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Abstract: Forests have multifunctional roles. They not only increase forest carbon sinks through afforestation
and management, but also indirectly realize multiple benefits of “economy + ecology + society”. Therefore, we
construct a multiple output-benefit system of forest carbon sinks based on the development of forest carbon
sinks in provinces of China. This system is also able to distinguish the importance of forest carbon sinks from
other outputs. For the efficiency evaluation of multi-level output systems, this paper constructs a cross-
evaluation model based on evidential reasoning method, the original efficiency information by conducting
efficiency evaluation before information fusion. Further, the spillover effects and influencing factors of forest
carbon sink efficiency are analyzed through a spatial regression model to explore the spatial characteristics of
forest carbon sink efficiency in China. The results show that: (1) there is a large gap between the cross-efficiency
levels of forest carbon sinks in various regions of China, with significant spatial correlation. For the perspective
of direct output benefits, the cross-efficiency of the eastern region is higher, while the cross-efficiency of the
northwestern region is lower; for the perspective of indirect output benefits, the cross-efficiency of the
southeastern region is higher. (2) China’s forest carbon sink has a significant positive spillover effect, and the
indirect output cross-efficiency has a significant negative impact on the forest carbon sink in its own region.
Further analyzing the impact of indirect output cross-efficiency, it is found that the cross-efficiency of the
ecological dimension and the cross-efficiency of the social dimension have a significant negative impact on the
forest carbon sink in its own region, and the economic dimension has a significant positive impact on the forest
carbon sink in its own region. In conclusion, corresponding policy recommendations are proposed for the
development of forest carbon sinks to promote the realization of the dual-carbon goal.

Keywords: forest carbon sinks; data envelopment analysis; cross-efficiency aggregation;
evidential reasoning; spatial spillover effects

1. Introduction

Forests have systemic multifunctionality. Not only can they increase forest carbon sinks through
afforestation and management, but they can also indirectly realize multiple benefits in terms of
“economy + ecology + society”. Economically, the economic value can be realized through trading
incremental carbon sinks. Ecologically, it can protect biodiversity and enhance the carrying capacity
of the environment. In addition, socially, it can generate employment opportunities for forest farmers
and promote the sustainable development of the local economy and society. Integrating directly
produced forest carbon sinks with indirectly produced ecological, economic and social benefits is a
crucial approach to assessing carbon sink benefits. For instance, in carbon trading, design documents
of CCER forestry carbon sink projects not only require additional incremental forestry carbon sinks
from anthropogenic operations but also require a comprehensive assessment of ecological, economic
and social benefits during the development process of forestry carbon sink projects. Hua [1] explored
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the relationship between forestry carbon sink markets and economic performances in terms of
institutional arrangements based on the characteristics of carbon sequestration project development.
In the realm of green finance, the Intergovernmental Panel on Climate Change (IPCC) has
recommended dynamic accounting of the multiple benefits of forest carbon sinks [2], and has also
proposed quantifying the economic benefits of forestry carbon sequestration projects throughout the
lifespan of investment project [3]. Therefore, improving the coordination level between economic,
ecological and social systems can gradually enhance the carbon sequestration capacity of forests.
Nevertheless, due to factors such as uneven economic development and disparities in natural
resource endowments across China, the development degree of forest carbon sinks varies between
regions, and there are significant differences in the coordination of different benefits. To achieve a
regionally balanced development of forest carbon sinks, effective performance management systems
have been implemented in various regions [4]. In terms of performance management, efficiency
measures are designed to provide quantitative information on the performance of the evaluated
object, enabling horizontal performance comparison as well as vertical performance monitoring. This
provides a basis for formulating differentiated policies for the regional development of forest carbon
sinks. Therefore, measuring forest carbon sink efficiency based on output orientation and studying
the coupling and coordination degree and spatial distribution characteristics between economic,
ecological, and social systems in forest carbon sink management based on efficiency results is a
crucial scientific issue in forest carbon sink performance management.

From a systemic perspective, inputs and outputs, as interdependent and mutually constraining
elements, jointly determine the level of performance of forest carbon sinks. Currently, there are two
methods of performance measurement: one is to construct a comprehensive performance indicator
by integrating information from the indicator system [5,6]; the other is to measure the efficiency of
comparable units by utilizing data envelopment analysis (DEA) methods [7-9]. With the
development of complex systems and diversification, many scholars combine these two methods to
construct an efficiency measurement model with a multi-level indicator system, which can depict
indicators from a multi-dimensional perspective, consider the input-output relationship, and form a
more comprehensive efficiency measurement. However, for research on the input-output indicator
systems of the forestry system, most scholars have only considered unilateral outputs [10]. Fewer
scholars have selected output indicators from a comprehensive perspective, and these studies lack a
distinction between direct and indirect outputs. Moreover, most of the traditional methods for
measuring the efficiency of forestry systems are based on the self-assessment perspective, which
leads to the decision-making unit (DMU) exaggerating its own efficiency [11,12]. Moreover, most
efficiency evaluation studies of multilevel systems perform indicator fusion followed by efficiency
evaluation, which can lead to partial loss of efficiency information of the original indicators [13].

This paper considers the direct benefits and multiple indirect benefits of forest carbon sinks,
constructs a spatial model of a forest carbon sink cross-evaluation system based on Evidential
Reasoning (ER), studies the spatial characteristics of multiple output benefits of China’s forest carbon
sinks, and grasps the trend of forest carbon sinks based on the results of the study, so as to provide
references for the relevant management decisions, ecological governance, and environmental
management, and to promote the development of China’s green and low-carbon economy.

The marginal contributions of this study are: (1) the construction of a comprehensive indicator
system of output benefits of forest carbon sinks by integrating the ecological, economic and social
multiple output benefits of forest carbon sinks while distinguishing between the direct and indirect
output benefits of forest carbon sinks. (2) for the multilevel output system, this paper proposes the
evaluation idea of efficiency measurement before indicator fusion, which maximizes the retention of
the original efficiency information. (3) the spatial distribution of the efficiency of forest carbon sinks
and the spillover effect are studied, and the spatial distribution of the forest carbon sinks” output
systems are characterized from the social, economic and ecological perspectives under the
perspective of efficiency.
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2. Literature Review

DEA is a set of non-parametric efficiency evaluation methods, which can simultaneously
consider multiple input and output indicators, without the need to specify a production function and
directly assign weights to the indicators to measure efficiency. In recent years, scholars have used the
CCR model [8], the BCC model [9], the SBM model [10,14-16], the DEA-Malmquist index model
[10,12,17,18] and the inverse DEA model [19] to measure the efficiency of forest carbon sinks. In the
existing literature, input indicators for measuring efficiency are mainly selected from the three factors
of production: capital, land, and labour. Moreover, the selection of output indicators is more
diversified. Some scholars take forest carbon sinks as the sole output indicator, while others consider
only to the ecological benefits of forest carbon sinks or consider the comprehensive economic and
ecological benefits of forest carbon sinks. They choose the total forestry output value and forest
carbon sinks as the output indicators of forest carbon sinks. In addition to lacking a comprehensive
perspective on the output benefits of forest carbon sinks, the forest carbon sink output indicator
system constructed in the existing literature lacks a hierarchical structure. Constructing an evaluation
indicator system with a hierarchical relationship would make the evaluation more comprehensive
and reasonable.

