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1  |  INTRODUC TION

Wetlands have formed and evolved due to long-term natural pro-
cesses and have served as a persistent carbon pool and nutrient re-
actor (Bossio et al., 2020; Lal et al., 2004; Mitsch & Gosselink, 2015). 
In a natural state, the waterlogged and anaerobic environment of 
a wetland enables plant organic matter to be buried belowground 

for a long period of time. Wetlands represent a large carbon pool 
among terrestrial ecosystems (Gorham, 1991). The world's wetlands 
cover 7–10 million km2, or about 5%–8% of the total land surface 
area (Mitsch & Gosselink, 2015). Since the industrial revolution, 
however, wetlands have increasingly been influenced by anthro-
pogenic disturbances, which have impacted the wetland structure, 
function, and its carbon pool size. Since 1900 ad, more than half of 
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Abstract
Wetlands are among the natural ecosystems with the highest soil carbon stocks on 
Earth. However, how anthropogenic disturbances have impacted the quantity and 
distribution of wetland carbon pool in China is not well understood. Here we used 
a comprehensive countrywide wetland inventory and Landsat 8 data to document 
the spatial patterns in China's wetland areas and carbon pools and to understand the 
underlying causes of their changes from the 1980s to 2010s. We found that the wet-
land area and carbon pool have decreased from 4.11 × 105 km2 and 15.2 Pg C in the 
1980s to 2.14 × 105 km2 and 7.6 Pg C in the 2010s, respectively. Using the human 
influence index (HII) as a quantitative measure of anthropogenic disturbance intensity, 
we found a positive relationship between the HII values and wetland decreases in 
many regions and across China as a whole—which have increased 17% during the time 
period—indicating that anthropogenic disturbances have been a major factor causing 
wetland destruction in recent decades. This study provides new evidence for recent 
changes in China's wetland carbon pool and emphasizes the importance of mitigating 
anthropogenic disturbances for wetland conservation.
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wetlands have disappeared globally (Davidson, 2014). This loss of 
wetland area and reduction in carbon sequestration capacity due to 
anthropogenic disturbances have played an important role in reduc-
ing carbon storage on land (Moomaw et al., 2018).

Previous studies tend to estimate carbon pools in different wet-
land types globally, such as tidal wetlands and freshwater wetlands 
(Bernal & Mitsch, 2012; Chmura et al., 2003). Estimates of wetland 
carbon stocks based on published data in China are highly variable, 
ranging from 5.39 to 16.56 Pg (Xiao et al., 2019; Zheng et al., 2013). 
Also, carbon pools in China's wetlands change from 4.51 ± 1.63 Pg 
in the 1980s to 3.75  ±  0.89  Pg in the 2010s for the top-100  cm 
wetland soil (Xu et al., 2019). Furthermore, there are some carbon 
sequestration rate estimates for different types of wetlands, such 
as 0.2–0.5 t C/ha/a in peatlands and 1.0–2.8 t C/ha/a in mangrove 
forests (Duan et al., 2008), and 4.91 × 106 t/a in all marshes (Lu et al., 
2013). Despite these previous studies, there are still significant un-
certainties and knowledge gaps in the understanding of this large 
land carbon stock.

Anthropogenic disturbances have a double-edged role in affect-
ing wetland carbon pools. On the one hand, wetland reclamation, 
drainage, and human-induced fires and even the disruption of wet-
land ecosystem functions caused by anthropogenic activities en-
hance CO2 releases from wetlands, and anthropogenic disturbances 
can negatively affect the soil structure, wetland vegetation, and the 
carbon sequestration rate (Lal, 1989; Lenart, 2009). On the other 
hand, wetland conservation and restoration are believed to be some 
of the most effective ways to mitigate global warming by limiting 
the processes causing the increases in greenhouse gases emissions 
to the atmosphere (Davidson, 2014). Furthermore, the wise use of 
wetlands is irreplaceable in reaching sustainable development goals, 
such as alleviating poverty and providing clean drinking water in ad-
dition to climate change mitigation (Xu et al., 2020).

