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Abstract

:

The Poyang Lake wetland is home to many unique and threatened species. However, it has been severely degraded in recent decades due to the joint effects of human influence and climate change. Here we establish a wetland health index (WHI) for Poyang Lake, which considers five types of attributes (biological, water quality, sediment, land use and remote sensing, and socio-economic attributes) of the wetland to evaluate wetland conditions. Forty-nine variables across five categories were assembled as candidate metrics for the WHI through field surveys conducted in 2019 at 30 sample sites. Principal component analyses were performed to identify the most important variables in each of the five categories as the primary metrics of each index category (e.g., biological index). Eighteen variables were finally selected from the five categories to construct the WHI. The WHI scores varied from 0.34 to 0.80 at the 30 sample sites, with a mean of 0.55. The Poyang Lake wetland is generally in fair condition according to our WHI scores. Sample sites where connected rivers flow into the lake were assessed to be in a poor condition, highlighting the importance of reducing pollution input from rivers for wetland conservation. Scores of individual indices of the five categories were not highly correlated (0.29 ≤ pairwise Spearman’s r ≤ 0.69), suggesting that information provided by each index is different and might be complementary. The composite WHI as well as the individual category indices can provide comprehensive information on wetland conditions that would facilitate the development of more targeted and effective strategies for wetland management.






Keywords:


benthic macroinvertebrates; ecosystem health; land use/land cover; Landsat-8 OLI images; macrophytes; Poyang Lake; Sentinel-2A MSI data; socio-economic factors; water quality; wetland












1. Introduction


Wetlands provide a variety of irreplaceable ecosystem services on Earth [1]. However, wetlands have been severely threatened due to accelerated human disturbance and climate change [2]. Nearly 50% of all wetlands worldwide have been lost or converted into other land use types [3]. The remaining wetlands are at high risk of degradation owing to unsustainable use of water resources, environmental pollution, and biological invasion [4]. The development of tools for wetland status assessment is a critical priority for wetland management and conservation [5].



The concept of ecosystem health has been proposed for the improved assessment and management of ecosystems [6]. There are many different definitions for ecosystem health, the most widely accepted of which says that a healthy ecosystem has the ability to maintain its structure and function over time in the face of external stress [7,8]. Various indicators have been proposed to quantify wetland health [9,10]. Biological indicators including species, communities, and even biological processes are highly emphasized in current methods for ecosystem health assessment [11]. This is because biological organisms are sensitive to changes in physico-chemical and biological conditions, and exhibit direct and indirect biotic effects of environmental stresses while many physical or chemical investigations are unable to do so [12]. For example, the index of biotic integrity is usually composed of several attributes of biological communities (e.g., species richness and number of invasive species) that respond to environmental stresses in predictive ways [13].



In addition, water and soil are the most basic elements in an ecosystem. Water quality and soil parameters (especially nutrient parameters) are routinely measured in environmental monitoring programs, and are also essential components in wetland health assessment [14]. Landscape and land use patterns have been considered closely linked with ecosystem health [15]. The deterioration of ecosystem health is attributed to the expansion of human-altered land use (including farmland and built-up land) and the degradation of natural land cover (e.g., forest and grassland) [16]. For example, Singh et al. [17] evaluated the wetland health of a Ramsar site (Kaabar Tal) in India using various landscape and remote sensing variables, such as Shannon’s diversity index, patch density, and the normalized difference vegetation index. Socio-economic development including urbanization, population growth, and intensification of agriculture is the primary driving force for landscape and land use changes, and is also a fundamental factor responsible for wetland loss and degradation [18].



The above-mentioned factors have complex influences on the condition of an ecosystem, and multiple types of indicators for wetland health assessment have been considered. For example, the US Environmental Protection Agency assesses coastal wetland health of the Great Lakes using a three-level approach. At each of the levels, either landscape or site-specific physico-chemical and biological variables are collected for wetland health assessment (https://www.epa.gov/wetlands/wetlands-monitoring-and-assessment, accessed on 20 March 2021). Chen et al. [19] evaluated the health of wetlands in northern China based on a comprehensive dataset on water quality, soil properties, biological communities, landscape, and socio-economic development. A large number of variables are usually involved in wetland health assessment, and measurement of these variables is laborious, costly, and time consuming. There may also be problems such as duplication of information when the variables are dependent on each other or strongly correlated. Identifying a subset of variables that are relatively independent of each other but still contain a large proportion of variance in the original dataset can be a more efficient strategy for wetland health assessment.