Under the influence of the new socialist concept of ecological civilization, it is crucial to design
a suitable indicator system for monitoring and evaluating forestry to promote its development.
Selecting indicators from multiple dimensions to construct this indicator system will ensure a more
comprehensive evaluation. In recent years, scholars’ research on the multidimensional evaluation
indicator system of forestry has focused on high-quality development [20,21], sustainable
development [22], and ecological security [23,24]. When it comes to multi-level indicator information
processing, scholars first aggregate the indicators’ information to simplify it, and then evaluate
efficiency subsequently. Combining the Analytic Hierarchy Process (AHP) with DEA [25] converts
qualitative data into quantitative data, effectively measuring the effectiveness of decision-making
units [26]. This approach also enables the determination of input and output indicators” weights in
DEA [27], and the estimation of missing data [28]. The integration of these two methods combines
subjective judgments with objective choices, resulting in more accurate and rational results.
Considering that data-driven-oriented information fusion methods are more objective, scholars
combine ER with DEA to synthesize indicators using mathematical rationalization, which can reduce
indicators while preserving as much original information as possible. Subsequently, DEA models
were used to evaluate the efficiency of the fused indicators [5,6,13].

Since forest carbon sink is the process of absorbing and fixing carbon dioxide in the air, and the
air has circulation, forest carbon sink has certain spatial correlation. Thus, exploring the development
of forest carbon sink from the spatial perspective is an important research direction. Due to the
differences in economic development and natural resource endowment, China’s forest carbon sinks
have a large gap between regions, with incremental changes from the southern forest area to the
southwest and northeast forest areas [29]. Among them, the southwest region has the highest carbon
density, and its carbon stock and carbon stock density both increase faster than the northeast region
[30]. As the development of forest carbon sinks between regions may be correlated, scholars have
explored the spatial aggregation effect of forest carbon sinks using the Moran index [31], further, Xue
etal. [32] and Fu et al. [33] analyzed the spatial spillover effect of forest carbon sinks from the national
perspective, and Du et al. [34] further extended the scope of the study by discussing the cross-country
spillover effect of forest carbon sinks from the global perspective. They all concluded that the
development of forest carbon sinks is not always possible in isolation, and that the development of
forest carbon sinks in each region may positively or negatively affect the development of forest
carbon sinks in neighboring regions.

In summary, there are still the following shortcomings in current research on the development
of forest carbon sinks: (1) most of the existing studies takes the forest carbon sinks as the only output
indicator or some of the studies considers the output benefits of forest carbon sinks from multiple
dimensions, but few of the studies characterizes them from the perspectives of direct and indirect
benefits, which is not enough to meet the realistic needs of comprehensive evaluation of forestry
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carbon sinks’ output benefits and lacks a comprehensive consideration of the output benefits of forest
carbon sinks in terms of ecological, economic and social aspects. (2) the efficiency measurement based
on the indicator system of hierarchical structure consists of two processes: “efficiency evaluation”
and “ indicators integration”. Most studies conduct “indicator fusion” before “efficiency evaluation”,
which results in the loss of a part of the “efficiency information” from the original indicator data. (3)
existing studies on spatial autocorrelation mainly focus on the uneven regional development of forest
carbon sinks, while there is a lack of studies on spatial correlation studies based on the efficiency
perspective.

3. Indicator System Construction and Data Sources

3.1. Construction of Input-Output Indicator System

According to the DEA method, it is necessary to select indicators from an input-output
perspective. In terms of inputs, we select forestland area, forestry practitioners, and the completed
amount of forestry investment as input indicators based on the three factors of production in
economics - land, labour, and capital. During the process of forest management, in addition to the
direct output benefits of forest carbon sinks, there are rich output benefits in ecological, economic
and social aspects.

In the process of forest management, forest carbon sinks have rich output benefits in
environmental, economic and social aspects in addition to direct output benefits. Considering the
correlation between the developmental role of forest carbon sinks and output indicators, this paper
categorizes the benefits into two types: direct output benefits and indirect output benefits. The forest
carbon sink is the direct output benefit, while the indirect output benefit takes into account the
ecological, economic and social benefits. The direct and indirect output benefits, as subsystems,
respectively, together form a comprehensive output system for forest carbon sinks, where the indirect
output system is constituted by multi-tiered indicators, as shown in Table 1.

From the perspective of ecological output benefits, the improvement of forest quality is firstly
reflected in the increase in the quantity of forest resources. The improvement of forest quality is
conducive to the formation of forest resources and can improve the ability of trees to resist pests and
diseases [35]. Therefore, the area of forest conservation is chosen to represent the benefit of increasing
forest resource quantity; the area of forest pest control is chosen to represent the benefit of pest
control; and the area of afforestation is chosen to represent the benefit of increasing the forest area.

From the perspective of economic output benefits, forests can generate multiple types of
economic income. For example, commercial forests in the forest can enter the market and generate
economic value; the beautiful scenery and tranquil environment of the forest can attract travellers to
visit, thus creating economic income [36]. Since the total forestry output value already includes the
total value of final products and labour services produced by the forestry industry, for the
convenience of categorization, we select the total output value of the primary industry, the total
output value of the secondary industry and the total output value of the tertiary industry under the
breakdown of the total forestry output value to represent the economic benefits.

From the perspective of social output benefits, forests have excellent carbon sequestration
capacity, which can purify the air and create a more beautiful and livable living environment for
human beings. The development of forests can drive the construction of local infrastructure and
cultural services, as well as provide more employment opportunities and increase the wages of
practitioners, enrich the spiritual and cultural life of human beings, and improve their material
standard of living [37,38]. Therefore, the total number of forestry tourists is selected to represent the
benefits of cultural service construction; the total amount of economic forest products is selected to
represent the benefits of meeting people’s production and living needs; and the average annual salary
of on-the-job employees in the forestry system is selected to represent the benefits in terms of
employment and remuneration.
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Table 1. Comprehensive input-output indicator system of forest carbon sink.

Level 1 Level 2 Level 3
Input (land) Forest area
Inputs Input (labor) Forestry practitioners

Completion of investment in

Input (capital) fixed assets in forestry

Direct output Output (direct) Forest carbon sinks

The area of forest conservation
Output (ecological) Forestry pest control area
Afforestation area

The total output value of
the primary industry
The total output value of
the secondary industry
The total output value of
the tertiary industry

Output (economic
Indirect outputs put ( )

Total forestry tourism
Total economic forest products
Average annual wage of forest system
employees on the job

Output (social)

3.2. Spatial Regression Modelling Indicator System

Using spatial econometric models, forest carbon sinks were selected as the explanatory variables
to explore the spatial spillover effects and influencing factors of forest carbon sink efficiency in China.
Based on Table 1, forest carbon sink efficiency includes ecological output cross-efficiency, economic
output cross-efficiency, social output cross-efficiency, and indirect output cross-efficiency, in which
the indirect output efficiency is derived from the integration of social, ecological, and economic
dimensions. As the growth of trees is closely related to environmental changes, plants absorb carbon
dioxide through photosynthesis, which needs to be carried out under suitable water resources,
temperature and light, thus annual precipitation, average annual temperature and annual sunshine
hours were selected as control variables.