Data on changes in wetland area, distribution, carbon density, 
and carbon pool in China are available in the First National Peatland 
Resources Inventory in the 1980s, the Second National Wetland 
Resources Inventory in 2013, and other studies (Institute of Soil 
Science, 1982; Ma, 2015; Niu et al., 2012; Zheng et al., 2013). It has 
always been a challenge to estimate the impacts of anthropogenic 
disturbances on wetlands in a systematic and quantitative way, and 
there are few methods for quantifying the relationship between 
wetland carbon pools and anthropogenic disturbances. Therefore, 
for the first time, we performed an analysis using the human influ-
ence index (HII)—which has been used to quantify the magnitude of 
anthropogenic disturbances in the natural environment (Sanderson 
et al., 2002)—as a surrogate index to correlate with wetland changes 
in China over the last four decades.

2  |  DATA SOURCES AND METHODS

Two datasets were used for the assessment of the relationship be-
tween wetland change and anthropogenic disturbance: wetland 
physical characteristics and wetland management characteristics 

(Figure S1). The first section presents data on from the 1980s and 
2010s. The 1980s wetland distribution map was created by digitiz-
ing the "Mire Map of China" and combining it with the findings of the 
1980 First National Peatland Resources Inventory. The accuracy of 
the wetland map is approximately 73%. Landsat 8 imagery is used to 
obtain the 2010 wetlands distribution map with an overall accuracy 
of 83%. The distribution maps of national wetland soil carbon pools 
in the 1980s and 2010s were estimated using the universal kriging 
method from the soil property data in “Supplementary Tables of 
Survey Report on China's Peatland Resources (1980)” and “Map of 
Soil Organic Matter Content at 1-km Grid in China (1990),” respec-
tively, as well as digital elevation model data (Table S1).

Wetland polygons in the 2010s were subtracted from those in the 
1980s to estimate changes in wetland areas over this period of time. 
Since the mapping resolution (minimum unit sizes) in the two wetland 
maps are very different (i.e., 100 ha in 1983 versus 8 ha in 2013), the 
wetland polygons in the 2010s were combined to match the 1980s 
map, resulting a total of 2409 wetland polygons. All the analyses pre-
sented in this study were based on these 2409 individual wetlands.

The HII map in the 1980s was extracted from the dataset "Global 
Human Influence Index (Geographic), v1." The 2010s HII map was 
calculated using the method in Venter et al. (2016a). The wetlands 
and HII maps in the 1980s and 2010s were overlain to obtain HII 
maps of various wetlands. Once all the maps were obtained, we re-
sampled all the map grids into uniform 0.5 km grids for the subse-
quent calculations.

Finally, the correlation analyses between the wetland's maps and 
the HII maps were used to determine the relationship between wet-
land changes and anthropogenic disturbances. Using the gradient 
descent method, we calculated the possible HII value when the wet-
land area or carbon pool would approach zero. The key assumption 
for the calculation of carbon pools is that over the past four decades, 
the soil carbon density in wetlands had not significantly decreased, 
because the former survey and research findings revealed that 
organic matter changes in soils are primarily concentrated above 
100 cm, having little effect on deeper soil layers, and that changes 
in surface soils are not significant in different years (Gao et al., 
2010; Institute of Soil Science, 1982; National Soil Survey Office, 
1993). Differences in wetland locations (i.e., the Zoigê Plateau and 
the Sanjiang Plain) were calculated according to the published data. 
The data sources and method details are available in Supporting 
Information, including an overall flowchart (Figure S1; Table S1).

3  |  RESULTS

3.1  |  Wetland and carbon pools change from the 
1980s to 2010s

On the basis of 2409 individual mapped wetlands, we found that 
the wetland area and carbon pool in China have decreased from 
4.11 × 105 km2 and 15.2 Pg C in the 1980s to 2.14 × 105 km2 and 
7.6 Pg C in the 2010s, an average reduction in almost by a half across 



    |  3839LU et al.

the China, respectively (Figure 1; Table S2). Furthermore, wetland-
abundant regions showed great reductions in the wetland area and 
carbon pools. For example, the wetland carbon pools in the two major 
wetland regions that contain 80% wetlands in the entire country—
Northeast China (including the Greater Khingan Range, Sanjiang Plain, 
and Changbai Mountains) and Southwest China (including the Zoigê 
Plateau)—decreased by 55%–56% from the 1980s to 2010s. Except for 
the carbon pool in East China, all regions show decrease in the total 
wetland areas and carbon pools from the 1980s to 2010s (Figure 2; 
Table S2). The dominant type of wetlands (Marsh) in East China shows 
an increase of 50% in the carbon pool (Figure 2; Table S2).

