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Agricultural carbon emissions are supposed to be a fundamental component of the
regional carbon cycle in regions with intense agricultural activities. However, the patterns
and controls of agricultural carbon emissions based on the water—land resource coupling
effect remain poorly understood in arid inland regions. Thus, we constructed a research
framework combining water and land resources with agricultural carbon emissions to
assess the linkage of water—land—-agricultural carbon emissions in arid inland regions. The
agricultural carbon emission measurement model and water—land resource coupling
coordination degree model (WLCD) were used for exploring the spatial and temporal
patterns of agricultural carbon emissions and water-land elements. The interaction
between societal , economic , and ecological factors on agricultural carbon emissions
was clarified using the logarithmic mean Divisia index (LMDI). The applicability of the
method was verified in the Zhangye oasis in northwest China. The results are as follows: 1)
from 2012 to 2019, the agricultural carbon emissions in Zhangye increased first and then
declined, with 96% of which mainly coming from chemical fertilizers and plowing; 2) the
coupling coordination index of water—land resources in Zhangye increased from 0.3715in
2012 to 0.5399 in 2019, an increase of 45.33%, indicating a conversion from mild
disordered to basic coordination; 3) regarding the effects among the factors, the
economic output of agricultural water resource, cropland area per capita, and
population (the water and land resource ratio and agricultural carbon emission
intensity) exerted positive (negative) impacts on agricultural carbon emissions.
Accordingly, it is suggested that the green and low-carbon development strategies for
oasis agriculture require a high level of integrated planning and management of water and
land resources, as well as comprehensive consideration of low-carbon agriculture and
elements related to water and land.

Keywords: agricultural carbon emissions, coupling effect, logarithmic mean divisia index, water and land resources,
arid inland region
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1 INTRODUCTION

With the emissions of carbon dioxide from all countries,
greenhouse gas (GHG) is soaring, resulting in global climate
change which is threatening ecosystems and human development
(IPCC, 2014; Chacko et al., 2019; Pang et al., 2020). Against this
backdrop, countries around the world have adopted a global
agreement to reduce GHG emissions (Amin et al., 2020; Duan
et al., 2020; Wei et al., 2021), which has led China to propose the
goals of “2030 carbon peak” and “2060 carbon neutrality” (Xiong
etal, 2021; Chen et al., 2022). The FAO reported that at least 30%
of global anthropogenic GHG emissions come from agricultural
land (FAO, 2021). Meanwhile, the agricultural ecosystems can
reduce GHG emissions (such as methane), among which one
effective means of reducing GHG emissions is the intensive and
efficient use of cultivated land resources (Burney et al., 2010).
Therefore, the development of agricultural modernization has put
forward higher requirements for low-carbon agriculture (Wu
et al, 2020). To achieve carbon peaking, agricultural carbon
reduction and sequestration are both meaningful and great
potential.

At present, studies on agricultural carbon emissions have been
relatively concentrated on the types of agricultural carbon sources
(Woomer and Tieszen, 2004; Johnson et al., 2007), influencing
factors of agricultural carbon emissions (Dyer et al, 2010;
Mohanad et al., 2018), and research on agricultural emissions
reduction measures (Elina and Dagnija, 2016; Robin and Mary,
2017), among which most of the agricultural carbon sources are
considered as a single production process (Han et al., 2018; Liu
and Yang, 2021), and it is believed that agricultural carbon
emissions primarily source from fertilizers, pesticides,
agricultural  films, agricultural —machinery utilization,
agricultural irrigation, and other agricultural operation. Based
on this, scholars have further explored the role of multifactor
linkages in agricultural activities. Zhao et al. (2018) constructed a
theoretical framework for the coupling of
“water-land-energy—carbon,” which hoped to enhance the
ensemble study on the development of water-land-energy
resources on agricultural carbon emissions at the provincial
scale in China. Yu et al. (2022) developed a framework of
energy—carbon-water interactions for agricultural production
systems to achieve sustainable agricultural development by
balancing supply and demand in the Qinghai-Tibet Plateau.
Based on the planting system, Li et al. (2022) optimized the
water—food-energy—carbon nexus (WFENCN) model to provide
scientific suggestions for improving grain yield and reducing
agricultural carbon emissions, and got good applications in the
Sanjiang Plain.

Thus far, most of the existing studies on agricultural carbon
emissions mostly focused on the national level and the area of
main grain production, while fewer studies were conducted at the
city and county scales, especially in the oasis in northwest China.
While oases are the most important regions where agricultural
activities occurred in arid zones, the shortage of water and land
resources and regional structural damage and other non-
sustainable resource utilization problems will directly threaten
the regional agricultural production security (Ibarrola-Rivas et al.,
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2017; Chen et al., 2018; Ren et al., 2018), which requires urgent
improvement of related studies. Moreover, the existing research
studies mostly focus on the interaction between water resource,
land resource, energy, food, and agricultural carbon emissions,
while agricultural production in arid zones is characterized by
land being controlled by water, and then consuming energy to
produce food. Generally, the research studies in oases should pay
more attention to the coupling of water resource and land
resource, especially the mechanisms of the interactions and
interconnections on the water and land resources coupling to
agricultural carbon emissions.