3.3. Sources of Data

In this paper, forestry data from 2009-2021 were used, and the data on forest carbon sinks were
obtained from the China Forest Aboveground and Belowground Vegetation Carbon Stocks dataset
of the National Tibetan Plateau Science Data Center., which was obtained by fusing high-resolution
active microwave remote sensing, and long time-series passive microwave and optical remote
sensing information by employing regression and machine learning algorithms [39]. The rest of the
data were obtained from the China Forestry and Grassland Statistical Yearbook and the China
Statistical Yearbook.

4. Spatial Modelling of Forest Carbon Sink Cross-Evaluation System Based on Evidence-Based
Reasoning

In this section, 31 provinces in China are used as DMUs, and the cross-efficiency evaluation
method is introduced to measure the cross-efficiency of forest carbon sinks under the multi-
dimensional output indicator system, and then the ER model is used to synthesize the cross-efficiency
of forest carbon sinks in each indirect output dimension and indirect output system to reduce the loss
of efficiency information in the synthesis process. The spatial econometric model is then introduced
to explore the spatial spillover effect and the influencing factors of China’s forest carbon sinks.
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4.1. Measurement of Cross-Efficiency of Forest Carbon Sinks

In 1986, Sexton utilized optimal weights from the self-assessment perspective to develop a peer
evaluation and referred to the method as the cross-efficiency evaluation method [7]. Currently,
scholars have constructed multiple cross-evaluation strategy models based on decision-making
needs and competition and cooperation relationships among peers [40—-42]. Most traditional methods
for measuring the efficiency of forestry systems are based on the self-assessment perspective, which
exaggerates its efficiency. A two-by-two evaluation with a peer-to-peer perspective could make the
results of the efficiency evaluation more applicable to the spatial analysis of forest carbon sinks
between regions. We consider the competition and cooperation relationship between regions in the
process of forest carbon sink development, and a neutral strategy was chosen for evaluation.
Additionally, the efficiency is measured to maximize output benefits [40].

Taking 31 provinces in China as DMUs, each province has 3 forest carbon sink input indicators

and 11 forest carbon sinks output indicators. xij(i =1,2,3;j=1,2,---,31) denotes the forest

carbon sink input i of the province j, ?] ={ ij, y jE, y J.F, ij} denotes the outputs of the

province j, where y jD denotes the forest carbon sink of the province j, yf ={ yijE}(i =1,2,3)

denotes the forest carbon sinks output i under the ecological dimension of the province j,

yf =1 yijF}(i =1,2,3) denotes the forest carbon sinks output i under the economic dimension of
. . S _ g Sv(i_ . .

the j province and y; ={y;}(i=1,2,3) denotes the forest carbon sinks output i under the

social dimension of the province ;. For example, if we take the area of forest conservation as the

only output, we can calculate the self-assessment efficiency of forest carbon sinks in the k&
(k=1,...,n) province using the following CCR model:

E _ E_E
Max el,kk_ulkylk

3
s.t. vaikxij—uf{yfj20,j=1,2,...,31;
i=1
3 1)

E _1.
Zvl,i x; =1

i=1
viour >0,i=1,...,3,r=1,...3
Liko Y =Yt =Ly 2 = 1500050,

where 91Ekk denotes the self-assessment efficiency of forest carbon sinks in the province k based

on the area of forest conservation as the only output, and the superscript £ and subscript 1
together denote the 1¢4 output under the ecological dimension.

Using the optimal weights of the CCR model, a neutral strategy was established to calculate the
cross-efficiency of each province based on the area of forest conservation as the only output:

. E
Min &
3
E . _
s.t. Zvl,ikxik =1,
i=1

y Vi = O
EE N E : . @)
U Ve _Zvl,ikxij <0,j=1,---,31;j #k,
i=1
uliyli_é‘f 20,
vfl.k >0,i=1,---,3,
S5F>0.
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Using cross-efficiency aggregation method based on interval conditional entropy proposed by
Chen et al. [43], and using the forest conservation area as a single output as an example, the cross-
efficiency of forest carbon sinks in the province k&, the specific cross-efficiency assembly process is
as follows:

The first step is to calculate the conditional entropy of each province. Let 4911’5@ denote the cross-
efficiency of forest carbon sinks when DMU, evaluating DMU ,, then the conditional entropy of
DMU, is calculated as follows:

H(D|DMU=-" P(8f,,67, ZP(é’fk, o) log, P(6],.67,) €)
j=1

1,,) denotes the uncertainty effect from DMU, self-evaluation when

where Z P(kaj
=

d6;,.6
DMU,  evaluats DMU, , P(6,,0")= % , d, = Zd(@f,g 6’;)

J

and

d(0),,00) =105y = 035 | - P(6,0)log, POy,
DMU, evaluating DMU, when DMU, evaluates DMU, .

The second step is to calculate the aggregation weight of each province. The conditional entropy
H ={H(D|DMU,),H(D|DMU,),---,H(D|DMU )} of all provinces
U={DMU,,DMU,,---,DMU ,} isreordered in order from smallest to largest for the provinces
to obtain an ordered set of conditional entropies H : ={H(D|DMU 1* ), H(D| DMU ; ),

,H(D|DMU.)} , then the degree of fuzzy preference of DMU, comparedto DMU ; canbe

) denotes the uncertainty effect from

expressed as:

iH(D | DMU) —Zi:H(D | DMU)

:_1+t:l t=1
p, =5l 1 ]

4)

The fuzzy preference matrix between provinces generated by Eq. (4) is clustered to obtain the
clustering weights for each province:

i D+ T
EN A (5)
W, =————,i=12,---,n.
n(n—1)
The third step is to calculate the cross-efficiency of forest carbon sinks in each province.
Ef, Za) Eai=12,...n. 6)
Then the final forest carbon sink cross-efficiency matrix for each province can be obtained:
[ E E ... EE b
LIl 112 Lin

EE _ 1,21 1,22 1,27

Lkj

EE EE . EE

1nl 1,n2 Lnn |
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By analogy, it is possible to obtain a cross-efficiency matrix of forest carbon sinks for each of the
remaining ten forest carbon sink tertiary output indicators as a single output, which is fused in the
next section.

4.2. Information Fusion for Cross-Efficiency Based on ER

During the process of information fusion, indicators need to be weighted. The AHP relies on
experts to assign weights based on their preferences, which can be influenced by the subjective factors
of the experts themselves, thereby impacting the objectivity of the final weighting results. With a
data-driven orientation, ER starts from the nature of the data source and extracts relevant evidence.
Based on the set theory, the precise belief degree, belief degree and estimated belief degree of the
evidence are described by introducing the concepts of belief function, likelihood of belief function,
and class probability function. The set is then narrowed by synthesizing evidence using orthogonal
summation methods. Therefore, in the multi-level indirect output benefit indicator system of forest
carbon sinks, the cross-efficiency matrix under the three-level refinement is fused with information
based on ER, and the cross-efficiency under the indirect output benefit of each province is measured.
As shown in Table 1, the cross-efficiency of the ecological, economic as well as social dimensions is
calculated first. The process of information fusion based on ER is specified below using the ecological
dimension as an example:

Firstly, the cross-efficiency values were transformed into distributed confidence levels. The
cross-efficiencies of the 31 provinces based on forest nursery area, forest pest control area, and

afforestation area as single outputs were fused into efficiencies, where the range of values of Efj ,
Efj and E£j on the evaluation level H,(d =1,2,---,p) is [U,,U,,,) , and the utility of the
evaluation level H, is O,, and ﬂdE,L ;(J=L---,31) denotes the confidence of the cross-

efficiencies of the province j based on the single output i onthe evaluationlevel H,, S i 20,

p
Z ,Bii, ;< 1. The distributed confidence of the province j on the distributed confidence level on

d=1
the ecological dimension is denoted as [5,44,45]:
S(Ef ) =A(H ,, B;,),d=1,2,-, p} @)
U,,—E". E’ -U
ﬁj[,kj _ d+1 i,kj 918d+1,[’kj :M (8)
Ud+1 - Ud Ud+1 - Ud

Secondly, a composite cross-efficiency matrix is generated.

