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Process analysis and mitigation strategies 
for wetland degradation caused by increasing 
agricultural water demand: an ecology–
economy nexus perspective
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Abstract 

Background  Farmland expansion has played a major role in wetland degradation in Heilongjiang Province, China 
in recent decades. Farmland expansion increases the demands for water, thereby affecting wetland water cycles, 
and promoting the shrinkage of wetland areas and degradation of ecosystem functions. As an open system, agricul-
tural production is limited by both ecological and socioeconomic conditions. However, our understanding of wetland 
degradation caused by farmland expansion from the perspective of the ecology–economy nexus is limited.

Methods  A correlation between farmland expansion and agricultural economic activities was established, and wet-
land degradation driven by agroeconomic activities was inversely derived using a multi-regional input–output 
(MRIO) analysis. We developed an ecology–economy nexus framework to explore the ecological process of the area 
and water demand tradeoffs between wetland degradation and farmland expansion, the economic process of wet-
land degradation driven by food consumption, and the nexus between the two processes. We finally explored strate-
gies to mitigate wetland degradation due to increased agricultural water demand.

Results  Farmland expansion contributed to 93.76% of the total degraded wetland area. There was a significant nega-
tive correlation between wetland area and the water consumption for crop production, but no significant correlation 
between wetland area and the ecological footprint of croplands. The direct wetland degradation caused by local 
final demand accounted for 63.02%, while the indirect degradation caused by non-local final demand accounted 
for 36.98%. Hebei, Shandong, Liaoning, Inner Mongolia, and Shanghai were the top five provinces contributing 
to indirect wetland degradation in Heilongjiang. Our findings indicated that a mixed scenario combining water foot-
print reduction per unit yield with food export reduction could maximize wetland restoration while reducing local 
farmland–wetland competition for water.

Conclusions  Our research highlights the effects of economic processes in the agricultural sector on wetland degra-
dation, and showed that the adjustment of food trade patterns can effectively promote wetland restoration.
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Introduction
Large-scale farmland development has had a major 
effect on local land-use patterns in Northeast 
China due to the national regulations on food produc-
tion goals established in the 1950s, resulting in farm-
land expansion and wetland shrinking (Niu et al. 2012; 
Chen et  al. 2018). The increase in water consumption 
for crop production has greatly reduced the availabil-
ity of water resources for wetlands (Siebert et al. 2010; 
Rodell et al. 2018; Zou et al. 2018), resulting in wetland 
degradation mainly manifested in the reduction of wet-
land area and loss of ecological function (Zhang et  al. 
2010; Niu et  al. 2012), which has already caused con-
siderable ecological and economic damage (An et  al. 
2007). At the regional scale, more than 85% of wetland 
degradation has been caused by agricultural activities 
(Wang et al. 2011; Mao et al. 2018). Achieving sustain-
able crop production at a regional scale while reducing 
wetland degradation or even restoring wetland ecology 
remains challenging.

The conflict between farmland and wetland water 
demand is widely recognized (Han et  al. 2012; Niu 
et al. 2012). The conflict was mainly manifested as the 
difference between agricultural water consumption 
and wetland ecological water demand in the previous 
studies (Zou et  al. 2018), while the specific relation-
ship between wetland area degradation and the water 
consumption for crop production was not quantified. 
Furthermore, studies on the impact of agricultural 
activities on wetland degradation have focused on phys-
ical water resource consumption during crop produc-
tion (Zhang et al. 2010; Zou et al. 2018), and have paid 
little attention to the role of water resource embedded 
in grain consumption in wetland degradation. With the 
rise of the virtual water strategy and the strengthening 
of inter-regional trade, increasing amounts of virtual 
water (referring to the water invested in commodi-
ties) are transferred between regions (Allan 1998; Ma 
et  al. 2006; Han et  al. 2018). The risk of water short-
ages in commodity-importing regions spills over to 
commodity-exporting regions, aggravating the risk 
of resource shortages in export regions (Feng et  al. 
2014; Liu and Chen 2020). It is believed that the risk 
of wetland degradation can be transferred from food-
importing regions to food-exporting regions through 
trade. Therefore, in addition to direct competition for 
water resources, the threat to wetland degradation of 
indirectly diverting water resources through food trade 
should also be considered (Dalin et al. 2017, 2019; Deng 
et al. 2020). The impact assessment of water resources 
embedded in food trade on wetland degradation would 
further enrich the socioeconomic impact of wetland 

degradation, while more general economic indicators, 
such as GDP, were considered in previous analysis (Cui 
et al. 2013; Ricaurte et al. 2017; Chen et al. 2018).