Presently, most studies on regional water-land resource
coupling mainly take administrative divisions as the research
unit (Jiang et al., 2017; Liu et al., 2018), and the research
methods mainly include the matching degree of water and land
resources (MDWL) (Liu et al., 2006; Zhao et al., 2018), the
water-land resources matching model based on the Gini
coefficient (Li et al, 2016; Liu et al., 2018), and data
envelopment analysis (Vitor, 2020; Lu et al., 2021), etc. For
instance, Zhao et al. (2018) evaluated the spatial patterns of
MDWL in China during 2005-2013, and found that MDWL
was higher in eastern and southern provinces than that in
western and northern provinces. To assess the degree of
coupling of water and land, Xu et al. (2019) put forward a
new coupling index which integrated water consumption with
soil fertility. However, if the water and land resources are in
shortage or abundant state at the same time, they cannot be
effectively evaluated by the aforementioned methods. On
account of this, some scholars evaluated water-land
resource coupling with applied the WLCD model. The
coupling coordination model is the model used to analyze
the coordination level of system development, which can
integrate several elements of endowment and utilization to
more accurately and comprehensively assess the
spatial-temporal ~ changes of interdependence and
interconstraint between land and water resource
subsystems, and is an important reference indicator for
sustainable development (Wu et al, 2021). For example,
Wen et al. (2017) used a “pressure-state-response”
framework and a coupled coordination model to quantify
water-land resources and economic development in the
Henan Province from 1999 to 2013. To explore the causes
of water shortage, Jiang et al. (2017) established the risk
indicator system for water shortage evaluation and
indicators of land resources, and then used the WLCD
model to assess the balance degree of water and land resource.

Generally, the existing studies on agricultural carbon
emissions rarely involved the analysis of the effects of water
and land resources coupling on agricultural carbon emissions in
oases in arid zones. Based on this, we take the agricultural carbon
emissions of oasis in arid regions as the research target and
constructed a framework combining water and land resources
with agricultural carbon emissions to assess the linkage of
water-land-agricultural carbon emissions in arid inland
regions. The agricultural carbon emission measurement model
and WLCD model were used for exploring the spatial and
temporal patterns of water and land elements and agricultural
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FIGURE 1 | System framework for impact factors of agricultural carbon emissions combined water—land resource coupling in the arid inland region.

carbon emissions. After that, the LMDI model was used to clarify
the interaction of societal, economic, and ecological factors on
agricultural carbon emissions with ecological factors (water-land
resources) as the entry point.

2 MATERIALS AND METHODS

2.1 System Framework

In the arid region of northwest China, water resources mainly
come from mountainous surface runoff and groundwater. After
coming out of the mountains, the runoff flows through the middle
and lower regions, and is used for human survival and the
irrigation for cultivated land. In this process, the exploitation
of water and land resources generates large amounts of carbon
emissions, which are partly absorbed by water, land, and
vegetation, while partly affecting the runoff and land irrigation
by changing the climate (Bahman et al., 2018; Fatiha et al., 2020),
forming the water-land-carbon nexus on agricultural activities in
the oasis of the arid region (Ghimire et al., 2021). In this context,
the coupling effect of water and land elements is particularly
prominent in the study of carbon emissions.

To this end, we constructed a research framework combining
water-land resources with agricultural carbon emissions to
evaluate the current situation of water and land resource
coupling and agricultural carbon emissions in the arid inland
region, demonstrated in Figure 1. As we know, water and land
resources are intimately related to carbon emissions. So water and
land elements were deemed to be ecological indicators combined
with social and economic indicators to ascertain the impact
factors of agricultural carbon emissions. In conclusion, this
study constructed a water-land-carbon framework to clarify
the relevance between water-land elements and agricultural
carbon emissions, aiming to bring thought and insights for the
future management of water-land resources and efficient
agriculture in the arid region. This study took the Zhangye
oasis in northwest China as a case to verify the rationality and
feasibility of this method.

2.2 Study Area

The Zhangye city (37°28'-39°57'N, 97°20'-102°12'E), with
mountains to the north and south, long and narrow territory,
high in the southeast and low in the northwest with the complex
terrain, is situated in the central part of the Hexi Corridor in the
arid region of northwest China (Figure 2). Zhangye resides in the
continental arid climate with an annual evaporation of about
1,700 mm and uneven spatial distribution of annual precipitation.
The average annual rainfall in the southern part of Zhangye city
(Qilian Mountain) is 280 mm, while the crop area in the north is
dry with little rainfall, about 90 mm. Zhangye city is one of the 12
key commercial grain bases of China, which consists of six
counties (Ganzhou, Linze, Gaotai, Shandan, Minle, and Sunan)
(Bai et al., 2021). Due to the shortage of water resources and
harmful human activities, the region faced a series of ecological
and environmental problems (Wang Q. et al., 2021). At the end of
2019, Zhangye city had a resident population of 1,237,600, and
occupied a total area of 3.859 x 10*km?, including 0.356 x
10* km® of arable land and 0.298 x 10*km? of cropland. The
amount of fertilizer used in Zhangye was 8.62 x 10* t and that of
the agricultural film was 1.17 x 10* t. The study of
spatial-temporal  patterns and influencing factors of
agricultural carbon emissions based on water and land
resource coupling in Zhangye can proffer us better understand
the function of water-land resource utilization on carbon
emissions in crop production (Xu et al, 2019), so as to
promote the regional low-carbon content of agriculture
development and proffer the theoretical support to realize the
scientific and green development of agriculture in the arid area of
northwest China.