Poyang Lake is the largest freshwater lake in China and is also one of the only two large lakes that has direct hydrological connections with the Yangtze River. The water level of Poyang Lake significantly fluctuates in different seasons; reaching as low as 6 m in the dry season and a maximum of 22 m in the rainy season, as a result of the large seasonal variations of rainfall in its catchment as well as the large seasonal water level variations of the Yangtze River [20]. The lakebed is exposed in winter, which provides indispensable habitats for many wetland organisms especially wintering migratory birds. The Poyang Lake wetland is recognized as one of the 35 protection priority areas in China owing to its critical role in biodiversity conservation [21]. However, the Poyang Lake region is densely populated and has experienced fast economic development in past decades. This rapid socio-economic development has brought a number of threats to the Poyang Lake wetland including water and soil pollution, land reclamation, sand mining, and recreation. Current available methods for wetland health assessment in Poyang Lake are mostly based on single biological or landscape metrics, whereas a comprehensive index that takes account of a majority of important elements of the wetland ecosystem would be preferred. Here, we develop five distinct indices (i.e., biological, water quality, sediment, land use and remote sensing, and socio-economic indices) for Poyang Lake to evaluate the wetland conditions from different perspectives. These indices are then aggregated into a comprehensive index to give an overall evaluation of the wetland health.




2. Materials and Methods


2.1. Study Area


Poyang Lake is situated south of the lower reach of the Yangtze River, and is located within the northern part of Jiangxi Province (Figure 1). Five major rivers (Xiu, Gan, Fu, Rao, and Xin Rivers) flow into the lake that discharges into the Yangtze River through a northern channel [20]. Annual precipitation is about 1500 mm in this region, most of which occurs in summer. The surface water area of the lake exceeds 4000 km2 in summer, while it is less than 1000 km2 in winter. The wetland areas exposed in winter are home of many unique biological organisms especially wintering migratory birds, including 98% of all white cranes, 95% of all oriental white storks, and 70% of all white-napped cranes in the world [22].



The Poyang Lake region contains two major cities (Nanchang and Jiujiang cities) and ten counties which are densely populated at a population density of more than 400 people per km2. The economy in this region has rapidly grown, increasing at a rate of nearly 9% per year [23]. This region has become one of the most economically active regions of southern China. Land use in this region consists of forest, farmland, built-up land, and open waters, among which forest and farmland are the main types of land use [24]. Agriculture is highly intensified in this region, and reclaiming farmland from the lake has significantly reduced wetland area and further accelerated the wetland ecosystem degradation.




2.2. Field Surveys and Data Collections


2.2.1. Biological Variables


Macrophytes and benthic macroinvertebrates are among the most abundant and diverse biological groups in Poyang Lake. Macrophytes are primary producers, while benthic macroinvertebrates play critical roles in promoting detritus decomposition and nutrient cycling. They are immobile or have weak mobility, and are very sensitive to environmental changes in their habitats; thus, they are the most widely applied indicator taxa for wetland biotic integrity [25]. Five attributes of macrophyte assemblages and six attributes of benthic macroinvertebrate assemblages that have been shown to respond to stress gradients in predictive ways were selected as the indicators for biotic integrity in the Poyang Lake wetland. The macrophyte metrics were species richness, numbers of tolerant species, invasive species, and submerged species, and the Shannon–Wiener index of macrophytes [26]. The benthic macroinvertebrate metrics included numbers of all taxa and predator taxa, density of benthic macroinvertebrates (number of individuals per 1 m2), the Shannon–Wiener index of benthic macroinvertebrates, average score per taxon (ASPT) index, and percent of Diptera taxa (relative to the total number of taxa) [27]. The ASPT index rates benthic families based on their sensitivity to dissolved oxygen depletion.



Field surveys were conducted at 30 sample sites during the spring (April and May) and autumn (September and October) of 2019. The sample sites were primarily selected through a randomization process. Factors such as site accessibility and inundation status were also considered, i.e., only sites that were accessible and located in seasonally flooded areas were included in the sample (Figure 1). Macrophytes have two growing periods in a year, i.e., one in spring and the other in autumn. This is because the above-ground parts of macrophytes that grow in spring die when they have experienced a long-term (more than two months) extremely high water level in summer (water depth > 4 m), and some species re-germinate after the water recedes in autumn.



Three transects from lake shore to deep water were set up for macrophyte surveys at each sample site. The distance between two transects was greater than 50 m. A transect was divided into two zones, i.e., meadow and aquatic vegetation zones. Five 1.0 m2 quadrats were equidistantly arranged along the transect in each zone. Every individual in the quadrat was identified to the species level, and the relative abundance of species was recorded as approximate coverage values.