£ £ £ oE
My ik = Mg (H,))=o, ﬂd,z;jk )
£ E o EN oF
My i = Mk (H)=1- Z My = - Zﬂd,i,lg' (10)
=1 =1
—E —FE E

My ix =Mk (H)=1-o (11)

- - E i
My i = Mk (H)=w (1- Zﬁd,i,lg') (12)

=1

where mf,i’ ; denotes the probability that the cross-efficiency E, fj (i=1,2,3) of the province j
with a single output based on the output i of the ecological dimension is at evaluation level H ,,
’%fl,i,j denotes the probability of uncertainty due to the indicator weight a)iE, ﬁfll ; denotes the
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probability of uncertainty due to the structure of the output indicator based on the ecological

dimension, and mf, i, denotes the probability of uncertainty of the total of the province ;j witha

single output based on the output i of the ecological dimension.
The basic probability function of cross efficiency after fusion using the ER recursive algorithm
is:

3 3
E E E T n’ ), n,
mt = k |:H (md,i,lg' +mH,i,1g' +mH,i’kj)_H(mH,i,lg' +MH,i,kj):| (13)

i=1 i=1

_kE|:H(mszj+msz,) Hmszj} (14)
_I{Hmm} (15)

-1
p_ 3 3
= {Z H (Mg + My ) = (P = I)H (g 14+ nﬁf,,i,,g»)} (16)

d=1 i=1 i=1
where the confidence level of the cross-efficiency after synthesis can be expressed as:

E
Bl =—%.d =12, 17)
—m

H

Then the cross-efficiency of the province after synthesis based on the ecological dimension is:

E,j =0, ﬂj,g. (1¢

4.3. Spatial Regression Model

Traditional regression models cannot examine the correlation between spatial units, thus, three
commonly used spatial regression models are introduced in this paper [33]:
Spatial Lag Modelling (SLM):

= pan‘, WYy ¥ QX B+ 141, + @, (19)

Spatial Error Modelling (SEM):
Vi =Q+x, [+ 141, + 9, (19)
= limy¢i, +&, (19)

=

Spatial Durbin Model (SDM):

= pan‘, W,V +@+x, +imjxy,7+ﬂi +1,+ 9, 19)
= =

where ), , W; and p are the explanatory variables, spatial weight matrix and spatial

autoregressive coefficients of province I in year 7, ZWU. y, represents the effect of the
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explanatory variables of neighbouring provinces on the local province, X,

;i is the explanatory

n
variable, [ is the vector of parameter estimates of the explanatory variables, ZWwaj/

J=1
represents the effect of the explanatory variables of neighbouring provinces on the explanatory

variables of the local province, J is the matrix of spatial autocorrelation coefficients, f, 77, and
@, are the spatial, temporal and error terms, respectively, A is the spatial autocorrelation
coefficient of the error term, and &, is the independent and identically distributed error term that

follows the distribution (0,07).

In summary, the steps for constructing the spatial model for a forest carbon sink cross-evaluation
system based on ER are as follows:

Step 1: Use the neutral cross-efficiency evaluation method to calculate the cross-efficiency of
forest carbon sinks under the single output perspective. The self-assessment efficiency of forest
carbon sinks of each province is obtained by using Eq. (1), and the cross-efficiency matrix of forest
carbon sinks under the third-level single output indicator of each province is further calculated by
Egs. (2) and (6).

Step 2: Apply the cross-efficiency aggregation method based on conditional entropy to aggregate
the above cross-efficiency matrix. Firstly, the distance between each element in the cross-efficiency
matrix is calculated and the conditional entropy of each DMU is obtained by using formula (3). Then,
the conditional entropy is converted into a fuzzy consistency preference matrix using Eq. (4), and
then the aggregation weights of DMUs are calculated by Eq. (5). Finally, matrix aggregation is
performed using Eq. (6).

Step 3: Use the ER method to fuse the cross-efficiency of forest carbon sinks under the third-level
single output indicator into cross-efficiency under each indirect output dimension and indirect
output system. The cross-efficiency values were converted into distributed confidence levels based
on Egs. (7) and (8), and the indicators were fused according to Egs. (9)-(18) to obtain the cross-
efficiency for the indirect output benefit system.

Step 4: Use spatial regression models to explore the spatial spillover effects and the influencing
factors of forest carbon sinks. Firstly, the spatial autocorrelation of forest carbon sinks was
investigated using the Moran index, and then the optimal spatial regression model (Egs. (19)-(22))
was selected by using the cross-efficiency of indirect outputs as the core variable, and by using the
Lagrange multiplier (LM) test, the likelihood ratio (LR) test, the Ward test and the Hausman test. The
core variables were further expanded to cross-efficiency under ecological, economic and social output
dimensions to explore the specific direction of indirect output cross-efficiency on forest carbon sinks.

In summary, the construction process of the spatial model of the forest carbon sink cross-
evaluation system based on evidential reasoning is shown in Figure 1.
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Figure 1. Coupling model of forest carbon sinks cross-evaluation system based on ER.
5. Results

5.1. Results of Cross-Efficiency Evaluation of Forest Carbon Sinks

Based on the cross-efficiency calculation method outlined in Section 3.1 and the ER process
discussed in Section 3.2, we have obtained the spatial distribution of the cross-efficiency levels for
forest carbon sinks in each province. The specific results can be seen in Figures 2 through 6.
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Figure 2. Spatial distribution of cross-efficiency of forest carbon sinks based on forest carbon sinks.

In terms of the cross-efficiency of the direct output dimension (i.e., forest carbon sink indicator),
Yunnan and Heilongjiang have higher cross-efficiency, while Tianjin, Shandong, Qinghai and
Ningxia have lower cross-efficiency. Heilongjiang is in the northeast forest area, which is the largest
forest area in China, and Yunnan is located in the southwest forest area. Both provinces are rich in
forest resources, which is conducive to the development of forest carbon sinks. While the terrain of
Ningxia and Qinghai is too steep. The southern part of Ningxia is dominated by loess landforms
eroded by flowing water, and the central and northern parts of Ningxia are dominated by arid
stripping and wind erosion landforms; Qinghai belongs to the plateau region, with more than four-
fifths of the area being a plateau, and the harsh environment makes it difficult to develop forest
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carbon sinks in Ningxia and Qinghai. Tianjin is in a plain and less forested area, with insufficient total
forest resources and low forest quality, hindering the development of forest carbon sinks. Shandong,
located in the North China Plain, is a major grain-producing province in China, with low forest cover,
and the development of forest carbon sinks is subject to certain constraints.