2.3 Methodologies

2.3.1 Agricultural Carbon Emission Measurement
Model

We deem that the agricultural carbon emissions are primarily
caused by agricultural production activities, including fertilizer
application, pesticide spraying, agricultural film mulching,
agricultural irrigation, plowing, and agricultural machinery
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FIGURE 2 | Geographical location of Zhangye city.

TABLE 1 | Agricultural carbon emission sources and coefficient.

Carbon source Fertilizer Pesticide Agricultural film Irrigation Plowing Agricultural

machinery

Carbon emission coefficient 895.6 kg/ 4,934.1 kg/ 5180 kg/t 266.48 kg/ 312.6 kg/ 0.18 kg/kW
t t hm? hm?

utilization. Then, we can use the following formula to calculate
agricultural carbon emissions (Liu and Yang, 2021):

Ctotaleh+Ey+Em+Eg+Ef+Ej
=AXG+BxGy+CxGu+DxA;+EXAf

+F><Wj, (1)

where Cy, is the total agricultural carbon emissions (10* t); Ey,
Ey, En, Eg Es and Ej are carbon emissions from fertilizer
application, pesticide spraying, agricultural film mulching,
agricultural irrigation, plowing, and agricultural machinery
utilization, respectively (10* t); G, is the net amount of
agricultural fertilizer (t); G, is the amount of pesticide
application (t); Gy, is the usage amount of agricultural plastic
film (t); A, is the effective irrigated area (hm?); A¢ is the crop
sowing area (hm?); W; is the aggregate capacity of agricultural
machinery (kW); the carbon emission coefficients of each carbon
source are denoted as A, B, C, D, E, and F, respectively, which are
shown in Table 1 (Han et al, 2018; Liu and Yang, 2021).
Carbon emission intensity measures the relationship between
aregion’s economy and its carbon emissions. If economic growth
is accompanied by less carbon dioxide emissions, the region has
achieved low-carbon development. Therefore, we define
agricultural carbon emission intensity as the carbon emission
triggered by per ten thousands CNY of agricultural gross output.

where Ciytensiry is the carbon emission intensity of agriculture (t/
10* CNY), and G is the gross agricultural output.

The growth rate of Cio(a1 and Cipensiey are defined as the ratio of
the growth at the beginning and end to the development level in
the base period.

_ Ctotal(t+l) - Ctotal(t)

Crotal x 100%,

3)

Ctotal(t)
Cintensity(Hl) - Cintensity(t

) % 100%. (4)

Cintensity - C
intensity ()

2.3.2 Water-Land Resource Coupling Coordination
Degree Model

Coupling degree is proposed to describe the strength of the
synergy between the parameters in the development of the
system. According to the principle of synergy theory, the key
to the system’s order is the synergy between the subsystems, and
the coupling degree is the measure of synergy (Qu et al., 2021).
Coordination degree represents the magnitude of benign
coupling in the coupling-interaction interrelationship, which
can reflect the positive or negative status of coordination.

The development level and mutual influence of subsystems
can be reflected by the coupling coordination degree (Wu et al.,
2021). We constructed the WLCD model according to the water
and land resource systems. The calculation formulas are shown as
follows.

C _ Ctotul (2)

intensity — > .

fntensity G (1) Coupling degree:
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1/2
C= Z{UIXUZ} ) (5)
U, + Uz)2

(2) Coordination degree:

T = ((X‘U1+ﬁ'U2). (6)

(3) Coupling coordination degree:

D=+(CxT), @)

where C indicates the degree of coupling, U, and U, are the
comprehensive index of land and water resource subsystems,
representing the contribution of land resource and water resource
subsystems to the total system orderliness, respectively, T is the
regional water and land resource comprehensive coordination
index, where a and f§ are the regional water and land resource
subsystem contribution coefficients to be determined, reflecting
the overall coordination effect. This study takes « = § = 0.5 (Dong
et al., 2021), due to the equal importance of water and land
resources, and D denotes the coupling coordination degree of
each subsystem.

2.3.3 Carbon Emission Impact Factors and
Decomposition Model

Presently, there are abundant studies on carbon emission
influencing factors, among which the mainstream method is
the combination of Kaya’s constant equation and the LMDI
model (Li et al., 2018). In 1989, Yoichi Kaya first proposed the
Kaya’s constant equation (Yoichi, 1989), which decomposes the
total carbon emissions into the form of the product of four
factors: carbon intensity, energy intensity, gross domestic
product (GDP) per capita, and population. Based on the
previous research experience on carbon emissions and their
influencing factors (Zhao et al, 2018), we added ecological
development factors into Kaya identity to build the influencing
factor model of agricultural carbon emissions, as follows:

w L
X—X-—X—=XDP, (8)

where C denotes agricultural carbon emissions (10* t), G denotes
total agricultural added value (10° CNY), W denotes agricultural
water consumption (103 m?), L denotes the arable land area
(10° hm?), and P denotes year-end population (10* person).

Let i=S%,9=%,w=%,1=%, and then,
C=ixgxwxIx p, which decomposes regional agricultural
carbon emission C into the product of five factors, where i
denotes the intensity of agricultural carbon emission, g
denotes the economic output of agricultural water resource, w
denotes water and land resource ratio, / denotes cropland area per
capita (I), and p denotes population.