Benthic macroinvertebrates at the water–sediment interface of each sample site were quantitatively collected by a D-frame dip net (mesh diameter 0.5 mm, diameter 30 cm, depth 16 cm). The water depth of the sampling area was between 5 cm and 1.50 m. The D-frame dip net swept an area of 2 × 2 m to collect benthic macroinvertebrates as a sample, and three samples were collected from each site. The samples were washed repeatedly with water to remove sediments. All benthic individuals in the leftovers were picked up and put into 250 mL plastic bottles and preserved with 95% ethanol. Samples of benthic macroinvertebrates were observed under an anatomical microscope or a light microscope, and the lowest taxon (usually species or genera) was identified as far as possible. All samples were counted and recorded after identification.




2.2.2. Water Quality Variables


Water pollution caused by agricultural runoff and domestic and industrial sewage discharges is one of the most prominent environmental problems in Poyang Lake [28]. Water quality surveys were carried out concurrently with biological sampling at the 30 sample sites. Water quality variables (i.e., pH, dissolved oxygen, electric conductivity, and chlorophyll a) were measured using handheld meters (YSI 6600 V2-4 data sonde, YSI Inc., Yellow Springs, OH, USA). Three bottles of 250 mL water were sampled at each sample site and stored in a refrigerated incubator. Total nitrogen, nitrate nitrogen, ammonium nitrogen, total phosphorus, total suspended solids, and biochemical oxygen demand in manganese were measured in the laboratory according to the “Water and Wastewater Monitoring Method” [29].




2.2.3. Sediment Variables


Sediments are the sinks of various pollutants that can be released into water bodies. Surface sediment (0–10 cm) was acquired using a Peterson mud picker as a sample, and three samples were collected at each sample site, which were spaced at least 50 m apart from each other. Sediment samples were dried in a freezing dryer, crushed, and homogenized using 100-mesh sieves. Total phosphorus, total nitrogen, total organic carbon, and heavy metal (four major pollutants, i.e., Zn, Cu, Cd, and Pb) contents were measured according to the “Protocols for Standard Observation and Measurement in Aquatic Ecosystems” [30].




2.2.4. Land Use and Remote Sensing Variables


The upsurge of industrialization and urbanization has dramatically changed land use and landscape patterns in and around the Poyang Lake wetland. Land use and landscape modification can influence ecological processes including nutrient cycling, soil erosion, sediment transport, and primary production. Higher proportions of human-altered land cover (built-up land and farmland) and fragmented landscapes are usually associated with degraded ecosystems [15,31,32].



Landsat-8 OLI images of 2019 for the Poyang Lake region were acquired on the website of the United States Geological Survey (https://earthexplorer.usgs.gov, accessed on 25 June 2020) (Table 1). The images have a spatial resolution of 30 m, and only images with low cloud coverage (<5%) were processed for land use classification. Multi-band images (bands 2, 3, 4, and 8) were stacked to create a composite image. Radiometric correction was conducted by calibrating the offset, gain, and dark subtraction techniques. Atmospheric correction was performed to rectify the distortion caused by cloud cover, haze, and noise by using the FLAASH tool. Geometric correction was undertaken to avoid geometric distortion. The above image processing and corrections were made by using ENVI 5.3. Land use identification was carried out by using the maximum likelihood supervised classification. Ground truth data from 249 sites representing various types of land use in the Poyang Lake region were used as the training data in the supervised classification. A visual interpretation approach was employed to determine the land use of approximately 2% of the study area where the automatic classification was not successful in separating some classes. The land use was classified into seven categories, i.e., forest, farmland, built-up land, water, grassland, wetland, and bare land. Ground truth data from 120 sites that were independent of the training data were used to evaluate the accuracy of the land use classification.



The percent of forest, built-up land, and farmland within the 1-km buffer zone of each sample site was used as the primary metrics for wetland health. Land use within a 1-km buffer zone has important impacts on the environmental quality and biotic integrity of wetlands [34,35,36]. In addition, seven landscape variables, namely Shannon’s diversity index (SHDI), the connectance index (CONNECT), the aggregation index (AI), patch density (PD), the largest patch index (LPI), patch richness density (PRD), and mean patch size (AREA_MN), all of which have been previously used to assess wetland health in other regions [37,38,39,40] (Table 2), were also considered as candidate metrics for wetland health in Poyang Lake. These metrics generally reflect landscape fragmentation, the connectivity and aggregation of landscape patches, and the intensity of human-caused landscape changes, and were computed in Fragstats 4.2.