Figures 3(a)-(c) show the spatial distribution of the cross-efficiency of forest carbon sinks in each
province under the three levels of indicators belonging to the ecological dimension, respectively. The
cross-efficiency of these three levels of indicators is fused by ER to obtain the cross-efficiency of forest
carbon sinks in each province based on the ecological dimension, and its spatial distribution is shown
in Figure 3(d). From the perspective of the overall ecological dimension, the cross-efficiency of all
provinces is between 0.2 and 0.9, and the cross-efficiencies of Xinjiang and Tianjin are 0.840 and 0.776,
respectively, which are far ahead of other provinces. Combined with Figures 3(a)-(c), Xinjiang and
Tianjin are more efficient in forest conservation and forest pest control, which makes their overall
ecological performance at an efficient level. Tianjin’s higher cross-efficiency is mainly because it puts
in less investment in forestry and grassland fixed assets, forest area, and forestry employees, but the
completed area of forest nourishment and forest pest control is at a medium level. The state has
provided policy and financial support for the conservation management of forests in the
mountainous areas of Xinjiang, which has promoted the conservation of forests in Xinjiang. However,
due to the continuous growth of artificial afforestation areas in Xinjiang, the established artificial
forests are mostly pure forests of single species and single structures, with simple insect community
structures and a low number of natural enemies, such artificial forest ecosystems are very fragile,
which leads to the occurrence and prevalence of forest pests and diseases, so Xinjiang attaches
importance to the prevention and control of forest pests and diseases and has achieved remarkable
results. Analyzed from the perspective of afforestation, Shanxi and Jiangxi have higher cross-
efficiency. Relying on national and provincial forestry projects such as the “Three-North” project, the
“Double” project, and the pilot demonstration project of land greening, Shanxi has formed a good
situation of effective increase of newly afforested land and orderly afforestation of unforested land,
further increasing the number of forested lands and increasing the number of forested lands. The
good situation of the newly forested land has increased effectively and the unforested land has been
forested in an orderly manner, which further improves the productivity of the forest land. Jiangxi in
the grasp of mountain afforestation at the same time, vigorously implement afforestation greening
“big four small” project, focusing on promoting the city, townships, rural areas, passages and
industrial parks and other four aspects of the greening, promoting the effective growth of
afforestation area in Jiangxi.
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Figure 3. Spatial distribution of cross-efficiency of forest carbon sinks based on (a) the area of forest
conservation (b) forestry pest control area (c) afforestation area (d) ecological output benefits.

Figures 4(a)-(c) show the spatial distribution of forest carbon sink cross-efficiencies by province
under the three levels of indicators belonging to the economic dimension, and the cross-efficiencies
of these three levels of indicators are fused to obtain the cross-efficiencies of forest carbon sinks by
province based on the economic dimension, and the spatial distribution is shown in Figure 4(d),
which shows that the cross-efficiencies of Zhejiang and Jiangsu are the highest, While the cross-
efficiencies of Tibet, Qinghai, and Inner Mongolia are the lowest. Combining the cross-efficiency of
the total output value of the primary, secondary and tertiary forestry industries and the cross-
efficiency of the fused economic dimensions, there are obvious spatial characteristics of the cross-
efficiency, with the cross-efficiency of the southeastern region being significantly higher than that of
the other regions, which indicates that the ER fusion of the indicators of the economic dimensions is
more effective. This result is in line with the macro level of economic development, the provinces in
the southeast coastal region are more prosperous, with higher economic levels and higher levels of
forestry development, so the cross-efficiencies of forest carbon sinks in the economic dimension is
higher; the western region is affected by the double effect of the poor economic conditions as well as
ecological conditions, so the cross-efficiencies of forest carbon sinks in the economic dimension is low.
Beijing and Shanghai, as the super first-tier cities in China, have strong economic strength, but their
cross efficiency of forest carbon sinks under the economic dimension is not high, which is due to the
low level of forestry construction in Beijing and Shanghai, which brings certain obstacles to the
development of forest carbon sinks.
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Figure 4. Spatial distribution of cross-efficiency of forest carbon sinks based on (a) the total output
value of the primary industry (b) the total output value of the secondary industry (c) the total output
value of the tertiary industry (d) economic output benefits.

Figures 5(a)-(d) show the spatial distribution of the cross-efficiency of forest carbon sinks in each
province under the three-level indicators of the social dimension, and the cross-efficiency of each
province based on the social dimension is obtained by fusing the cross-efficiencies of the four three-
level indicators into the ER, and the spatial distribution of the cross-efficiency of the social dimension
is shown in Figure 5(e), which demonstrates that Zhejiang is much more efficient than other provinces
in the social dimension. It indicates that compared with other provinces, Zhejiang's forestry social
development is better, which is more conducive to improving people’s satisfaction with forestry
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development; while Heilongjiang and Inner Mongolia have the lowest cross-efficiency, which has a
lot of room for improvement. In terms of the number of forestry tourists, there are obvious regional
differences in the cross-efficiency of forest carbon sinks, and the provinces with higher cross-
efficiency are concentrated in the southeast region, where the climate is milder, the living
environment is more comfortable, and the tourism industry is more developed, which leads to the
development of the forestry tourism industry in a stronger way, whereas the western region lags
behind in terms of forestry tourism due to its highland and basin topography, and its low forest
coverage rate. In terms of the average annual wage of employees, Tianjin, Zhejiang and Hainan have
higher cross-efficiency, while Guangxi has lower cross-efficiency. The low salary will make the
employees less motivated, which is not conducive to the development of forest carbon sinks. In the
total amount of economic forest products, Zhejiang and Shandong have higher cross-efficiency, while
Jilin and Heilongjiang have lower cross-efficiency. Economic forest products mainly include fruits,
dried fruits, forest beverages, forest seasonings, forest foods, woody medicinal herbs, etc., which play
an important role in meeting people’s production and living needs.
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Figure 5. Spatial distribution of cross-efficiency of forest carbon sinks based on (a) total forestry
tourism (b) total economic forest products (c) wage of forest system employees (d) social output

benefits.

Figures 6(a)-(c) show the spatial distribution of the cross-efficiency of forest carbon sinks in each
province based on the ecological, economic and social dimensions, respectively, and the cross-
efficiency of forest carbon sinks in these three dimensions is fused by ER to obtain the cross-efficiency
of forest carbon sinks under the indirect output benefit system, and its spatial distribution is shown
in Figure 6(d). The province with the largest forest carbon sink cross-efficiency under the indirect
output benefit system is Zhejiang, and the next largest provinces are Shandong, Jiangsu, Chongqing,
Anhui and Jiangxi. Guangdong’s cross-efficiency in both the economic and social dimensions is much
larger than that of the other provinces, which makes its indirect output benefit system much more
effective than that of the other provinces. Xinjiang has a larger cross-efficiency in the ecological
dimension, but its smaller cross-efficiency in the economic and social dimensions prevents it from
ultimately leading the way in cross-efficiency in the indirect output benefit system. In general, there
is a significant spatial feature in the cross-efficiency of forest carbon sinks on the indirect output
benefit system: the cross-efficiency in the eastern region is higher than that in other regions.
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Figure 6. The spatial distribution of cross-efficiency of forest carbon sinks based on (a) ecological
output benefits (b)economic output benefits (c) social output benefits (d) indirect output benefits.