Recently, LMDI has been widely applied in the study of energy
consumption and carbon emissions by domestic and foreign
scholars (Hatzigeorgiou et al, 2008; Xin et al, 2021). In
addition, LMDI is a complete decomposition method, which
leaves no residuals (Zhao et al, 2022), and the logarithmic
form also supports the conversion of multiplication and

Linkage of Water-Land-Agricultural Carbon Emissions

addition in the formula, which has great advantages compared
with other methods. Therefore, we decomposed the five
influencing factors of agricultural carbon emissions from base
year (0) to target year (T) in Zhangye city using the LMDI
decomposition model, and determined the contribution value of
each factor. The decomposition formula could be expressed as
follows:

AC=C"-C’=AC; +AC, + AC, + AC; + AC, + AC,sa,  (9)

where CT and C° denote agricultural carbon emissions in the
target year and base year, respectively, AC is the agricultural
carbon emission variation between C° and C*, AC; and AC, are
economy factors, and denote the contribution of agricultural
carbon emission intensity and economic output of agricultural
water resources to AC, respectively. AC,, is the ecology factor,
which denotes the contribution of water and land resource ratio
to AC. AC; and AC, are societal factors, which denote the
contribution of cropland area per capita and population to
AC. AC,q denotes the residual term after decomposition of
the factors.

On the basis of LMDI decomposition model, the contribution
of single factor to AC is derived.

CT_ 0 iT CT_ 0 gT
ACi=————~ xIn—-AC,=————— _xInZL,
InC —InC® @ T T g "
cr-¢° w’ cr-¢° T
ACp=—" xIn—AC;=————— x1In—,
nC —InC " S T I —Ing® P
CT_ 0 pT
ACp:mxlnFACmdzo.

(10)

2.4 Data Sources

The panel data of different counties in the land resource
subsystem of Zhangye were used to calculate the WLCD,
which included cropland area, total population, regional GDP,
and other statistical data derived from the Statistical Yearbook.
The data of the water resource subsystem (i.e., consumption of
agricultural water, domestic water, and ecological water) were
taken from the Water Resource Comprehensive Annual Report of
the Zhangye Administration. Moreover, the statistical data which
were used to calculate agricultural carbon emissions include six
types in Eq. 1, such as fertilizer refraction, agricultural film usage,
and crop sowing area, were obtained from the Statistical
Yearbook.

2.5 Water-Land Resource Index System

Construction

Based on the consideration of representativeness, basicity,
and accessibility, 19 evaluation indicators were screened
according to the characteristics of water and land
resources in Zhangye from 2012 to 2019 in terms of
endowment and utilization, respectively, which constituted
the coupled indicator system of water-land resources of
Zhangye, as shown in Table 2. Each indicator was
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TABLE 2 | Coupling coordination degree evaluation index system.

Linkage of Water—Land-Agricultural Carbon Emissions

Subsystem Indicator category Indicator name Indicator unit Indicator type Indicator weight
Land resource subsystem Land resource endowment  Arable proportion % + 0.07592
Arable area of per capita hm? + 0.07224
Effective irrigated area of farmland hm? + 0.07509
Gross regional product per capita 10* CNY + 0.04255
Land resource utilization Density of population person/km? - 0.06544
Replanting index - + 0.04634
Gross value of agricultural output per unit of land ~ 10* CNY/hm? + 0.03671
Grain production per unit area kg/hm? + 0.04162
GDP per capita in agriculture CNY + 0.06654
Water resource subsystem  Water resource endowment  Total precipitation resources 108 m3 + 0.03173
Total water resources 108 m® + 0.0746
Water resources per capita m® + 0.0739
Average water resources per unit of land m®/hm? + 0.03565
Water production coefficient % + 0.076083
Water resource utilization Agriculture use proportion % - 0.0545
Industry use proportion % - 0.0227
Living use proportion % - 0.0228
Ecological water use proportion % - 0.04387
Water consumption of 10,000 CNY GDP m® - 0.04177
TABLE 3 | Classification system and criteria for coupling evaluation of water—land 30.0 2025

resources.

Degree of coordination = Coordination degree Types of coupling

coordination

Coordinated (0.90, 1.00] Extreme coordination
(0.80, 0.90] High-quality coordination
(0.70, 0.80] Good coordination
(0.60, 0.70] Moderate coordination
Transitional (0.55, 0.60] Primary coordination
(0.50, 0.55] Basic coordination
(0.45, 0.50] Barely coordinated
(0.40, 0.45] Nearly disordered
Dysfunctional (0.30, 0.40] Mild disordered
(0.20, 0.30] Moderate disordered
(0.10, 0.20] Severe disordered
0, 0.10] Extremely disordered

distributed into two categories. The positive indicators are
greater than 0, the larger the better. The negative indicators
are less than zero, the smaller the better. To avoid the
influence of subjectivity on the weight calculation, the
entropy value method was applied to calculate the
corresponding weight values of 19 indicators.