In addition, two remote sensing variables (i.e., normalized difference vegetation index (NDVI) and modified normalized difference built-up index (MNDBI)), which were used for wetland health assessment in other regions [38,41], were also considered in this study (Table 2). The NDVI measures the density of green vegetation cover and has been widely used for terrestrial ecosystem monitoring [42,43], while the MNDBI is a measure of impervious land cover [44]. The expansion of impervious land cover is one of the main causes of environmental degradation in the regions that have been experiencing rapid urbanization [45,46]. The modified normalized difference water index (MNDWI) was also evaluated as a potential indicator for wetland conditions, but it displayed weak correlations with human disturbance gradients [35], and was thus not included as a candidate metric in this study. The NDVI and MNDBI were calculated in the Google Earth Engine (GEE) platform using the equations shown in Table 2 based on the Sentinel-2A MSI images acquired in 2019 [33] (Table 1). Sentinel-2 images have a higher spatial resolution of 10–20 m compared to Landsat 8 images. This higher resolution enables Sentinel-2 to capture intricate details (e.g., narrow countryside roads and dykes) with greater precision and clarity. Only images with low cloud coverage (<5%) were processed for the remote sensing variable calculation. The SWIR2 band has a spatial resolution of 20 m, while the NIR band has a resolution of 10 m. The 20 m band was down-sampled to 10 m using bilinear interpolation before the MNDBI calculation.



 





Table 2. Landscape and remote sensing variables used in this study.
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	Variables

(Abbreviation)
	Description
	Calculation
	References





	Shannon’s diversity index (SHDI)
	Patch diversity in landscape
	  S H D I = −    ∑  i = 1   m         P   i     ln  ⁡    P   i          
	[47]



	Connectance index (CONNECT)
	Functional connectedness of the corresponding patch type
	  C O N N E C T =       ∑  i = 1   m      ∑  j ≠ k   n      c   i j k           ∑  i = 1   m          n   i       n   i   − 1     2           × 100  
	[37,48]



	Aggregation index (AI)
	Tendency of a particular land use type to be aggregated
	  A I =      ∑  i = 1   m           g   i i     m a x −   g   i i         P   i       × 100  
	[37,49]



	Patch density (PD)
	Number of patches per unit area
	  P D =   N   A   × 100 × 10000  
	[47]



	Largest patch index (LPI)
	Percentage of total landscape area in the largest patch (%)
	  L P I =   m a x     a   i j       A   × 100  
	[47]



	Mean patch size (AREA_MN)
	Mean size of the landscape patches
	  A R E A _ M N =   A   N       1   1000      
	[47]



	Patch richness density (PRD)
	Number of patch types per unit area
	  P R D =   m   A   × 100 × 10000  
	[47]



	Normalized difference vegetation index (NDVI)
	Intensity of green vegetation growth in satellite images
	  N D V I =   ( N I R − R E D )   ( N I R + R E D )    
	[17]



	Modified normalized difference built-up index (MNDBI)
	Impervious land cover in landscape
	  M N D B I =   ( S W I R 2 − N I R )   ( S W I R 2 + N I R )    
	[44]







Pi is the proportion of the landscape occupied by land use type i; m is the number of patch types present in the landscape; cijk is joining between patch j and k of the same patch type based on a user-specified threshold distance; ni is number of patches in the landscape of patch type i; n is the number of land use types; gii and max-gii are the number and maximum number of like adjacencies (joins) between pixels of land use type i using single-count method, respectively; A is total landscape area; N is total number of patches in the landscape; aij is the area of patch j of land use type i; NIR is the near-infrared band; RED is the red band; SWIR2 is the shortwave infrared band.














2.2.5. Socio-Economic Variables


Socio-economic variables that indicate human population size, economic development, energy consumption, the effort on environmental protection, education levels of local residents, and the intensity of aquiculture and agricultural production were considered [50]. These include population density, GDP, GDP per capita, total energy consumption, unit GDP energy consumption, environmental protection investment, total output of aquatic products, average ordinary high school students per 10,000 population, and chemical fertilization intensity. Data of the above-mentioned variables for the 2019 year at the smallest level of political administrative units (unincorporated villages) where the 30 sample sites were located were obtained from statistical bulletins of the corresponding counties or provided by local governments.





2.3. Metric Selection and Wetland Health Assessment


Principal component analysis (PCA) was performed to identify the most important variables in each variable category. PCA is a widely used method to select independent variables by discarding strongly correlated and redundant variables. The first principal component (PC1) in PCA explains the largest amount of variance in the dataset, while variance explained by the remaining PCs decreases. If the first few PCs account for most of the total variance (≥75%) and do not omit much of variability, the PCs are representative of the original variables and therefore reduce the number of variables required.



PCA analysis was conducted on variables of each category to identify the most important variables in this category. The first k PCs whose accumulative contribution rate was ≥0.75 were considered in subsequent analyses. The most important variable in each of the k PCs was identified as the one with the highest loading, through which k variables were selected to represent all variables in this category. The weight of each selected variable was calculated using:


    W   i   =     P   i   × |   S   i   |     ∑  i   k      P   i   ×   | S   i   |      








where Wi is the weight of the selected variable in the ith PC, Pi is the proportion of variance explained by the ith PC, and Si is the loading of the variable in the ith PC.