In this study, based on the ecological process of wet-
land degradation with the economic process of food 
trade, an ecology–economy nexus framework was 
constructed to comprehensively track wetland degra-
dation caused by agricultural activities and explored 
potential measures for wetland restoration that also 
consider food security. We chose Heilongjiang as our 
study locality because of the prominent contradiction 
between wetlands and farmlands in this region. Based 
on a land use transfer matrix, we first analyzed the 
proportion of different land use types, main contribu-
tion of farmland expansion, and main driver of wetland 
degradation. Based on the ecology–economy nexus, we 
determined the contributions of Heilongjiang and other 
regions in China on local wetland degradation. Based 
on our findings, we explored a variety of scenarios for 
mitigating the wetland–farmland water conflict and 
promoting wetland restoration. We concluded that a 
mixed scenario combining a lower water footprint for 
crop production and reduced food export could pro-
mote wetland restoration to the maximum extent and 
reduce the conflict between farmland and wetland 
water usage.

Methods
Study area
Heilongjiang Province, which is located in Northeast 
China (121°11′–135°05′E, 43°26′–53°33′N), is rich 
in natural wetlands and has one of the most extensive 
areas of marsh wetlands in China (Niu et al. 2012; Mao 
et al. 2020). In the early 1950s, the total area of marsh 
wetlands in Heilongjiang was 791.4 × 104 hm2, account-
ing for 17.48% of the total area of the province, which 
was characterized by high levels of biodiversity and 
high ecosystem value (Ning et  al. 2008). The region is 
rich in water resources and fertile soil, and the climate 
is conducive to agricultural production (Chen et  al. 
2018). In 2015, the planting area of  rice, wheat, corn, 
and soybean accounted for 95.70% of the total crop-
planted area, and the crop output accounted for 57.72% 
of the province’s total primary industrial output. Farm-
land expansion has caused large-scale degradation of 
wetlands in Heilongjiang: by 2015, the wetland area had 
decreased to 299.1 × 104 hm2. The conflict between wet-
land protection and farmland development was promi-
nent and mainly concentrated to the Sanjiang Plain 
and Songnen Plain (Chen et  al. 2018; Zou et  al. 2018) 
(Fig. 1).
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Research framework and analysis of ecological 
and economic processes
To construct an ecology–economy nexus framework 
and analyze the area tradeoffs between wetlands and 
farmlands, we assumed that the sum of wetland and 
farmland area in Heilongjiang Province did not change 
during 1980–2015 (Fig. 2 and Additional file 1: Fig. S1). 
The framework mainly included the ecological process 
of area and water demand tradeoff between wetland deg-
radation and farmland expansion, economic process of 
wetland degradation driven by food consumption, and 
nexus between the two processes. Research on ecologi-
cal processes has focused on wetland degradation caused 
by land-use change and agricultural water consumption 
(Chen et  al. 2018; Zou et  al. 2018). The economic pro-
cess quantifies the food trade driven by local and non-
local food consumption and the wetland degradation 
embedded in the trade process based on multi-regional 

input–output (MRIO) analysis. Based on the ecology–
economy nexus framework, the process of wetland deg-
radation and the key influencing factors were analyzed 
comprehensively.

Land use changes analysis
The land use data of Heilongjiang Province covering a 
period of 35  years were extracted from the China multi-
period land use and land cover remote monitoring data-
sets (CNLUCC, http://​www.​resdc.​cn/​DOI), which was 
developed based on the Landsat TM digital images using 
human–computer interactive interpretation method (Xu 
et al. 2018). The extracted land use data are a series of typi-
cal raster images with a spatial resolution of 1 km × 1 km 
and a temporal resolution of year. For convenience of anal-
ysis, according to land use properties, the 21 subgroups 
of land use were reclassified into 8 types, including paddy 

Fig. 1  Geographical location and distribution of wetland and farmland of Heilongjiang Province

Fig. 2  Framework of ecology–economy nexus in context of area and water demand tradeoff between farmland and wetland

http://www.resdc.cn/DOI
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field, upland filed, wetland, forest land, grassland, water-
body, urban and rural land, and other unused land.

The change of specific land use type in the study region 
was calculated as:

where �Aij is the net change areas of land use type i to j 
in a certain period; Aij is the area of land use type i trans-
formed into j and Aji is the area of land use type j trans-
formed into i. Aij and Aji were obtained from the transfer 
matrix of two sets of land use data with the help of Arc-
GIS platform (Additional file 1: Table S1).