3.2  |  Wetland carbon pools under different HII 
intensities

Anthropogenic disturbances have greatly increased since 1980 in 
China. In general, the HII has shown an increasing trend from 6 to 
7 in all the wetland distribution regions nationwide over the past 
four decades (Figure 1a,b). In the wetland region of Northeast China, 
the overall average HII has been stable at 8. For most wetland types 
in this region, the average HII increased from 5 to 10, but the HII 

decreased for inland and seasonal salt marsh localities. In North 
China, the HII index increased in every type of wetlands, with a 
total average increase from 6 to 8 (an increase of 33%). But in East 
China, the HII calculated for marshes, a major wetland type there, 
decreased from 7 to 6 overall (a decrease of 14%). The main wetland 
types in Central China—marsh and forested wetland—showed little 
change in HII at approximately 12. In Southwest China, the HII of all 
the wetland types increased significantly from 4 to 6 (an increase of 
50%; Figure 1).

The average HII is greater than 27 when the wetlands are located 
around towns, roads, and canals, especially in the Greater Khingan 
Range and the Zoigê Plateau (Figure 1). For reference, the area-
weighted average HII in built up areas of major cities changed from 
38 in the 1980s to 46 in the 2010s (Table S3).

The carbon pools show a decreasing trend nationwide, with 
the HII increasing from 6 in the 1980s to 7 in the 2010s. We 
found that only 51%–55% of wetlands were affected by anthro-
pogenic disturbances below the average HII from the 1980s to 
2010s (Figure 3). Based on our machine learning analysis, there is 
a 99% probability that the wetland area would have totally disap-
peared if the HII value had approached a value of 31 during the 
1980s–2010s.

F I G U R E  1  Maps of anthropogenic 
disturbances, wetland distributions, and 
wetland carbon pools in China. (a) Map of 
the human influence index (HII) of China 
in 1980s (Venter et al., 2018). (b) Map of 
the HII for China in 2010s; the map was 
created using the HII method (Sanderson 
et al., 2002). (c) Map of the wetland 
carbon pool (kg per wetland) in China in 
1980s. (d) Map of the wetland carbon pool 
in China in 2010s. Both (c) and (d) were 
derived using the universal kriging method 
(Hengl et al., 2007) and the legend refers 
to kg C per mapping unit (individual 
wetlands) [Colour figure can be viewed at 
wileyonlinelibrary.com]
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4  |  DISCUSSION

4.1  |  Regional anthropogenic activities affecting 
wetlands

The HII has successfully been used as a tool for mapping cumu-
lative pressure from anthropogenic activities, and it has shown 
great effectiveness in depicting low-intensity human pressures, 
linear infrastructures, and pasture lands (Wassenaar et al., 2007). 
During the last several decades, anthropogenic disturbances such 

as drainage and agricultural practices have affected organic car-
bon burial (Simola et al., 2012). In recent years, compared to natu-
ral factors, anthropogenic disturbances have become a dominant 
factor in affecting ecosystem functioning in both aboveground 
and belowground ecosystem functioning, including carbon cycling 
(Venter et al., 2016b). Our results showed that the number of wet-
lands decreased when the HII increased (Figures 1 and 2), indi-
cating that anthropogenic disturbances exert a negative effect on 
the extent of wetlands and on soil organic carbon pools. The clear 
negative relationship between the wetland area and the HII could 

F I G U R E  2  Variations in the changes in wetland area, wetland carbon pool, and human influence index (HII). Changes in the area, 
carbon pool, and HII due to anthropogenic disturbances in seven wetland types in (a) Northeast China, (b) North China, (c) East China, (d) 
Central China, (e) Southwest China, and (f) Northwest China. Detail number in chart available in Table S2 [Colour figure can be viewed at 
wileyonlinelibrary.com]
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be attributed to the rapid urbanization that has occurred over the 
last four decades (Figure 2).