The magnitude of variance of different variables varied dramatically, thus, all selected variables were scaled to vary from 0 to 1. If a higher value of a variable indicated a worse wetland condition (e.g., pollutant concentrations), the values were reversed by subtracting the values from 1 (i.e., 1 minus the scaled values). The score of each category was calculated by:


  H =   ∑  i   k      W   i   ×   V   i      








where H is the score indicating wetland conditions, and Wi and Vi are the weight and scaled value of the selected variable in the ith PC, respectively. The overall WHI score was calculated as the mean score of all the five categories. The wetland health of each sample site was assessed according to the WHI scores: excellent (0.81–1), good (0.61–0.80), fair (0.41–0.60), poor (0.21–0.40), and very poor (0–0.20).





3. Results


3.1. Biological Index


Eleven biological variables were subjected to PCA analysis, and the first four principal components (PCs) described 82% of the variance in the data (Table 3). Shannon–Wiener diversity indices of benthic macroinvertebrate and macrophyte assemblages, number of invasive macrophyte species, and density of benthic macroinvertebrates were the most important variables in the first four PCs, with a loading of 0.89, 0.86, 0.74, and 0.58, respectively. Scores of the biological index that was comprised of the four selected metrics ranged between 0.10 and 0.70 at the 30 sample sites, with a mean of 0.37 (Figure 2).




3.2. Water Quality Index


Ten water quality variables were used in the PCA analysis; the first three PCs captured 77% of the total variance (Table 4). Electrical conductivity and total suspended solids had the highest loadings (0.54) in PC1 that solely explained 44% of the variance in the original dataset; 21% and 12% of the total variance was explained by PC2 and PC3, and total phosphorus (0.51) and total nitrogen (0.37) had the highest loadings in the two PCs, respectively. The water quality index scores calculated using the four selected variables varied from 0.06 to 0.83 at the 30 sample sites, with an average of 0.53 (Figure 2).




3.3. Sediment Index


The first three PCs of the PCA analysis using seven sediment variables captured 36%, 25%, and 14% of the total variance, respectively (Table 5). Total phosphorus, total nitrogen, and Cu concentration were the most important variables in the first three PCs, with a loading of 0.68, 0.64, and 0.53, respectively. The sediment index scores with the three selected variables ranged between 0.28 and 0.99 at the 30 sample sites, with a mean of 0.63 (Figure 2).




3.4. Land Use Index


Land use classification accuracy, assessed using the validation dataset, was found to be 90.83%. Farmland and forest were identified as the predominant land use types, covering 46.35% and 19.26% of the total area, respectively (Figure 3). The first four PCs of the PCA analysis using 12 land use and remote sensing variables explained 80% of all variance in the original dataset. PC1, PC2, PC3, and PC4 captured 38%, 18%, 15%, and 10% of the total variance, respectively (Table 6). Shannon’s diversity index, the connectance index, and the percents of farmland and forest were the most important variables in the first four PCs. The land use index scores calculated using the four selected variables ranged between 0.44 and 0.90 at the 30 sample sites, with a mean of 0.65 (Figure 2).




3.5. Socio-Economic Index


Nine socio-economic variables subjected to the PCA analysis; the first three PCs accounted for 81% of the total variance (Table 7). Total output of aquatic products, GDP, and Unit GDP energy consumption were the most important variables in the first three components, with a loading of 0.98, 0.95, and 0.85, respectively. The socio-economic index scores with the three selected variables varied from 0.30 to 0.89, with a mean of 0.55 (Figure 2).




3.6. Wetland Health Index (WHI)


Eighteen variables from the five categories were finally selected for the overall WHI index based on the PCA analyses. The WHI index scores varied between 0.34 and 0.80 at the 30 sample sites, with a mean of 0.55 (Figure 2). One site was classified as excellent, nine were good, twelve were fair, and eight were poor (Figure 4). There were no sample sites assessed to be in a very poor condition. The Poyang Lake wetland was generally in a fair condition according to the mean value. WHI scores were strongly correlated with scores of individual indices of the five categories (Spearman’s r ranging between 0.63 and 0.91; Table 8). Pairwise Spearman’s correlations between scores of the five categories varied from 0.29 to 0.69, with an average of 0.48.