Water use and land occupancy
Water use for crop production  Although irrigated agri-
culture occupies a dominant position in agricultural pro-
duction, the proportion of rain-fed agriculture in Hei-
longjiang cannot be ignored. In the Sanjiang Plain, except 
that rice was an irrigated crop, other crops such as wheat, 
corn and soybean were all rain-fed. According to Port-
mann et al. (2010) and Hoekstra (2019), about 67% of the 
world’s production came from rain-fed agriculture, and 
the efficient use of rainwater was as important as irriga-
tion water. Therefore, both of green water and blue water 
related to crop production were considered in this study 
(Ma et al. 2021b). The green water refers to the amount of 
water resources stored in the soil for the evaporation of 
rainwater during the growth process of crops, while the 
blue water refers to the amount of water resources con-
sumed in freshwater bodies, mainly including the evapo-
ration of farmland irrigation water (Chapagain and Hoek-
stra 2011; Hoekstra 2019).

Theoretically, the water use of crop production (WU) is 
the amount of water resources consumed in the growth 
process of four crops (rice, wheat, corn and soybean), i.e., 
the sum of green water ( WUgreen ) and blue water ( WUblue ), 
represented as:

where WFgreen and WFblue was the green water foot-
print and blue water footprint, respectively; Y was crop 
yield per unit area; and WL was the water loss during 
irrigation:

(1)�Aij = Aij − Aji

(2)WU = WUgreen +WUblue

(3)WUgreen = WFgreen ∗ Y

(4)WUblue = WFblue ∗ Y +WL,

(5)WL = α ∗WFblue ∗ Y ∗
1− η

η

where α was the proportion of water surface evaporation 
to water loss for distribution; η was the effective utiliza-
tion coefficient of farmland irrigation water (Shi et  al. 
2015).

Referred to the practice of Wu et al. (2019) and Zhuo 
et al. (2020), the study adopted the "fast track" to quan-
tify the green and blue water use for crop production. 
Based on the principle that the water footprint per unit 
of crop is linearly negatively correlated with the yield 
level per unit of crop, "fast track" is a fast method to 
calculate the water footprint of crop production based 
on the water footprint database of crop production in 
a specific year (Zhuo et al. 2020; Ma et al. 2021a). The 
expression formula was as follows:

where WFt and WFT is the water footprint per unit of 
crop production for a given crop in year t and T. Yt and 
YT is the yield of the crop in year t and T. Because of its 
low cost and high reliability, this method has been widely 
used in the world (Tuninetti et al. 2017; Ma et al. 2021a).

Land occupancy  According to the definition and calcu-
lation method of ecological footprint (Rees 1992; Rashid 
et al. 2018), ecological footprint of cropland refers to the 
area of cropland resources needed to absorb the con-
sumed resources and the generated wastes. The ecological 
footprint of cropland is a measure of human consump-
tion of cropland from the perspective of human demand, 
highlighting the impact of social indicators on regional 
cropland resources (Rees 1992). The ecological footprint 
of cropland calculated in this study is one of the six pro-
ductive land types, and the calculation formula was as fol-
lows:

where the EF is the total ecological footprint of the 
regional cropland; N refers to the regional population; 
ef is the ecological footprint of cropland per capita; q is 
the crop type; γ is cropland balance factor; according to 
the existing researches and the actual situation of the 
research area, γ = 1.71 was used in this study (Liu and Li 
2009); cq is the qth crop area per capita annual output; Pq 
is the average productivity of the qth crop. Subject to the 
constraints of relevant statistical data, we used the total 

(6)WFt =
WFT ∗ YT

Yt

(7)EF = N × ef

(8)ef =

q

1

γ
cq

pq
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grain yield and the average yield per unit area instead of 
the index of crops in the quantification.

Valuation of ecosystem services
The ecosystem services include supply services (e.g., 
food production), regulation services (climate regula-
tion, hydrology regulation, etc.), support services (soil 
conservation) and cultural services (providing esthetic 
landscapes) (Costanza et al. 1997; Xie et al. 2008; Yan and 
Zhang 2019). In this study, the degradation of wetland 
structure and function was characterized by the decline 
of wetland ecosystem services. At the same time, we also 
estimated the ecosystem services of cropland to analyze 
the changes in total value of ecosystem services in the 
regional wetland–cropland complex system.