2.6 Evaluation Index of Coupling
Coordination Degree of Water-Land

Resources

To reveal the coupled and coordinated development level
between water and land resources, we classify WLCD
according to the magnitude of coupled and coordinated

I Agriculturalcarbon emissions ==#==Agricultural carbon emission intensity

0.15

[

. 0.10

0.05

Agricultural carbon emissions (10* 1)

Agricultural carbon emission intensity (10* CNY)

26.5 0.00
2012 2013 2014 2015 2016 2017 2018 2019

FIGURE 3 | Variations and intensity of agricultural carbon emissions in
Zhangye during 2012-2019.

degree. The degree of coupling coordination in the study area
is divided into three major categories and 12 subcategories of
dysfunctional, transitional, and coordinated (Wen et al., 2017),
which are detailed in Table 3.

3 RESULTS

3.1 Time-Series Evolution of Agricultural
Carbon Emissions in Zhangye

3.1.1 Overall Difference Analysis of Agricultural
Carbon Emissions in Zhangye

The total agricultural carbon emissions of Zhangye increased first
and then fluctuated with decreasing from 2012 to 2019
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TABLE 4 | Composition of agricultural carbon emissions in Zhangye during 2012-2019 (unit: 10*1).

Year Fertilizer Agricultural film Pesticide Irrigation Plowing Machinery
2012 8.0942 7.0149 1.0313 4.6936 7.269 0.0407
2013 8.6912 5.6781 1.1223 4.6941 7.5305 0.0425
2014 8.9225 6.158 1.1105 4.8586 7.6347 0.0439
2015 9.0123 6.5286 1.0267 4.954 7.834 0.0452
2016 7.3704 6.6781 0.8884 5.0223 8.0013 0.0464
2017 7.5164 6.6023 0.8766 5.1688 8.073 0.038
2018 7.1669 6.1512 0.8326 5.2919 8.1907 0.0399
2019 7.4642 6.0519 0.8208 5.8206 8.3604 0.0417
Mean 8.0298 6.3579 0.9636 5.063 7.8617 0.0423
TABLE 5 | Agricultural carbon emissions of counties in Zhangye from 2012 to 2019.

Year 2012 2013 2014 2015 2016 2017 2018 2019
Shandan 3.208 3.3019 3.2795 3.3463 3.4077 3.4454 3.31221 3.7654
Minle 5.8958 6.0272 6.1281 6.2694 6.3314 6.1731 6.41501 6.4923
Ganzhou 10.918 10.096 10.86 10.977 9.1579 9.6922 9.1274 9.3624
Linze 3.8063 3.7124 3.695 3.8196 3.8946 4.0116 4.09235 4.2931
Gaotai 3.6528 3.9165 4.0655 4.2572 4.1522 3.9908 3.7869 3.6339
Sunan 0.6633 0.705 0.7002 0.7313 1.0632 0.962 0.93934 1.0126
Zhangye 28.144 27.759 28.728 29.401 28.007 28.275 27.6732 28.56

B Agricultural Machinery
I Plowing
I 1rrigation

Pesticides

I Agricultural Film
Fertilizer

—_
=
1

oo
1

2012-2019 Average Total Agricultural Carbon Emissions
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FIGURE 4 | Total and structure of agricultural carbon emissions in

counties and districts of Zhangye.

(Figure 3), among which it was the highest in 2015 (29.4 x 10* t).
From 2012 to 2015, the total agricultural carbon emissions of
Zhangye increased by 1.257 x 10* t, mainly coming from
chemical fertilizer, accounting for 73% of the increase. Then,
the agricultural carbon emissions fell to a minimum in 2018, with
a growth rate of —2.13% from 2017 to 2018. From the perspective
of agricultural carbon emission intensity, the overall trend was
decreasing. The carbon emission triggered by each 10,000 CNY of

gross agricultural output decreased from 0.222 t in 2012 t0 0.153 t
in 2018, a decrease of 31%, indicated that the development of
agricultural production in Zhangye was becoming more and
more low carbon. According to the composition of agricultural
carbon emissions (Table 4), the agricultural carbon emissions of
Zhangye mainly came from the four major aspects of fertilizer,
plowing, agricultural film, and agricultural irrigation, which
approximately account for 96% of the total value. Agricultural
carbon emissions from irrigation and plowing showed a
significant increase during 2012-2019, with growth rates of
24.01% and 15.01%, respectively. Generally, the agricultural
carbon emissions resulted in the synergistic effect of multiple
factors. Policies such as “zero” growth of agricultural fertilizers
and pesticides would play a vital role in guiding agricultural
carbon reduction.

3.1.2 Region Differences of Agricultural Carbon
Emissions in Zhangye

From the changes of C;, in each county and district of Zhangye
from 2012 to 2019 (Table 5), Ganzhou had the most agricultural
carbon emissions, with a trend of fluctuation decline. Minle,
Linze, Shandan, and Sunan showed a steady and slow growth
trend in agricultural carbon emissions, while Gaotai reached the
peak in 2015 and then declined year by year. Based on the average
emissions of each carbon source in Zhangye, we analyzed the
structure of agricultural carbon emissions of each county and
district (Figure 4). The agricultural carbon emissions in Ganzhou
were significantly higher than those in other counties, accounting
for 35.4% of the Cyy, in Zhangye. In addition, the dosage of
fertilizers, pesticides, agricultural films, and other production
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TABLE 6 | Comprehensive coupling coordination index of water—land resources in Zhangye.