4. Discussion


4.1. Biological Index


Four biological variables, namely the Shannon–Wiener diversity indices of benthic macroinvertebrate and macrophyte assemblages, density of benthic macroinvertebrates and number of invasive macrophyte species, were selected to consist of the biological index (Table 3). The Shannon–Wiener diversity of biological assemblages is often used to indicate biotic integrity [51,52], while the density of benthic macroinvertebrates is an effective descriptor of the intensity of human disturbance [53]. This is since areas with higher habitat quality tend to have higher species diversity and abundance when abiotic conditions (e.g., climate) are similar [54]. In field surveys, we found that sample sites which suffered stronger human disturbance (e.g., aquaculture and sewage discharges) usually had higher numbers and coverage of invasive species. Human disturbance causes the deterioration of wetland environments (e.g., water pollution). Native species are more sensitive to environmental changes and less tolerant to disturbance than invasive species.



In contrast to the indices of biotic integrity for the Poyang Lake wetland that were developed in our previous studies [26,27], the four selected variables are simpler to measure, as they only require distinguishing between different species rather than identifying organisms at the species level. This ease of measurement reduces the need for highly specialized species identification skills and thus enhances the feasibility of using biological indices for wetland health assessment.




4.2. Water Quality Index


Four variables, namely total nitrogen, total phosphorus, electrical conductivity, and total suspended solids, were selected as water quality index metrics of the Poyang Lake wetland (Table 4). Nitrogen and phosphorus are always the two major pollutants in Poyang Lake due to highly intensified agriculture and high population density in its catchment [55]. Water nitrogen and phosphorus concentrations have sharply increased in the last two decades owing to the rapid economic growth [56]. Eutrophication is a worldwide issue that has significantly degraded aquatic ecosystems [57]. This issue is particularly pronounced in the lower part of the Yangtze basin, which represents one of the most economically active regions in China. Nearly 60% of the lakes in this region were in eutrophic and hypertrophic status [58,59]. Local governments should consider adaptive measures, including implementing effective water recycling and treatment systems, establishing vegetation along lakeshores, and promoting sustainable agricultural practices, to control the accelerated nutrient pollution.



Electrical conductivity is a measurement of water to conduct electricity, and is one of the most important parameters for assessing water quality [60]. Suspended solids are another important pollutant in Poyang Lake due to the large-scale sand mining activities that have caused a large increase in sediment concentration in the water. In addition, sand mining can lead to the destruction and alteration of aquatic habitats, including the loss of vegetation and disturbance of fish and other wildlife species [61]. Sand extracted from lakes and rivers has a variety of uses such as concrete production, construction, and road building. There is a growing demand for sand with the rapid expansion of urban areas. Nevertheless, it is crucial to regulate and manage sand mining activities effectively to find a balance between environmental sustainability and economic development.




4.3. Sediment Index


Total nitrogen, total phosphorus, and Cu were included in the sediment index for the Poyang Lake wetland (Table 5). Nitrogen and phosphorus concentrations in sediments from areas where the five major rivers discharge into the lake were much higher than that in other parts of the lake [62], suggesting that river input is a major cause of nitrogen and phosphorus accumulation in sediment. In addition, there are many copper mines in the catchment of Poyang Lake, among which the Dexing Copper Mine is the largest open-pit copper mine in Asia and second in the world. A recent study reported that the sediment in Poyang Lake was moderately to heavily polluted by Cu [63], which is supported by the findings of this study. Heavy metal pollution (especially Cu) in sediment has been considered to be one of the most prominent environmental issues in Poyang Lake [64]. Taking measures to decrease the release of heavy metals during mining and smelting operations within the catchment area is of utmost importance in addressing the issue of heavy metal pollution in Poyang Lake.




4.4. Land Use Index


Percents of farmland and forest were identified as the most important land use variables and were included in the land use index (Table 6). Farmland and forest are the two major land cover types in the Poyang Lake catchment. A large proportion of farmland surrounding a wetland is usually associated with a deteriorated wetland environment, because pollutants such as nutrients, pesticides, and fine soil particles generated from agriculture can be transported into the water bodies. In contrast, dense vegetation in forests can serve as a natural filter that can effectively reduce pollutants in surface run-off. Our results indicate that increasing natural land cover (e.g., forests) in the surrounding areas of Poyang Lake (especially within the 1-km buffer zone) is crucial for reducing non-point source pollution. In addition, Shannon’s diversity and connectance indices were also included. The land cover in and surrounding the Poyang Lake wetland would be open water, grassland, and forest if it had not been modified by human activities. The increase in human-altered land cover such as farmland and built-up land increases landscape diversity as well as fragmentation. The connectance index assesses the level of landscape connectivity, which supports the movement of environmental and biological elements between different patches. Improving the connectivity of habitat patches is particularly important as it enhances the resilience of spatially structured populations of organisms to external disturbances [35].