Different land use types have different services value per 
unit area. For example, wetland can provide more regula-
tion, support and cultural services, while farmland is more 
prominent in provisioning services (Song et  al. 2021). 
According to Chen (2018), paddy field and upland field 
also provide different services value. Paddy field, as one 
of the constructed wetlands, has better regulation service 
than dry field, while dry field has better soil conservation 
service. Some studies have quantified the services value 
of different ecosystems through questionnaire survey, 
data collection and expert scoring method (Ouyang et al. 
1999; Xie et al. 2008; Yan and Zhang 2019). In this study, 
the value of ecosystem services per unit area (Additional 
file 1: Table S2) was used for further study. The data were 
obtained by combining the correlation coefficient pro-
posed by Xie et al. (2008) and Chen (2018). According to 
Song et al. (2010), the value of ecosystem services per unit 
area of Heilongjiang Province changed by about 5% during 
1999–2007, with a small range. Therefore, for the conveni-
ence of accounting, we assumed that the value of ecosys-
tem services did not change at the time frame of this study.

The calculation formula of Costanza et  al. (1997) was 
used to determine the ecosystem services of the study 
region:

where ESV is the total value of ecosystem services (yuan), 
m is land use type, n is ecosystem services function type, 
Sm is the area (hm2) of the mth land use type, and VCmn is 
the coefficient (yuan hm–2 yr–1) corresponding to the nth 
ecosystem services value of the mth land use type.

Direct and indirect wetland degradation analysis
Water is essential to wetland structure, and thus water 
balance determines the change in wetland area (Zou 

(9)ESV =

m
∑

1

(SmVCmn)

et al. 2018). Therefore, wetland degradation can be sim-
ply understood as a reduction in wetland water storage. 
By consuming agricultural products from Heilongji-
ang, local and non-local economic sectors indirectly 
consume virtual water, thus indirectly competing with 
wetland water resources in Heilongjiang. Based on the 
virtual water concept (Allan 1998), it is assumed that the 
higher the unit economic output value, the larger the area 
of wetland being degraded, though this hypothesis has 
some limitations (Zhang et al. 2020).

Multi-regional input–output (MRIO) analysis is a 
useful tool for providing comprehensive interwoven 
economic linkages of inter-regional trade and intersecto-
ral allocation, facilitating to track resources to their ori-
gin or to where they are utilized in a complex economic 
network (Wang and Chen 2016). Given its strengths to 
investigate the interdependencies, MRIO has been widely 
used in different scales and fields to explain the embed-
ded resource flows caused by intersectoral trade activities 
(Liu and Chen 2020; Zhang et al. 2020). As a top-down 
method, the MRIO model cannot describe the specific 
relationship between economic value and wetland deg-
radation. Nevertheless, it is possible to track wetland 
degradation caused by competition between economic 
activities for water resources among sectors and even 
regions. Here, wetland degradation driven by local con-
sumption was defined as direct wetland degradation, 
whereas wetland degradation caused by the trade of 
agricultural products or services from Heilongjiang was 
defined as indirect wetland degradation. Considering the 
relationship between water resources and wetlands, the 
MRIO was used to quantify the proportion of wetland 
degradation in Heilongjiang caused by local consumption 
and inter-regional trade. Compared with a bottom-up 
approach, which only considers the wetland degrada-
tion caused by direct water consumption in the produc-
tion process, the direct and indirect estimates using the 
MRIO model can more effectively track wetland degrada-
tion caused throughout the supply chain.

The basic MRIO model can be described as:

where X was the total output column matrix; Z was the 
intermediate flow matrix, and Y was the final demand 
matrix. Ars

ij  was the direct input coefficient matrix:

where Zrs
ij  was the cross-sectoral monetary flow that from 

sector i in region r to sector j in region s, and xsj  was the 
total input of sector j in region s. Therefore,

(10)X = Z + Y

(11)Ars
ij =

(

arsij

)

=

(

Zrs
ij

xsj

)
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Further, then

where (I − A)−1 was the Leontief inverse matrix, rep-
resenting the total increased input in the supply chain 
required to meet the final demand of a unit, including 
direct input and indirect input. I was the identity matrix 
with the same dimension as A. Therefore, the environ-
mental extended MRIO model related to water resource 
consumption can be expressed as follows:

where F represented the total amount of water resource 
consumed in the whole supply chain driven by final 
demand, and K was the coefficient matrix of direct water 
consumption.