Year U, U, Coupling degree Coordination degree Composite index Coupling coordination

type
2012 0.0972 0.2176 0.8809 0.1574 0.3715 Mild disordered
2013 0.1245 0.2480 0.9099 0.1863 0.4106 Nearly disordered
2014 0.1955 0.2518 0.9867 0.2236 0.4688 Barely coordinated
2015 0.2273 0.2627 0.9882 0.2450 0.4917 Barely coordinated
2016 0.2697 0.2152 0.9852 0.2425 0.4879 Barely coordinated
2017 0.2872 0.2499 0.9857 0.2686 0.5138 Basic coordination
2018 0.2670 0.2374 0.9877 0.2522 0.4983 Barely coordinated
2019 0.3721 0.2319 0.9669 0.3020 0.5399 Basic coordination
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FIGURE 5 | (A-D) represent different periods of 2012-2019, which divided in a two-year cycle. Spatial variation of WLCD in Zhangye in different years.
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materials in Ganzhou was much higher than that in other
counties, among which agricultural films accounted for the
largest proportion of total emissions at 29%. The emissions in
Minle were also high, accounting for 21.95% of the Ciyy in
Zhangye, while the emissions source from fertilizer and plowing
occupied 65% of the total emissions in Minle. The total emissions
in Linze and Gaotai were similar, while Shandan was slightly
lower, mainly because the use of agricultural films in Shandan was
significantly less than that in Linze and Gaotai. The emissions in
Sunan were much lower than those in other counties, where the
main agricultural carbon source was plowing.

3.2 The Analysis of WLCD in Zhangye

3.2.1 Overall Temporal Changes of WLCD in Zhangye
The WLCD of Zhangye showed an increasing trend from 2012 to
2019 (Table 6), which increased from 0.3715 in 2012 to 0.5399 in

2019, with an increase of 45.33%. The coupling coordination type
converted from mild disordered to basic coordination, reflecting the
effectiveness of water-land resource management in Zhangye. The
contribution value of land resource subsystems, U}, showed a steady
rising trend, while the comprehensive index of water resources U,
fluctuated between 0.2 and 0.3, indicating that the contribution of
land resource to WLCD increased year by year. In addition, under
the premise of a lower U,, the comprehensive index of land resources
increased year by year, indicating that the utilization rate of water
resources in Zhangye was getting much higher, thus promoting the
utilization of land resource and improving the WLCD. In recent
years, Zhangye has implemented the “Ecological Environmental
Protection and Comprehensive Management Plan for Water
Conservation Area of Qilian Mountain”, “the adjustment and
optimization plan for ecological protection and restoration of
mountains-rivers—forests—farmlands-lakes-grasslands ~ in  the
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Qilian Mountain and Heihe River Basin” as well as other policies for
building a water-saving society, which have promoted the optimal
allocation of water and land resources.

3.2.2 The Spatial-Temporal Changes of WLCD in
Zhangye

We divided the period 2012-2019 into four periods (2012-2013,
2014-2015, 2016-2017, and 2018-2019), and then evaluated the
average value of WLCD in Zhangye for these four periods
(Figure 5). It can be seen that the WLCD in Zhangye continued
to rise but with large spatial differences. The WLCD of Ganzhou was
the highest from 2012 to 2015. Generally speaking, the spatial
distribution of WLCD is determined by water resources and land
resources in counties. Ganzhou, the location of Zhangye Municipal
Party Committee and Municipal Government, is the political,
economic, and cultural center of Zhangye. With the increase of
population and economic development, the exploitation intensity
of water-land resources in Ganzhou became larger. The pressure
on water-land resources was also increasing, resulting in the
continuous growth of WLCD in Ganzhou. Sunan is located in the
northern foot line of the Qilian Mountains, covered by vast grasslands
and dense forests, owning Shiyang River, Heihe River, and Shule River
in the territory, whose water resources and land resources are richer
than other counties of Zhangye. With the help of mechanization and
other modern technology, the WLCD of Sunan grew faster.

3.3 Agricultural Carbon Emissions and

Water-Land Resource Impact Factors
The agricultural carbon emissions in Zhangye were decomposed
from five influencing factors (AC;, AC,, AC,, AC;, and AC,),

which are demonstrated in Figure 6. In the calculation results, the
change amount of carbon emission resulting from the change of
each influencing factor is positive (negative), indicating the factor
contributes (inhibits) to the growth of carbon emissions.

During 2012-2019, the contribution of each factor to AC was
ranked as: AC, > AC; > AC,, > AC; > AC,.. In those factors, the
economic output of agricultural water resources, cropland area
per capita, and population contributed positively to AC, while the
contribution of agricultural water consumption per unit of arable
land area and the agricultural carbon emissions intensity
inhibited AC.

The characteristics of influencing factors of agricultural
carbon emission were quite different in Zhangye. With the
requirements of decarbonization for social and economic
development, AC;, which reflects the relationship between
agricultural carbon emissions and agricultural economy, was
an inhibited factor of AC. AC, showed a promotional role on
AC in Zhangye. As the agricultural GDP showed an increasing
trend, while the agricultural water consumption showed a
continuous decline from 2012 to 2019, which means that the
reform of the management system and the optimization of
farming practices had improved the efficiency of water
utilization but also caused extra energy consumption, which in
turn generates more carbon emissions.