Urbanization is identified as one of the most important factors 
driving the increase in HII (Liu et al., 2019). To further to discuss the 
role of this specific disturbance, we use the changes in the popula-
tion of major cities from the 1980s to 2010s as an example (Table 
S2). The population in most of these major cities shows growth. 
There is a significant correlation between the population and the HII 
(Figure S2). These urban HII values (between 38 and 46) were sig-
nificantly higher than that of wetlands (HII values between 6 and 7). 
The regressions between the population and the HII in these cities 
(Figure S2) and between the wetland soil carbon pool size and the 
HII (Figure 3) revealed that there is a significant linkage between the 
urban population and the magnitude of wetland changes. Although 
anthropogenic disturbances of the natural environment would have 
a lag effect (Bürgi et al., 2017), they would change the wetland envi-
ronment eventually.

4.2  |  Wetland changes and their impacts on 
ecosystem services

Anthropogenic disturbances have negative impacts on ecologi-
cal services (Sunil et al., 2011) while many types of damage would 
require long periods of time for recovery (Moreno-Mateos et al., 
2017). Wetland soil carbon pools are unevenly distributed and have 
changed greatly in China. Previous studies found that China's wetland 

area decreased from 3.1 × 105 km2 in 1978 to 2.1 × 105 km2 in 2008 
(Niu et al., 2012); while the wetland soil carbon pool was estimated 
as 5.4–7.3 Pg in 2009 (Zheng et al., 2013) or 16.87 Pg in 2013 (Xiao 
et al., 2019; Zheng et al., 2013). After four decades of anthropogenic 
disturbances, the distribution pattern of inland wetlands has under-
gone great changes. The carbon pools of wetland soils, particularly 
in peatlands, have declined greatly over four decades. For example, 
wetlands surrounding the Tarim Basin have basically disappeared, 
and inland wetlands in East China and Central China have also been 
largely lost (Figure 1). In addition to the reduction in the wetland 
area, the impact of wetland conversion on carbon pools cannot be 
ignored because it can be considered as a result of wetland degrada-
tion to some extent (Lou et al., 2018).

In Millennium Ecosystem Assessment, wetlands provide 
many provisioning services, including the harvesting of wetland-
dependent fish, shellfish, fur-bearing animals, waterfowl, timber, 
and peat. Regulating ecosystem services from wetlands include 
moderating the effects of floods, improving the water quality, pro-
tecting coastlines from storms, hurricanes, and tsunamis, climate 
regulation, and aquifer recharge (Reid et al., 2005). China's wet-
lands are widely distributed, but the area of wetlands in different 
regions is not proportional to the scale of the soil carbon pool it 
represents. These regional differences in soil carbon pools are of 
even greater significance when implementing wetland protection 
policies. Anthropogenic disturbances will lead to the degradation 
of wetlands, which, in turn, will cause changes in wetland ecosys-
tem services (Mitsch & Gosselink, 2015). Soil carbon, vegetation 

F I G U R E  3  Geographic distributions of wetland sites and human influence index (HII) values in 1980s (a) and 2010s (b) [Colour figure can 
be viewed at wileyonlinelibrary.com]
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health, and waterfowl activities are closely linked in wetlands. The 
vegetation abundance in the wetland is regarded as an important 
carbon sequestration factor. Anthropogenic disturbances can affect 
the soil structure (Lal et al., 1989), which, in turn, affects the vege-
tation (Zimmermann & Elsenbeer, 2008). Herbivorous waterfowl in 
wetlands usually follow the status of wetland vegetation (Geremia 
et al., 2019; Thorup et al., 2017), and waterfowl change their mi-
gration timing and routes due to change in plant phenology caused 
by anthropogenic disturbances (Wang et al., 2019). The size of the 
national wetland soil carbon pool was reduced to only a half of what 
it was in 1980 after a 25% increase in the average HII. Moreover, 
the impact of anthropogenic disturbances on wetlands will change 
the role of wetlands in responding to and regulating climate change 
(Masson-Delmotte et al., 2018).