Scenario analysis for wetland restoration
Based on the area tradeoff between wetlands and farm-
lands, five scenarios were established to explore the 
potential for wetland restoration by 2030. According to 
the Fourteenth Five-Year Plan (2021–2025) of Heilongji-
ang Province and the 2035 Vision Goals Suggestion, 
the grain output of Heilongjiang will be stable at more 
than 75 × 109 kg. Therefore, in the baseline scenario, we 
assumed that the total output of the four major crops 
in 2030 will increase by 1.18 times that in 2015, so as to 
ensure that the total grain output from Heilongjiang can 
reach the target output. At the same time, the water foot-
print of crop production per unit yield and crop plant-
ing structure remained unchanged. Scenario 1, reduced 
water footprint: we assumed that the water footprint 
of crop production per unit yield was reduced by 10% 
based on the baseline scenario. Scenario 2, adjusted 
crop planting structure: we assumed that the acreage of 
crops with higher and lower water footprints per unit 
yield decreased and increased by ~ 20%, respectively 
(water footprint of crop production data from Zhuo et al. 
(2016)). Scenario 3, reduced food exports: we assumed 
that the total food transfer from Heilongjiang was 
reduced by 20%. Scenario 4: this scenario combined Sce-
narios 1 and 2. Scenario 5: this scenario combined Sce-
narios 1 and 3.

For convenience of calculation, in Scenario 2, we 
adjusted the crop planting structure on the basis of yield 
because yield and area were assumed to be proportional. 
In addition, the equation used to calculate the potential of 
wetland restoration considered the relationship between 
the water consumption for crop production and wetland 
area. Based on the observed wetland area and simulated 

(12)X = AX + Y

(13)X = (I − A)−1Y

(14)F = (I − A)−1
× K × Y

wetland area, the R2, normalized root mean square error 
(nRMSE) and mean absolute error (MAE) were used to 
verify the restoration potential of wetland. The nRMSE, 
MAE and R2 of simulated wetland area and observed 
wetland area were 7.60%, 7.38% and 0.67, respectively. 
The simulated values agreed with the observed values 
within the acceptable range, and it was believed that the 
simulated wetland restoration potential was reliable.

Data sources
Land use data for Heilongjiang were obtained from the 
Resource and Environment Science and Data Center, 
Institute of Geographic Sciences and Natural Resources 
Research, Chinese Academy of Sciences (https://​www.​
resdc.​cn/). The blue and green water footprints of crops 
per unit yield in different years required by the “fast 
track” to quantify the water footprint of crop produc-
tion were obtained from the International Water Foot-
print Network database (WaterStat) (http://​water​footp​
rint.​org/​en/​resou​rces/​water​stat). The database includes 
water footprints of both crop production (1961–2009) 
and consumption (1978–2009) in Chinese  mainland at 
the provincial level for 22 crops (Zhuo et al. 2016). The 
basic data used to account for the ecological footprint of 
cropland, such as regional population, crop-planted area, 
total yield, and yield per unit area, were obtained from 
the China Statistical Yearbook. Coefficients for the cal-
culation of ecosystem services were obtained through lit-
erature research. Direct and indirect wetland degradation 
were accounted for based on China’s MRIO table. The 
land use transfer matrix and GIS map were completed 
using ArcGIS, and the correlation analysis between 
resources consumption and wetland degradation was 
conducted using Origin software.

Results
Wetland degradation driven by farmland expansion
In the land use change analysis, we first analyzed the 
ecological process of wetland degradation driven by 
farmland expansion. The shrinking area of wetlands and 
the total wetland area showed a decreasing trend from 
1980 to 2010 (Fig. 3a, b). During this period, the shrink-
ing wetland area caused by farmland expansion was 
10716.02 km2, accounting for 93.76% of the total shrink-
ing wetland area, of which the expansion of paddy fields 
accounted for 50.90%, being higher than that of upland 
fields (43.86%). The proportion of shrinking wetland 
areas caused by upland field expansion decreased annu-
ally, while that caused by the expansion of paddy fields 
increased. During 1980–1990, the shrinking wetland area 
was the largest throughout the study period, accounting 
for 4961.99 km2. Among them, the shrinking area driven 

https://www.resdc.cn/
https://www.resdc.cn/
http://waterfootprint.org/en/resources/waterstat
http://waterfootprint.org/en/resources/waterstat
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by upland field expansion accounted for 71.87%, while 
that driven by paddy fields accounted for 15.01%. During 
1990–2005, wetland area shrinking driven by upland field 
expansion remained dominant. Since then, the propor-
tion of paddy field expansion had increased, resulting in 
an 80% and 98.37% shrinkage of wetland area from 2005 
to 2010 and 2010 to 2015, respectively. During 2010–
2015, the shrinking wetland area was 1060.99 km2, with 
farmland expansion accounting for 98.60%.