5.2. Spatial Regression Analysis of Forest Carbon Sinks in China

B In this paper, we use Statal8 to conduct Moran’s test on forest carbon sinks to examine whether
there is spatial autocorrelation of forest carbon sinks in each province. The Moran’s I index and its
significance level are shown in Figure 7, and it can be seen that Moran’s I indexes are all positive from
2009 to 2021, and all of them pass the 1% significance level test. It indicates that there is a significant
positive spatial correlation of forest carbon sinks in China. Figure 8 shows the scatter plot of local
Moran’s I index for forest carbon sinks in China in 2009 and 2021, in which most of the provinces are
located in the first, second and third quadrants, and the provinces whose P-values passed the
significance test in 2009 and 2021 are three, two high-high (Yunnan and Guizhou), and one low-low
(Shandong), and most of the provinces show a trend of same high or same low forest carbon sinks.
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Figure 8. Scatter plot of Moran’s I index for forest carbon sink localization in 2009, 2021.

According to the results of global and local spatial correlation, the spatial correlation of China’s
forest carbon sinks in geospatial space is significant, and the spatial econometric model is used to
analyze the spatial spillover effect of forest carbon sinks and the influencing factors. To determine
the optimal spatial regression model, this paper carried out the Lagrange multiplier (LM) test,
likelihood ratio (LR) test, Ward test and Hausman test, and the results are shown in Table 2. The p-
values under the LM test and the Robust-LM test passed the significance test of 5% which indicates
that there is a spatial error effect and spatial lag effect and rejects the use of mixed panel regression
and the initial selection of the spatial Durbin model. Then the Hausman test to determine the use of
fixed effects model or random effects model, In the test results, the p-value of Hausmann’s test is less
than 0.05, which passes the 5% significance test, so the fixed-effects spatial Durbin model is finally
chosen for the regression.
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Table 2. Non-spatial panel data estimation and LM test result.

inspect statistic p-value
LM test no spatial error 242.220%** 0.000
Robust LM test no spatial error 41.020%** 0.000
LM test no spatial lag 206.810*** 0.000
Robust LM test no spatial lag 5.610** 0.018
LR lag 40.15%** 0.000
LR Err 34.42%* 0.000
Wald Lg 16.29%** 0.003
Wald Err 18.37%** 0.001
Hausman 72.92%%* 0.000

The results of regression analysis using the Spatial Durbin Model (SDM) in this paper are shown
in Table 3. In the SDM model, the coefficient of the main parameter o is 0.385, which has an obvious
positive effect and passes the significance test of 0.05, indicating that there is a spatial spillover effect
between forest carbon sinks in various regions, and every 1% change in the level of forest carbon
sinks in the neighbouring regions will promote forest carbon sinks in the local region to change by
0.385% in the same direction. The spatial effects of cross-efficiency of the indirect output system,
annual precipitation, annual average temperature and annual sunshine hours are 2.071, -1.711, -3.814
and -4.075 respectively, indicating that the cross-efficiency of the indirect output system positively
affects the forest carbon sinks in the neighbouring regions, while the annual precipitation, annual
average temperature and annual sunshine hours negatively affect the forest carbon sinks in the
neighbouring regions.

Table 3. Model regression result.

OLS SAR SEM SDM
N 7,138+ 7292+ 7365+ 6,382+
(-8.54) (-8.92) (-9.04) (-7.87)
- 1.062*+ 1,140 1,157+ 0.882%*+
(5.81) (6.24) (6.62) (4.98)
o -0.961%+ -0.978** -0.909*+* 1.204%%
(-2.94) (-3.03) (-2.89) (-3.90)
- 1,680+ 17244 1.584%+ 1,738
(-4.8) (-4.98) (-4.74) (-4.86)
2.071
WX (0.88)
WD 17110
(-3.13)
3.814*%
W-InE (-3.18)
4.075%**
W-InF (-3.01)
0.330%**
A (3.99)
0.208*** 0.385%**
° (3.02) 4.81)
igma2._ 2.673%+ 2.605%** 23754+
- (14.16) (14.06) (14.01)
RA2 0.304 0.300 0.304 0.290

Note: ¥, **, *** are significant at 10%, 5% and 1% levels of significance, respectively, and the value in () is the Z-
value.
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However, the regression coefficients of SDM are weak in reflecting the degree of influence of the
explanatory variables on the explanatory variables and characteristics of spatial spillovers and need
to be further measured in terms of the direct effect, indirect effect, and total effect, in which the direct
effect reflects the influence of the independent variables in the region on the forest carbon sinks in
the region, while the indirect effect indicates the indirect influence of the independent variables in
the neighbouring regions on the forest carbon sinks in the local region, and the total effect is the sum
of the direct and indirect effects, and the total utility is the sum of direct and indirect effects. The total
utility is the sum of the direct effect and the indirect effect, and the measurement results are shown

in Table 4.
Table 4. Decomposition of spatial effect.
direct effect indirect effect total effect
X -6.408*** -0.948 -7.356*
(-7.83) (-0.26) (-1.93)
0.767*** -2.175** -1.408
InD

(4.62) (-2.47) (-1.46)

InE -1.493*** -6.628*** -8.121***
(-4.19) (-2.87) (-3.21)

InF -2.049*** -7.494*** -9.543***
(-4.80) (-3.23) (-3.68)

Note: *, **, *** are significant at 10%, 5% and 1% levels of significance, respectively, and the value in () is the Z-
value.

From the impact coefficients of core variables on forest carbon sinks, the direct effect coefficients,
indirect effect coefficients and total effect coefficients of the cross-efficiency of indirect output systems
are -6.408, -0.948 and -7.356, respectively, which means that every 1% change in the cross-efficiency
of indirect output systems will lead to a homogeneous change of forest carbon sinks in the local region
by -7.356%, of which the part of the impact from the independent variables in the local region is -
6.408% and -0.948% from the spillover effect of neighbouring regions, the direct and total effects
passed the significance test, while the indirect effect did not pass the significance test. This result
indicates that the indirect output system cross-efficiency will not hinder the development of forest
carbon sinks in neighbouring regions although it will hurt forest carbon sinks in the local region.

From the coefficients of the control variables on forest carbon sinks, the direct effect coefficients,
indirect effect coefficients and total effect coefficients of annual precipitation were 0.767, -2.175 and -
1.408, respectively, and the direct and indirect effects passed the significance test, which indicated
that annual precipitation would have a driving effect on forest carbon sinks in this region but would
inhibit the growth of forest carbon sinks in the neighbouring regions. The direct effect coefficients,
indirect effect coefficients and total effect coefficients of annual average temperature and annual
sunshine hours are all significantly negative, with the direct effect coefficients, indirect effect
coefficients and total effect coefficients of annual average temperature being -1.493, -6.628, and -8.121,
and the direct effect coefficients, indirect effect coefficients and total effect coefficients of annual
sunshine hours being -2.049, -7.494, and -9.543, indicating that these two factors have a negative effect
on forest carbon sinks in the local region and the neighbouring regions. Hydrological function is a
major function in forest ecosystems, and the circulation and distribution of water as a carrier in forest
ecosystems integrates ecological functional processes such as energy flow and nutrient cycling. High
temperatures and sunshine may accelerate the physiological activities of trees, thus causing an
acceleration of transpiration, which results in water loss due to a poor supply of root uptake,
disrupting the balance of tree metabolism and contributing to the wilting of plants; they may even
cause forest fires, destroying forest resources, with destructive consequences for forests, and
hindering the process of forest carbon sinks.