4.3  |  Impacts of climate change on spatiotemporal 
variations in wetlands

Wetlands could be more sensitive to anthropogenic disturbances 
than either upland or aquatic ecosystems. The wetlands in the areas 
with higher HIIs are usually distributed around cities or around rail-
way, towns, roads, or canals, which are more easily influenced by 
anthropogenic disturbances, especially in some water source areas 
(Figure 3). The wetland net carbon sequestration accounts for 12% 
of anthropogenic carbon emissions globally (Lenart, 2009). It is likely 
that carbon pools in natural wetland soil swill continue to decrease 
with increasing anthropogenic disturbance intensities. The protec-
tion of natural wetland carbon pools is more critical at the early stage 
when anthropogenic disturbances exert a limited impact. Compared 
with having more anthropogenic disturbances, early protection can 
achieve twice the result with half the effort and deserves more at-
tention from wetland management departments (Figure 4).

Wetlands and their soil carbon losses might contribute to cli-
mate warming effects. In the four decades, not only the soil carbon 

pools of wetlands in China have been shrinking but also the soil 
carbon pools of grasslands and forests have shown the tendency 
of reduction (Table 1). Although China's wetland soil carbon pools 
account for 30% of the China's terrestrial soil carbon (Niu et al., 
2012; Xiao et al., 2019). And there are records showing that China's 
carbon dioxide emissions have increased by 560% in the four de-
cades (Ritchie & Roser, 2017). Studies indicated that if the carbon 
in the carbon-rich wetlands in the northern hemisphere is released 
into the atmosphere, the global temperature would rise by 6–8°C 
without considering the disturbance of anthropogenic carbon emis-
sions (Hugelius et al., 2020). China's wetlands have lost about 50% 
of its carbon pool, which causes carbon releasing to the atmosphere 
through various ways, and thereby has a potential impact on increas-
ing the temperature. In the previous four decades, the difference 
in land-use and land-cover change has exerted greater influence on 
surface soils than climate change (Godfray et al., 2010; Miao et al., 
2016; Ross et al., 2018; Zhang et al., 2011).

Given the critical threshold in the temperature increase of 
below 1.5°C by 2030 suggested by the latest IPCC report (Masson-
Delmotte et al., 2018), more effective and strict protection mea-
sures should be deployed for natural wetland conservation and 
restoration in China, especially for the main wetland regions with 
low HII values. A substantial organic carbon pool has been stored 
in wetland soils, and wetland conservation has played important 
roles in mitigating climate change impacts and can be monetarily 
valued and traded in compliance and voluntary carbon markets 
(Moomaw et al., 2018; Sapkota & White, 2020). Therefore, quanti-
fying the national wetland carbon pool is a prerequisite for partici-
pating in global diplomatic climate negotiations and carbon trading 
systems. This study provides important baseline data for the on-
going conservation of wetlands in China. Using wetlands to reduce 
carbon emissions and store organic carbon costs much less and is 
more sustainable than industrial carbon sequestration techniques. 
It is necessary to establish laws and regulations to restrict the ar-
tificial unreasonable use of wetland resources. The protection and 

F I G U R E  4  Relationship between the 
wetland soil carbon pool size and the 
human influence index (HII) in 1980s (a) 
and 2010s (b). The axis Y shows the size 
of the wetland carbon pool (×108 g per 
wetland), while the axis X indicates the 
intensity of the HII [Colour figure can be 
viewed at wileyonlinelibrary.com]
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restoration of degraded wetlands, particularly the protection and 
restoration of carbon-rich wetlands, must be strengthened, and 
these carbon-rich wetlands should be considered when formulat-
ing climate change policies.

5  |  CONCLUSIONS

This study examines the connection between anthropogenic dis-
turbances and wetland changes. Our results show that anthro-
pogenic disturbances were the primary factors impacting the 
wetland soil carbon pool in China, although the impact of climatic 
factors on the degradation of wetland soil carbon pools cannot 
be ignored. Further losses of wetland carbon could occur if the 
HII continues to increase in coming decades. Despite the serious 
threat to the future of wetlands, growing concern for environ-
mental issues, the implementation of new environmental and ad-
ministrative strategies and international agreements are positive 
signs of changes that should improve the ability to manage both 
old and new and yet undiscovered environmental threats. China 
began its reform four decades, and some problems have gradually 
emerged over this time period. Based on the results of this study, 
laws and regulations for the management and utilization of wet-
lands should be enforced in China. Underpinning the protection 
and restoration of natural wetlands, China's green development 
approach may reverse the trend of declining carbon pools in wet-
lands, and facilitate achieving the goals of the Paris Agreement 
and UN Sustainable Development Goals.
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