In addition to wetland area shrinkage, we also quanti-
fied the degradation of wetland structure and function 
by accounting for changes in wetland ecosystem ser-
vices. Since 1980, the ecosystem services of wetlands had 
decreased (P < 0.01, Fig. 3c), indicating that the structure 
and function of wetlands had been degraded. Simulta-
neously, the ecosystem services of farmland increased 
(P < 0.01, Fig. 3d), which was mainly related to the expan-
sion of farmland and the high economic value per unit 
of agricultural products. Therefore, Heilongjiang lost the 
ecological benefits of wetlands and gained the economic 
benefits of farmland. However, the ecosystem services 
of the wetland–farmland complex showed a significant 
downward trend, indicating that the economic benefits 

related to the agricultural economy did not compensate 
for the sacrificed wetland ecosystem services.

In the ecological process analysis of wetland degra-
dation driven by farmland expansion, the correlation 
between wetland area and water consumption for crop 
production and ecological footprint of cropland was fur-
ther analyzed to explore the cause of wetland degrada-
tion (Fig. 4). We observed a negative correlation between 
wetland area and the water consumption for crop pro-
duction (P < 0.05), indicating that increasing water con-
sumption by regional crop production made the wetland 
unable to maintain the ecological water demand, and 
thus increased the risk of wetland degradation. A nega-
tive correlation between wetland area and the ecological 
footprint of cropland was observed, though this was not 
significant (P > 0.05). This indicated that the main cause 
of regional wetland degradation was the increase in the 
water consumption for crop production, rather than the 
expansion of crop acreage.

Wetland degradation driven by agricultural economic 
activities
Based on the ecology–economy nexus framework, we 
analyzed the economic process of direct and indirect 

Fig. 3  Area and ecosystem services changes of wetland and farmland during 1980–2015. a composition of wetland area shrinking caused 
by different land use types; b area changes of wetland and farmland; c ecosystem service changes of wetland; d ecosystem service changes 
of farmland
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wetland degradation. The net degraded (shrinking) wet-
land area caused by farmland expansion was 306.17 km2 
per year from 1980 to 2015, of which the direct wetland 
degradation reached 53.97%, while the indirect wetland 
degradation accounted for 46.03% (Fig.  5a). Therefore, 
the main burden of wetland degradation caused by farm-
land expansion was in Heilongjiang, though the amount 
of wetland degradation driven by economic activities in 
other regions should not be underestimated. Hebei and 

Shandong made the greatest contributions to indirect 
wetland degradation, corresponding to areas of 50.44 
km2 and 25.57 km2, respectively, followed by Liaoning 
(18.88 km2), Inner Mongolia (8.88 km2), and Shanghai 
(6.96 km2) (Fig. 5b). The wetland degradation caused by 
these five provinces accounted for 78.57% of indirect wet-
land degradation, followed by Tianjin, Zhejiang, Guang-
dong, Yunnan, and Henan. The ten provinces collectively 

Fig. 4  Correlation analysis between wetland area and water consumption for crop production and ecological footprint of cropland. a Correlation 
between wetland area and water consumption for crop production; b correlation between wetland area and ecological footprint of cropland

Fig. 5  Wetland degradation driven by agricultural economic activities. a proportion of direct and indirect wetland degradation driven by local 
and non-local final demand; b the top five provinces contributing to the annual average indirect wetland degradation in Heilongjiang; c 
contribution of final demand types to wetland degradation. HLJ, Heilongjiang; HB, Hebei; SD, Shandong; LN, Liaoning; IM, Inner Mongolia; SH, 
Shanghai
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accounted for more than 90% of the indirect degradation 
of wetlands in Heilongjiang.

Regarding local factors of final water demand, the 
direct wetland degradation caused by urban house-
hold consumption accounted for the largest propor-
tion (48.41%), followed by fixed capital formation 
(21.05%) and rural household consumption (13.54%) 
(Fig.  5c). Regarding indirect factors of wetland deg-
radation driven by economic activities in Hebei, fixed 
capital formation accounted for the largest propor-
tion (85.98%), followed by urban and rural household 
consumption. The proportion of indirect degradation 
caused by different types of consumption in Shandong 
and Liaoning was similar, with fixed capital forma-
tion, urban household consumption, and government 
consumption accounting for the largest proportion. 
In Shanghai, indirect wetland degradation driven by 
urban consumption accounted for 77.48%, followed by 
government consumption (17.80%) and rural house-
hold consumption (4.69%). Policy formation should 
specifically consider the major consumers when for-
mulating the economic compensation required for 
wetland restoration.