4.5. Socio-Economic Index


Total output of aquatic products, GDP, and unit GDP energy consumption were our main socio-economic index metrics (Table 7). Fishing and aquaculture have been important sources of income and food for local people, and have significant effects on the diversity and productivity of biological communities [65]. A 10-year fishing ban in the Yangtze River and its main tributaries (including Poyang Lake) began in 2020 for protecting the aquatic biodiversity that has experienced dramatic declines [66]. GDP is a financial measurement of total economic activity in a region that has been considered as the primary driving force of environmental changes (including climate and land use changes) [67]. Unit GDP energy consumption measures energy use efficiency. Rapid increases in energy consumption and low energy efficiency are responsible for the recent increase in environmental degradation. A study spanning a period of 46 years (from 1971 to 2017) in four countries (Indonesia, Mexico, Nigeria, and Turkey) [68] showed that environmental quality was deteriorated by energy consumption through a negative effect on the ecological footprint. Improving energy use efficiency (e.g., accessing clean energy technology) is essential to mitigate the negative effects of social and economic development on the environment.




4.6. Comprehensive Assessment of the Poyang Lake Wetland


The WHI scores indicated that the Poyang Lake wetland was generally in a fair condition (Figure 4), which is consistent with previous results [20,35]. The assessment results for specific sample sites may differ from those in previous studies. For example, site 29 was assessed to be in a very poor condition by using the benthic macroinvertebrate-based index of biotic integrity (B-IBI) [27]. However, it was classified as fair by using the WHI index. This is because this site had relatively high sediment and land use scores although the biological score was very low (Figure 4). Most of the sample sites located within national nature reserves were in excellent and good conditions, suggesting that strict control of human disturbance is particularly important for wetland conservation. In contrast, sample sites in the areas where the connected rivers discharge into the lake were mainly in a poor condition, indicating that river pollution has large influences on the wetland conditions.



The biological index scores were found to be the lowest when compared to the scores of other indices (Figure 2). Biological organisms, particularly submerged macrophytes and benthic macroinvertebrates, are highly vulnerable to environmental changes. They have the ability to indicate the synergistic, accumulative, and indirect effects of various pollutants, which are frequently undetectable through solely relying on physical or chemical investigations. Our results indicate that the restoration of biological integrity is crucial for improving wetland health in Poyang Lake. In contrast, scores of the land use index were the highest among all the five individual indices. This can be attributed to the relatively low population density within the 1-km buffer zone of Poyang Lake where the risk of flooding is high (e.g., the summer flood in 2020).



Scores of the individual category indices were not highly correlated with each other (Table 8), suggesting that the information provided by the indices might be complementary. In particular, the socio-economic index had the lowest correlations with other indices, probably because socio-economic variables are less directly linked with ecosystem health when compared with biological, water quality, and sediment variables. The WHI index can provide more comprehensive information on the status of wetland health than individual metric indices. For example, site 8 had relatively low biological scores but high scores on land use and landscape (Figure 4). This is because this site is located in a national nature reserve where land use alteration is strictly prohibited. However, this site is adjacent to a popular scenic spot where tourists enjoy the unique wetland landscape and watch migratory birds in winter, which might present direct and indirect disturbance on the biological communities. Such information could be helpful for developing more targeted and effective strategies to improve wetland conditions.





5. Conclusions


Eighteen variables from five categories (i.e., biological, water quality, sediment, land use and remote sensing, and socio-economic variables) were selected as metrics of the WHI index for Poyang Lake. The wetland was assessed to be in a fair condition according to the WHI scores. Wetland areas near river mouths were generally in a poor condition, suggesting that reducing pollution from rivers is critical for wetland protection. The biological index had the lowest scores among the individual indices of the five categories, highlighting the importance of the restoration of biological integrity for improving wetland health in Poyang Lake. The five individual indices and the WHI index developed here can provide comprehensive and complementary information on wetland health status, which would facilitate the development of more targeted and effective policies for wetland management and conservation.
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Figure 1. Sample sites (30 total) for environmental and biological data in the Poyang Lake wetland. 
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Figure 2. Violin plots showing the distribution of scores of five individual indices and the overall wetland health index (WHI). Red bars indicate the mean values. BI, biological index; WI, water quality index; SI, sediment index; LUI, land use index; SEI, socio-economic index. 
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Figure 3. Land use map of the Poyang Lake region in 2019. 
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Figure 4. Radar plots visually indicating the contribution of biological (BI), water quality (WQI), sediment (SI), land use (LUI) and socio-economic (SEI) indices on the wetland health index (WHI) scores at 30 sample sites in the Poyang Lake wetland. The numbers in the radar plot in the top right of the figure show axis tick values. 
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Table 1. Summary of satellite imagery datasets used in this study.
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	Dataset
	Spatial Resolution
	Acquisition Date
	Number
	Source





