-scale land greening initiatives in Chongqing in 2018,
forest areas in these counties have expanded, leading to strong
sequestration capacity and surplus status. In contrast, districts such as
Fuling, Jiulongpo District, Changshou District, Yongchuan District,
and Rongchang District experienced high emission intensity but lacked
sufficient forest cover, resulting in weak carbon sinks and significant
carbon deficits. These areas consequently bore greater ecological
compensation responsibilities. Some districts and counties located in
the southwestern of Chongqing, such as Yubei District, Shapingba
District and Jiulongpo District, needed to pay higher forest ecological
compensation funds. This is due to the rapid economic development
in these districts, where industrialization and urbanization inevitably
lead to higher carbon emissions, along with significant consumption
and demand for environmental resources from enterprises and
residents. Relatively speaking, the northeast and southeast regions of
Chongging, as important ecological protection regions of Chonggqing,
have rich forest resources, good ecological environment, strong forest
carbon sink function, and significant contribution to ecological
protection, so they should get higher compensation funds. The priority
index of some forest ecological payment districts and counties in
Chonggqing fluctuated greatly from 2012 to 2021, such as Yubei District,
Shapingba District, Jiulongpo District, and Nanan District, which may
be related to the economic development speed, ecological protection
measures, and changes in regional development planning in these
areas. Among the classified compensation acceptance areas, secondary
acceptance regions are rich in forest resources and focus on biodiversity
protection (Huang et al., 2024; Wang L. et al,, 2023; Wang T. et al,,
2023), particularly in the Three Gorges Reservoir area. Policy efforts
should ensure adequate support to sustain their ecological functions.
Potential acceptance areas, with limited carbon surpluses and minimal
economic sacrifice, exhibit a relatively balanced ecological-economic
relationship. In response, this study proposes the following
recommendations: First, high carbon intensity regions should reduce
emissions by optimizing the energy structure, promoting the
application of green and low-carbon technologies, and improving
industrial energy efficiency. Second, efforts should be made to
strengthen ecological restoration and improve forest quality in order
to enhance the carbon sequestration capacity of forest ecosystems.
Finally, a differentiated compensation standard system should
be established based on net carbon emissions, forest carbon
sequestration capacity, and regional economic development levels.
Chongging has explored optimization schemes for forest
horizontal ecological compensation mechanism, utilizing forest
coverage rate as a transaction indicator. Some scholars have conducted
research on this policy. For instance, Zhang et al., based on the forest
coverage rate targets identified 14 pairs of compensation subjects and
recipients according to supply and demand levels, paired assistance
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relationships, locational relationships, and government purchasing
willingness in the districts and counties of Chongqing (Zhang et al.,
2023). However, they overlooked whether the forest coverage rate
target was reasonable. Simply dividing compensation areas based on
the forest coverage rate target may lead to local governments blindly
pursuing forest quantity, neglecting improvements in forest quality
and management. Therefore, the forest horizontal ecological
compensation zoning should consider not only the quantity of forests
but also their ecological value, ecosystem services, and supply-
demand balance. This study explores the scientific basis for zoning and
calculating compensation standards for forest horizontal ecological
compensation from the perspective of carbon budget, providing
references for policy formulation by relevant government departments
in Chongqing and other regions. However, in the calculation of carbon
emission and carbon sequestration, this study referred to the carbon
emission and sequestration coefficient of relevant results without
considering the impact of forest type, forest age structure and climate
change in different regions of Chongqing on forest carbon
sequestration capacity. In the future, the carbon budget accounting
model should be further optimized, and the accuracy of coefficients
should be improved by integrating remote sensing data and forest
inventory information, so as to enhance the accuracy and scientific
validity of carbon emission and carbon sequestration accounting. In
addition, forests not only provide ecological services related to carbon
sequestration and oxygen release but also fulfill other vital ecological
functions such as water conservation, air purification, and biodiversity
protection. This study discusses the formulation and optimization of
forest ecological compensation zoning and compensation standards
solely from the perspective of carbon budget, without considering
other ecological service functions and ecological supply and demand.
As a result, the calculated forest horizontal ecological compensation
standards may be lower than their actual compensation standards.
Future research should take into account the diversity of forest
ecosystem service functions, combine advanced technical methods
such as geographic remote sensing technology and modern science
and technology, and consider exploring the optimization of forest
horizontal ecological compensation from multiple aspects.

5 Conclusion

The implementation of forest horizontal ecological compensation
policies requires a scientifically viable distribution of responsibilities
and accurate calculation of compensation standards. In this study,
we have determined compensation responsibilities of each district and
county based on adjusted net carbon emissions. Furthermore, we have
estimated appropriate standards for forest horizontal ecological
compensation by considering carbon sequestration market price,
regional economic development levels, and payment capacities.
Additionally, we have established a sequential approach to payment
and acceptance for forest horizontal ecological compensation in
Chonggqing. The following conclusions are as follows:

(1) From 2012 to 2021, Chongqing experienced an overall carbon
imbalance as the total carbon emissions exceeded carbon
sequestration. Energy carbon emissions constituted a massive
portion of these emissions and forest land played a dominant
role in carbon sequestration. In terms of spatial distribution,
there were notable disparities in carbon budget among different
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districts and counties, with a spatial pattern of “low in the
southwest and high in the east” observed for carbon
sequestration, closely aligned with the distribution of forest
coverage rate. Conversely, the spatial distribution of carbon
emissions exhibited an opposite trend characterized by a “high
in the southwest and low in the east” pattern.
(2) From the perspectives of practical feasibility and fairness,
adjustments to carbon emissions are made by incorporating
carbon emission intensity and regional resource endowments.
The adjusted net carbon emissions classify the 38 districts and
counties of Chonggqing into forest ecological payment areas and
ecological acceptance areas. From 2012 to 2021, there were minor
changes in the distribution of ecological payment areas and
ecological acceptance areas. The payment areas primarily
concentrate in the core economic development zones of the
southwestern region with higher levels of economic development,
while the acceptance areas are located in economically
underdeveloped eastern regions that are rich in forest resources.
By calculating the compensation amount that each district and
county should pay or receive based on net carbon emissions
and carbon prices, and considering the contribution of each
district’s economic development to Chongqing’s overall
economy, the compensation standards were adjusted according
to regional economic development levels and payment
capacities, ensuring fair development across districts. In 2021,
the total compensation amount to be paid for the forest
ecological payment regions in Chongqing was 478.68 million
yuan, an increase of 12.32% compared to 2012. In 2021, the
total compensation amount to be received by the forest
ecological compensation regions in Chongging was 190.44
million yuan, a 65% increase compared to 2012. Based on the
calculated payment priority index and the acceptance priority
index, the priority indexes for the forest ecological acceptance
regions and ecological payment regions underwent significant
changes from 2012 to 2021, with considerable differences in the
priority classification lists.
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