Scenario analysis of wetland restoration
Compared to 2015 in the baseline scenario, farmlands 
will continue to compete with wetlands for water due 
to increased crop yields and total water consumption 
for crop production, leading to further degradation of 
wetland area (loss of ~ 3412 km2) (Fig.  6). Scenarios  1 
and 2 also showed potential for degradation by 1241 
km2 and 1869 km2, respectively, though this degree of 
degradation is much lower than that in the baseline 
scenario. Scenarios 3, 4, and 5 all showed wetland res-
toration potential, among which Scenario  5 had the 
largest wetland restoration area (2668 km2), followed 

by Scenario  3 (931 km2) and Scenario  4 (148 km2). 
Compared with the baseline scenario, the wetland eco-
system services under all scenarios increased to vary-
ing degrees: Scenario 5 showed the best improvement, 
followed by Scenarios  3, 4, 1, and 2. There was little 
difference in farmland ecosystem services under the 
different scenarios.

Discussion
Under the framework of ecology–economy nexus, 
we analyzed the ecological process of area and water 
demand tradeoff between wetland degradation and farm-
land expansion and the economic process of wetland 
degradation driven by food consumptions, and explored 
the strategies of wetland restoration. It was highlighted 
that the increase in crop water consumption caused by 
farmland expansion was considered to be the main cause 
of wetland degradation and the virtual water embedded 
in exported agricultural products also increased the con-
siderable risk of wetland degradation. By reducing water 
consumption in crop production with improving food 
trade patterns, wetland restoration can be effectively 
promoted.

Drivers of wetland degradation
Several studies have shown that agricultural develop-
ment was the main cause of wetland degradation, with-
out elucidating the main factor of wetland degradation 
among agricultural activities and the specific correlation 
between wetland degradation and agricultural expansion 
(Li et  al. 2020). In the present study, a more significant 
correlation between water consumption for crop pro-
duction and wetland degradation than between the land 
use change and wetland degradation was found (Fig.  4 
and Additional file  1: Fig. S2). The findings emphasize 
the risk posed by farmland water conflict on wetland 
degradation. In addition, it is important to note that the 

Fig. 6  Wetland restoration potential (a) and ecosystem services of wetland and farmland (b) under different scenarios in 2030
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green water consumption of crops and the development 
of rain-fed agriculture could have a profound impact on 
wetland condition: green water can supplement surface 
water sources through surface runoff, but also infiltrate 
the soil to replenish groundwater sources, which will 
impact the local water cycle (Hoekstra 2019). Zou et al. 
(2018) also showed that green water can supplement 
groundwater or wetlands, and maintain the ecological 
water demand of wetlands. From 1980 to 2015, the green 
water of crop production in Heilongjiang was much 
higher than the blue water, and the increase in the green 
water use of crop production (73.26%) was comparable 
to that of the blue water (73.61%) (Additional file 1: Fig. 
S3), indicating that the role of green water in agricultural 
production was as important as the role of blue water. 
Therefore, future research should especially consider the 
roles of green water in regional wetland protection and 
sustainable agricultural development.

The export of agricultural products from Heilongji-
ang was a major external driver of wetland degradation. 
Under current economic activities, the local final demand 
of Heilongjiang contributed 53.97% of the annual aver-
age wetland degradation; and the combined contribu-
tion of the final demand of Hebei, Shandong, and other 
regions was 46.03% (Fig. 5), implying that increased trade 
from Heilongjiang to other would accelerate the degra-
dation of local wetlands. Similar resource risk transfers 
and spillovers have been investigated in other studies. 
For example, Dalin et al. (2019) showed that the transfer 
of virtual water from export regions to import regions 
through food trade increased the use of non-renewable 
groundwater and aggravated the risk of water shortages 
in export regions. The study suggested that reducing vir-
tual water exports in the food trade would contribute 
to the sustainability of local water resources. Therefore, 
reducing the export of water-intensive primary and pro-
cessed products from Heilongjiang may promote wetland 
protection. However, reducing food exports from Hei-
longjiang would be challenging. In the current market, 
considering the dominant force of resource allocation 
and technical conditions of food production, Heilongji-
ang has a considerable comparative advantage over other 
regions in crop production (Xu et  al. 2001). As one of 
China’s major grain producers, Heilongjiang accounts for 
half of the total agricultural output and is therefore espe-
cially vulnerable to environmental degradation through 
trade. Therefore, driven by current economic regula-
tions and market forces, the degradation of wetlands in 
Heilongjiang is strongly influenced by the final water 
demand of other provinces.