From 2012 to 2019, AC; played a facilitating role on AC in
Zhangye, mainly reflected in 2014-2016, while inhibited AC in
other years. AC,, showed a suppressive effect in general, but a
facilitating effect in 2012-2014. From 2012 to 2014, the average
water-land resource coupling coordination was only 0.42,
showing a state of nearly disordered. Because of the poor
matching of water-land resources, excessive energy
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consumption was generated contributing to the agricultural
carbon emissions. From 2014 to 2019, the average water and
land resource coupling coordination increased to 0.50, showing a
basic coordination state. As an arid inland region, water resources
in Zhangye are the main limiting factor for social development.
Therefore, with the improvement of water resource development
and utilization level, the WLCD was better, which would reduce
excess energy consumption and decrease the energy input by
higher agricultural energy efficiency. The coupled coordination
situation of water-land resources was inclining to be better,
indicating that the water-land resource matching degree
became better, which was beneficial to curb agricultural
carbon emissions.

However, the influencing factors of agricultural carbon
emissions distributed differently in Zhangye (Figure 7). First,
the AC; of all counties were negative from 2012 to 2019 in
Zhangye, indicating that the carbon emission intensity of each
county showed a downward trend with the rising of total
agricultural carbon emissions. Moreover, the suppression
degree of agricultural carbon emission intensity of each county
had spatial differences. Generally, Ganzhou was the highest
(-4.47 x 10* t), while Sunan and Gaotai were lower at —0.95 x
10* tand —0.27 x 10 t, respectively. Second, AC, was the supreme
factor for AC. Of all counties in Zhangye, Ganzhou’s contributing
value was the highest (4.59 x 10* t), and Sunan was the lowest
(0.42 x 10* t). Third, the water and land resources vary greatly as
Zhangye is located in the oasis of the arid inland river basin, so
that the water and land resources ratio of each county in Zhangye
had a large difference. In most cases, the AC,, in most counties of
Zhangye was shown as an inhibitory factor, with that of Ganzhou
was the highest (—3.59 x 10* t), and that of Gaotai next (—3.10 x
10* t). However, the AC,, of Sunan had a slightly promoting effect
on agricultural carbon emissions (0.015 x 10* t). Fourth, the AC,
of all counties was shown as a positive effect. Also, the extent of
positive effect was relatively similar, lying between 0.02 x 10* t

and 1.74 x 10* t with the contributing value of Ganzhou being the
highest (1.74 x 10* t) and that of Sunan being the lowest (0.02 x
10* t). Finally, the AC, varied widely across counties in Zhangye,
which was a contributing factor in most counties except Linze.

4 DISCUSSION

4.1 Coupling Effect of Water-Land

Resources
One of the matching measurements of water and land resources
in traditional agriculture is the ratio of agricultural water
consumption and arable land area (Zhao et al., 2018).
However, this method is greatly influenced by regional
differences and has few evaluation factors, so it is difficult to
make an objective evaluation of the interaction relationship
between water and land resources. On the contrary, the
coupling coordination degree model establishes the index
evaluation system from both utilization and endowment, and
integrates multiple factors to evaluate the degree of water and
land coupling, which can objectively reflect the coupling
coordination level of water and land resources and the
possible causes of conflicts (Shi et al., 2020; Wu et al., 2021).
From a temporal perspective, the WLCD of Zhangye showed
an upward trend during 2012-2019, which principally benefited
from government policy support and socio-economic progress.
For the past few years, the central government put forward the
concept of “building a resource-saving and environment-friendly
society,” “developing high-quality agriculture,” and “water-saving
irrigation”. Under this background, Zhangye has reduced
agricultural water consumption and increased the agricultural
output, which indicated that the reform of farmland management
and the changes in farming methods have promoted the water
resource utilization efficiency and optimized the spatial layout of
water and land resources. From the spatial scale, the coupling
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coordination of water and land resources in Sunan increased
rapidly, slightly higher than those of other counties. The main
reason was that Zhangye is an oasis city where water resources are
still the main limiting factor of social development and farming,
while Sunan is located in the mountainous region, with relatively
abundant water resources. The rest counties were constrained by
water resources, so they had a slightly lower matching index of
water and land resources.

4.2 Agricultural Carbon Emissions and

Influencing Factors

The Chinese government has set a clear goal of achieving “carbon
peak” by 2030 and “carbon neutrality” by 2060, requiring
industries to explore the ways to reduce carbon emissions.
China is a large agricultural producer, and carbon emissions
of the agricultural production system are also a vital part that
cannot be ignored. At present, agricultural carbon emissions
mainly include two parts: planting and livestock. Due to the
difficulty of data acquisition, we only considered the carbon
emissions generated by planting (including chemical fertilizers,
pesticides, agricultural film, irrigation, agricultural plowing, and
agricultural machinery), neglecting the carbon emissions from
livestock and crop growth.

Oasis, as the gathering areas of agricultural production activities
in arid regions, is the key area worthy of attention for agricultural
carbon emissions, while agricultural activities in an oasis are mainly
restricted by water and land resources. To reduce the agricultural
carbon emissions of oasis, the feedback influence of water and land
resources must be taken into account, with the relationship of
agricultural carbon emissions and water-land resources as the
entry point, and take appropriate measures according to local
conditions. For example, in the Ganzhou district, where
agricultural carbon emissions are large, we can reduce carbon
emissions by increasing the intensity of agricultural carbon
emissions and the coupling coordination degree of water and
land elements. Specific measures can be taken, but not limited
to water and energy-saving irrigation methods such as sprinkler,
drip irrigation, and self-pressure irrigation which can be adopted to
reduce agricultural water and energy consumption without the
reducing agricultural output (Wang X. et al, 2021). Organic
manure can be used to take place of chemical fertilizers, and
new agricultural films can be used to replace ordinary agricultural
films, and encourage mechanized agriculture transfer to green,
sustainable, and modern agriculture (Sharma et al., 2021).