To further explore in depth the impact of the cross-cutting efficiency of indirect output systems
on forest carbon sinks, due to the indirect output cross-efficiency is obtained from the cross-efficiency
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of the ecological dimension, economic dimension and social dimension through ER fusion, the core
variables are replaced with the cross-efficiency of the ecological dimension, economic dimension and
social dimension, and spatial regressions are re-conducted and the results obtained are as shown in

Tables 5 and 6.
Table 5. Model regression result.
OLS SAR SEM SDM
A -1.461%** -1.498*** -2.060*** -2.563***
(-2.51) (-2.63) (-3.46) (-4.63)
B 1.365** 1.682** 1.641%* 1.803***
(1.98) (2.47) (2.45) (2.74)
C -6.498*** -7.026*** -6.369*** -5.710%**
(-7.34) (-7.95) (-7.40) (-6.23)
InD 0.751%** 0.770*** -0.698*** 0.568***
(3.62) (3.73) (3.53) (2.85)
InE -0.618* 0.579* -0.589* -0.592*
(-1.92) (-1.84) (-1.94) (-1.89)
InF -1.574*** -1.641*** 1.543%** -1.617***
(-4.64) (-4.94) (-4.85) (-4.73)
8.127***
WA -4.99
-2.422
WB (-0.97)
-5.121*
we (-1.81)
-0.114
W-InD (:0.17)
-0.687
W-InE (-0.56)
WoInF -2.172
n (-1.63)
0.360%**
A (4.28)
0.230%** 0.313***
° (3.44) (3.7)
sioma? e 2.440%** 2.380%** 2.124%**
& - (14.16) (-4.85) (14.07)
R™2 0.354 0.349 0.352 0.376
Note: ¥, **, *** are significant at 10%, 5% and 1% levels of significance, respectively, and the value in () is the Z-
value.
Table 6. Decomposition of spatial effect.
direct effect indirect effect total effect
A -2.161%** 10.230%** 8.069***
(-4.13) (4.22) (3.36)
B 1.620%*** -3.089 -1.469
(2.94) (-0.97) (-0.45)
C -5.967*** -9.180*** -15.147***
(-6.48) (-2.71) (-3.92)
0.592%** 0.130 0.722
InD

2.6) (0.12) (0.61)
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E -0.714% 1272 -1.986
n
(-1.87) (-0.7) (-0.98)
- -1.767%%* -3.683%* -5.450%*
(-4.76) -1.72) (-2.29)

Note: ¥, **, *** are significant at 10%, 5% and 1% levels of significance, respectively, and the value in () is the Z-
value.

In terms of the coefficient of influence of ecological dimension cross-efficiency on forest carbon
sink, the direct effect coefficient, indirect effect coefficient and total effect coefficient are -2.161, 10.230
and 8.069 respectively, which means that every 1% change in ecological dimension cross-efficiency
will lead to a change in the same direction of forest carbon sink in the local region by 8.069%, of which
the part of the influence from the independent variable of the local region is -2.161% and the part of
the influence from the spillover effect of neighbouring regions is 10.230% and the direct effect,
indirect effect and total effect all pass the 1% significance test. The influence part of the spillover effect
from neighbouring regions is 10.230% and the direct effect, indirect effect and total effect all passed
the significance test of 1%. This result indicates that although the cross-efficiency of ecological
dimensions will hurt the forest carbon sink in the local region, it has a driving effect on the
improvement of the forest carbon sink in the neighbouring regions, which indicates that there is a
mismatch between today’s ecological development mode and the forest carbon sink to a certain
extent and that there may be a mismatch between the ecological resources that are not efficiently
developed and utilized, and that do not adequately carry out the forest carbon sink, but instead
inhibit the forest carbon sink Development.

In terms of the coefficient of influence of economic dimension cross-efficiency on forest carbon
sinks, the direct effect coefficient, indirect effect coefficient and total effect coefficient are 1.620, -3.089
and -1.469, respectively, indicating that every 1% change in the cross-efficiency of the economic
dimension will lead to a change in the same direction of forest carbon sinks in the local region by -
1.469%, of which the part of the influence from the independent variable in the local region is 1.620%
and the part of the influence from the spillover effect of neighbouring regions is 1.620%. spillover
effects from the neighbouring regions are -3.089%. Among them, only the direct effect passed the 1%
significance test, and neither the indirect effect nor the total effect passed the 10% significance test,
i.e., the cross-efficiency of economic dimensions in the local region does not have a significant indirect
effect on the forest carbon sinks in the neighbouring regions. Regions with high economic levels can
invest more resources into the production of forest carbon sinks, thus positively affecting the change
of forest carbon sinks. Further, economic growth promotes technological progress and optimises the
production process of forest carbon sinks, which in turn promotes an increase in forest carbon sinks.

In terms of the coefficient of influence of social dimension cross-efficiency on forest carbon sinks,
both the direct effect, indirect effect and total effect are all significantly negative, with the direct effect
coefficient, indirect effect coefficient and total effect coefficient being -5.967, -9.180 and -15.147,
respectively, which means that every 1% change in social dimension cross-efficiency will lead to a
homogeneous change of forest carbon sinks in the local region by -15.147%. which the part of the
effect from the independent variable of the local region is -5.967% and the part of the effect from the
spillover effect of the neighbouring region is -9.180%. And the direct, indirect and total effects passed
the 1% significance test. Excessive forestry tourism can lead to the destruction of the natural
environment, on the one hand, the inappropriate behavior of tourists during tourism may lead to the
destruction of natural resources, on the other hand, tourism developers may lead to the destruction
of the forest land to develop the tourism project, resulting in an ecological imbalance, which will hurt
the forest carbon sink.
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6. Discussion

6.1. Theoretical Implication

With the deepening contradiction between economic growth and environmental concerns,
coupled with the proposal of China’s “dual carbon” goal, the assessment of forest carbon sink
development performance has gained paramount significance. The management of forests not only
yields carbon sequestration benefits but also generates a spectrum of comprehensive advantages,
including social, economic, and ecological benefits [38]. Therefore, this paper constructs a
comprehensive multi-dimensional output indicator system, which contains the output benefits of
forest carbon sinks in ecological, economic and social aspects, and can distinguish between direct and
indirect output benefits. By constructing a spatial model of a forest carbon sink cross-evaluation
system based on ER, this paper further investigates the spillover effects and the influencing factors
of China’s forest carbon sinks under the perspective of cross-efficiency. The specific theoretical
implications are as follows:

First, this paper constructs an input-output indicator system by considering the output benefits
of forest carbon sinks in terms of ecology, economy and society, and at the same time considers the
interactions between direct output benefits and indirect output benefits. Fewer studies in the existing
literature construct a forest carbon sink indicator system through sub-dimensions from a
comprehensive perspective, and the forest carbon sink indicator system constructed by Qiu et al. [30]
only takes forest carbon sink as an output indicator, while the other indicators are used as
environmental variables aimed at regulating the forest carbon sink. In the indicator system
constructed by Huang et al. [13], the forest carbon sink indicator is categorised as an indicator under
the ecological dimension. The indicator system constructed by the above study may not accurately
reflect the full benefits brought by forest carbon sinks. Therefore, this paper constructs a more
comprehensive and accurate forest carbon sink evaluation indicator system based on the full
consideration of the comprehensive benefits of forest carbon sinks. In addition, a distinction is made
between direct and indirect output benefits, emphasizing the importance of forest carbon sinks.