Strategies for wetland restoration based on the ecology–
economy nexus
On balance, the scenarios suggest that the most effective 
way to restore wetland ecology is to change the domes-
tic food trade pattern, that is, to reduce the food export 
volume from Heilongjiang (Fig. 6). Changes in food trade 
patterns can be facilitated by national policy instruments, 
though this remains difficult. Meanwhile, the decrease in 
grain production and exports from Heilongjiang would 
lead to increased food production in other regions to 
meet the national food demand for food, which simply 
shifts the burden of wetland degradation. The change 
in the footprint of the national production chain would 
result either in resource saving or more severe environ-
mental effects at the national scale. For example, Harris 
et al. (2020) found that among Indian states, 41% and 21% 
of the grains traded within India came from states with 
excessive exploitation and severe depletion of ground-
water, respectively, which suggests that the food trade 
added to the pressure on some of the most water-stressed 
regions. Therefore, we hypothesize that the environmen-
tal and economic value of national trade may decrease if 
the negative environmental impact of new food produc-
ers becomes too high.

Reducing the water footprint of crop production per 
unit yield is fundamental for restoring wetland ecology. 
However, the improvement in water resource utilization 
efficiency is affected by irrigation habits and technology, 
though its effect on wetland change is particularly slow. 
For example, Cao et  al. (2020) showed that the produc-
tion water footprint efficiency of crops has increased by 
0.122 over the past 20  years. Further improvements to 
the water footprint efficiency of crops can be made by 
increasing irrigation efficiency and limiting the irrigation 
area. Deng et al. (2006) also reported that the improve-
ment and promotion of advanced surface irrigation tech-
nology were relatively slow and difficult to implement. 
Therefore, there is an urgent need to improve the design 
and efficiency of irrigation systems in order to improve 
the utilization of water resources.

In this study, the potential for wetland restoration by 
adjusting crop planting patterns was limited, which may 
be related to the small degree of adjustment. Keeping the 
total planting area unchanged, the planting area of differ-
ent crops increased or decreased in the same proportion, 
so that the change in the total water consumption for crop 
production did not change much. For wetland restoration 
with greater crop planting pattern adjustment than in the 
baseline scenario, the effect remained non-significant. 
According to Dai et  al. (2021), optimizing crop planting 
patterns can significantly reduce the blue and grey water 
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footprints of the Hai River Basin and achieve more effi-
cient economic water productivity. Therefore, to simulta-
neously maintain national food security, the optimization 
of crop planting structure may achieve better results.

Limitations and topics for future research
In this study, the quantification of wetland degradation 
mainly considered the shrinking of wetland area, which is 
one of the most important indicators of wetland degrada-
tion (O’Connell 2003; Zhang and Li 2004). However, we 
quantified the degradation of wetland structure and func-
tion by the reduction of wetland ecosystem services with-
out considering the specific degradation process. Second, 
for the convenience of calculation, we simplified the 
quantification of the ecology–economy nexus between 
wetlands and farmland, and considered the relationship 
between wetland degradation and farmland expansion 
instead as a relationship between wetland degradation 
and agricultural economic value. The MRIO itself may 
affect the accuracy of wetland degradation estimates for 
interprovincial agricultural economic activities to some 
extent, but this would not affect our main conclusions. 
Finally, the regional water cycle of wetlands, includ-
ing their formation, decay, and disappearance, plays an 
important role in correlating the water consumption for 
crop production and wetland degradation (Han et  al. 
2012). However, based on the scope of the current study, 
we did not consider the various water movement mecha-
nisms between wetlands and farmland, especially the 
influence on wetland degradation by the interaction of 
surface and groundwater, which should be considered in 
future studies.

Conclusions
This study explored the ecological process of the area 
and water demand tradeoffs between wetlands and farm-
lands, the economic process of wetland degradation 
driven by food consumption, and the nexus between the 
two processes in Heilongjiang. Our study extends the 
current paradigm on the relationship between wetland 
degradation, agricultural production, and interprovincial 
food trade. We showed that the main driver of wetland 
degradation was the increase in the water consumption 
caused by farmland expansion, and the major external 
driver was the indirect consumption through trade to 
other regions in China. Agricultural development in Hei-
longjiang in recent decades has come at the expense of 
wetland ecosystems, and the economic gain was far out-
weighed by the ecological loss related to wetland degra-
dation. To reduce the impact of agricultural production 

on wetland degradation, the ecology–economy nexus 
framework should be incorporated into policy formation, 
and advanced water resource-use technology should be 
combined with the adjustment of regional planting struc-
ture and improvement of domestic food trade patterns, 
so as to promote the sustainable synergistic benefits of 
regional agricultural production and wetland protection.
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