The main affecting factors of agricultural carbon emissions are
economic factors and natural factors, among which economic
factors are closely related to national and regional development. It
is difficult to regulate economic factors while maintaining
regional development. Zhangye is an oasis city in the arid
inland river basin of northwest China. The natural factors are
mainly water and land resources, so the combination of water and
land resources directly affects the quality of agricultural
production (Li et al., 2019; Deng et al., 2021). Therefore, this
study integrates societal, economic, and ecological factors using
the LMDI model, which is widely applied to the decomposition of
CO, emission influencing factors, to measure the main

Linkage of Water-Land-Agricultural Carbon Emissions

influencing factors of agricultural carbon emissions in Gansu
Province (Xin et al, 2021). Some researchers believe that
agricultural water utilization per unit of arable land area is a
contributing factor to agricultural carbon emissions, which
means that the more the agricultural water utilization per unit
of arable land area, the better the development of agricultural
production, and the higher the agricultural carbon emissions
(Zhao et al., 2018; Deng et al., 2021). However, this conclusion is
mainly applicable to the provincial stage at the national level.
From the actual data, it is concluded that the agricultural water
consumption per unit of arable land area in Zhangye has a
suppressive effect on agricultural carbon emissions.

4.3 Limitations and Future Research

Direction

In the estimation of agricultural carbon emissions in this study, only
the carbon emissions from the agricultural production process are
considered, neglecting the carbon emissions generated by livestock
and field crop growth. In addition, the analysis of water and land
resource coupling takes the whole oasis as the study area, but the
actual unit of “water” is “irrigation area” in an arid oasis (Wang and
Gao, 2014; Jia, 2017). Taking the “irrigation area” as the study unit of
water and land resource coupling will be more representative and
scientific, which is the direction we need to strengthen in the future.
The study of the coupling of water and land elements also only
considered the coupling of water and land resources under socio-
economic conditions. However, water and land resource coupling
should be a combination of socio-economic and natural states of
water and land resources, including land use types, soil quality,
rainfall, evaporation, and other natural conditions. In addition,
according to research, water and land resources have a strong
inhibiting effect on agricultural carbon emissions. Compared with
socio-economic and arable land areas, which are difficult to regulate,
regulating and optimizing the development and utilization of water
and land resources is a more ideal mean to reduce emissions.

In the future, we need to collect much more data to improve
the calculation of agricultural carbon emissions. It is necessary to
strengthen the research on the coordination mechanism of water
and land resource coupling based on the hydrological conditions
as the basis for improving the interaction of water, land, and
carbon elements. In addition, it is necessary to strengthen the
research on the influencing factors and mechanism of coupling
state of water and land resources, so as to deploy the main
elements of water and land resources more scientifically,
gradually realize the efficient allocation of water and soil
resources, and achieve the goal of scientific and efficient
emission reduction, which will provide technical and
theoretical support for scientific and efficient sustainable
development of oases in arid inland river basins.

5 CONCLUSION

In this study, we first constructed a research framework
combining water and land resources with agricultural carbon
emissions to assess the linkage of water-land-agricultural carbon
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emissions in arid inland regions, and took Zhangye in northwest
China as an example to verify the applicability. Then, the
agricultural carbon emission measurement model and WLCD
were used for exploring the spatial and temporal patterns of water
and land elements and agricultural carbon emissions. Finally, we
discussed the interaction between societal factors (AC; and AC,),
economic factors (AC; and AC,), and ecological factors (AC,,) on
agricultural carbon emissions by LMDI. This study can help in
bringing thought and insights for future management of
water-land resources and efficient low-carbon development of
agriculture in arid inland regions. The following main
conclusions are drawn:

1) The agricultural carbon emissions in Zhangye peaked in 2015
and fell to the minimum in 2018, with an overall trend of rising
and then fluctuating down. The agricultural carbon emissions in
Zhangye mainly come from four sources: fertilizer, plowing,
agricultural  film, and agricultural irrigation, which
approximately account for 96% of the total agricultural
carbon emissions. There are significant differences in
agricultural carbon emissions among the counties in Zhangye,
with Ganzhou and Minle having more agricultural carbon
emissions, accounting for 57.35% of the total emissions of
Zhangye, which is the district and county that needs to focus
on reducing agricultural carbon emissions.

The coupled water-land resource coordination index of
Zhangye increased from 0.3715 in 2012 to 0.5399 in 2019,
with an increase of 45.33%, showing an upward trend from
mild disordered to basic coordination. The WLCD in all
counties of Zhangye has increased, with the highest in
Ganzhou from 2012 to 2015 and Sunan from 2016 to 2019.
After analysis, the coupling index of water-land resources is
influenced by the differences under natural conditions and the
efficiency of water and land resources exploitation.

The economic output of agricultural water resources,
cropland area per capita, and population contributed to
agricultural carbon emissions in Zhangye, while the ratio of

2)

3)
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