Second, this paper introduces neutral cross-evaluation and utilizes the cross- efficiency
aggregation method based on conditional entropy to comprehensively consider the relationship
between self-evaluation and peer evaluation of DMUs. Under the traditional self-evaluation
perspective, DMUs may overestimate their own advantages when conducting self-evaluation,
leading to exaggerated evaluation results [46]. Evaluating forest carbon sinks under this perspective
may result in multiple areas being evaluated as effective, which is inconsistent with the reality and
thus hinders decision-making [12,30]. In this paper, we measure the efficiency of forest carbon sinks
based on the combined perspective of self-evaluation and peer evaluation, which solves the problem
of exaggerated evaluation results.

Third, the efficiency measurement before indicator fusion in this paper can maximise the
retention of the efficiency information of the indicators. The traditional method of measuring the
efficiency of a multi-dimensional indicator system is generally to integrate the indicators first and
then measure the efficiency [5,6,13], which will lose part of the indicator efficiency information and
can only get the final efficiency results, which is not conducive to the development of specific
decision-making programmed. In this paper, we first calculated the cross-efficiency of the three-level
indicators, and based on this cross-efficiency, we used the ER method to integrate the indicators level
by level. When evaluating the multiple output benefits of China’s forest carbon sinks based on this
method, detailed decision-making analyses can be carried out based on the efficiency evaluation
results of different dimensions.

Fourth, this paper analyses the spillover effects and influencing factors of China’s forest carbon
sinks based on the cross-efficiency results. Although existing literature has paid attention to the
spatial distribution characteristics of forest carbon sinks [29,30,47,48], there is a lack of spatial
analyses of the development of forest carbon sinks under the perspective of efficiency evaluation. In
this paper, the driving factors behind the development of forest carbon sinks in different regions are
studied using the efficiency evaluation method, the development characteristics of forest carbon sinks
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in different types of regions are examined, and the results obtained can help to formulate further
development plans for forest carbon sinks.

6.2. Policy Implications

Based on the conclusions drawn from the studies, the following recommendations can be
considered when developing forest carbon sinks in China:

(1) Differentiated policies should be formulated about the performance level of forest carbon
sinks.

Firstly, in regions with a low level of forest carbon sink performance, priority should be given
to the development of forestry infrastructure, the implementation of afforestation activities, the
improvement of forest cover and the enrichment of forest resources. At the same time, it focuses on
improving the quality of forests, and in the process of cultivating forests, it pays attention to
optimizing the structure of forest stands, selecting advantageous tree species for planting, improving
the level of forest pest control, and strengthening the management of forests, to avoid the
phenomenon of “focusing on afforestation but not on management, and focusing on planting but not
on management and care”. Secondly, for regions with a high level of forest carbon sink performance,
maintain the existing advantages of forest carbon sinks, explore the construction path of the carbon
trading market, give full play to the economic value of forest carbon sinks, convert the advantages of
forest carbon sinks into economic advantages, and then further improve the scientific and
technological level of forest carbon sinks, to promote the more effective development of forest carbon
sinks.

(2) Corresponding policy adjustments should be made for the results of the spatial spillover
effect.

The social dimension of cross-efficiency on the total effect of forest carbon sinks is negative,
indicating that to further improve the residents’ satisfaction with the development of forestry. Income
is the material basis for improving the residents’ satisfaction, the government should actively
formulate relevant policies to promote the simultaneous growth of the income of forestry employees,
improve the mechanism of counterpart assistance, and give the family subsidies to forestry
employees, to improve the work motivation of forestry employees. Vigorously promote forestry
tourism, improve the infrastructure of forestry tourism, and promote the necessity of forest carbon
sinks and the specific ways of energy saving and emission reduction to tourists during their visits, to
increase people’s sense of identity. Ecological dimension cross efficiency on the region’s forest carbon
sinks has a significant negative impact, indicating that today’s ecological environment development
model to a certain extent and forest carbon sinks between the mismatch between the factors, failed
well with the integration of forest carbon sinks development, the provinces should be tailored to the
local conditions of forestry policy reform, combined with the province’s endowment of forest
resources and topography and terrain of the forestry development of the spatial planning, the
implementation of differentiated forestry policy, to promote the level of forest carbon sinks, the level
of the forest carbon sinks. Each province should reform its forestry policy according to local
conditions, consider its forest resource endowment and terrain, carry out spatial planning for forestry
development, and implement differentiated forestry policies, to promote the enhancement of forest
carbon sinks.

6.3. Shortcomings and Prospects

This paper evaluates the comprehensive benefits of forest carbon sinks in China and provides a
spatial characterization based on the evaluation results. However, setting the weights of all indicators
equal does not consider the different levels of importance of indicators in the evidential reasoning
approach. The weighting information associated with the indicators could provide valuable insights
into the development of decision-making scenarios for forest carbon sink development. In the future,
a combination of subjective and objective methods could be used to assign weights, leading to a more
nuanced understanding of how to maximize the overall benefits of forest carbon sinks, considering
the spatial characteristics of the area.
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7. Conclusion

Due to differences in economic development and natural resource endowments, there are
significant imbalances in the regional development of forest carbon sinks in China. This paper
proposes a spatial model to analyze the characteristics of China’s forest carbon sinks. Based on the
cross-efficiency measurement of forest carbon sinks in each region of China from 2009 to 2021, this
paper analyses the current situation and spatial characteristics of China’s forest carbon sinks. The
results of the study show that:

(1) There is a large gap between the cross-efficiency levels of different regions in China, with
significant spatial correlation. Based on the perspective of the direct output benefit, the cross-
efficiency is higher in the eastern region and lower in the northwestern region; based on the
perspective of the indirect output benefi, the cross-efficiency is higher in the southeastern region.

(2) The spatial regression model was used to explore the spatial spillover effects and influencing
factors of forest carbon sinks in 31 provinces in China, and the results showed that China’s forest
carbon sinks have a significant positive spillover effect, the cross-efficiency of indirect outputs,
temperature and sunshine have a significant negative effect on forest carbon sinks in the local region,
and the annual precipitation has a positive effect on forest carbon sinks in the local region; and the
precipitation, temperature, and sunshine hurt the neighbouring regions. The effect of cross-efficiency
of indirect outputs is further analyzed. Further analysis of the effects of indirect output cross-
efficiency reveals that the ecological dimension cross-efficiency and social dimension cross-efficiency
have a significant negative effect on forest carbon sinks in the local region, while the economic
dimension has a significant positive effect on forest carbon sinks in the local region; the ecological
dimension cross-efficiency has a positive effect on forest carbon sinks in neighbouring regions, while
the social dimension hurts forest carbon sinks in neighbouring regions
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