	Landsat 8 OLI Surface Reflectance
	30 m
	19 August 2019

20 September 2019

11 September 2019
	Path 121, Row 39

Path 121, Row 40

Path 122, Row 40
	The United States Geological Survey (https://earthexplorer.usgs.gov)



	Sentinel-2 Level 2A
	10 m

(Bands 4, 8)

20 m

(Band 12)
	2 October 2019

2 October 2019

19 October 2019

19 October 2019
	50RLT

50RLS

50RMT

50RMS
	GEE catalogue [33]










 





Table 3. Results of principal component analysis (PCA) with 11 biological variables at 30 sample sites in the Poyang Lake wetland.






Table 3. Results of principal component analysis (PCA) with 11 biological variables at 30 sample sites in the Poyang Lake wetland.





	Variables
	PC1
	PC2
	PC3
	PC4





	 Number of macrophyte species
	0.02
	0.71
	0.49
	0.15



	 Macrophyte Shannon–Wiener index
	0.45
	0.86
	0.05
	0.18



	 Number of invasive macrophyte species
	−0.43
	0.10
	0.74
	0.27



	 Number of submerged species
	0.48
	0.73
	−0.23
	−0.3



	 Number of tolerant macrophyte species
	0.53
	−0.22
	−0.6
	0.24



	 Number of benthic macroinvertebrate taxa
	0.81
	−0.15
	0.05
	0.19



	 Number of predator taxa
	0.82
	−0.11
	0.20
	0.10



	 Percent of Diptera
	0.07
	0.58
	−0.34
	0.53



	 Density of benthic macroinvertebrates
	−0.57
	0.14
	−0.23
	0.58



	 Benthic macroinvertebrate Shannon–Wiener index
	0.89
	−0.22
	0.25
	0.19



	 Average score per taxon index
	0.80
	−0.16
	0.26
	0.12



	Proportion of variance
	0.38
	0.21
	0.14
	0.09



	Cumulative proportion
	0.38
	0.59
	0.73
	0.82







The variables with the highest loadings in each principal component (PC) are highlighted in bold.













 





Table 4. Results of principal component analysis (PCA) with 10 water quality variables at 30 sample sites in the Poyang Lake wetland.
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	Variables
	PC1
	PC2
	PC3





	 pH
	0.02
	0.43
	−0.33



	 Total suspended solids
	0.54
	−0.16
	−0.20



	 Electrical conductivity
	0.54
	−0.17
	−0.21



	 Dissolved oxygen
	−0.08
	0.48
	−0.05



	 Total phosphorus
	0.12
	0.51
	0.26



	 Ammonium nitrogen
	0.33
	−0.17
	0.30



	 Nitrate nitrogen
	0.28
	0.37
	0.28



	 Total nitrogen
	0.37
	0.27
	0.37



	 Chlorophyll a
	−0.24
	−0.19
	0.34



	 Biochemical oxygen demand in manganese
	0.41
	−0.16
	−0.16



	Proportion of variance
	0.44
	0.21
	0.12



	Cumulative proportion
	0.44
	0.65
	0.77







The variables with the highest loadings in each principal component (PC) are highlighted in bold.













 





Table 5. Results of principal component analysis (PCA) with seven sediment variables at 30 sample sites in the Poyang Lake wetland.
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	Variables
	PC1
	PC2
	PC3





	 Total nitrogen
	0.32
	0.64
	0.39



	 Total phosphorus
	0.68
	0.44
	−0.02



	 Total organic carbon
	−0.02
	−0.59
	0.42



	 Cu
	0.43
	−0.24
	0.53



	 Zn
	0.45
	−0.24
	−0.25



	 Cd
	0.38
	−0.12
	0.03



	 Pb
	0.35
	−0.19
	−0.47



	Proportion of variance
	0.36
	0.25
	0.14



	Cumulative proportion
	0.36
	0.61
	0.75







The variables with the highest loadings in each principal component (PC) are highlighted in bold.













 





Table 6. Results of principal component analysis (PCA) with 12 land use and remote sensing variables at 30 sample sites in the Poyang Lake wetland.
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	Variables
	PC1
	PC2
	PC3
	PC4





	 Percent of farmland
	0.11
	0.22
	−0.62
	0.06



	 Percent of forest
	0.09
	0.17
	−0.06
	−0.83



	 Percent of built-up land
	0.30
	−0.19
	−0.24
	−0.09



	 Shannon’s diversity index
	0.43
	−0.12
	0.14
	−0.05



	 Connectance index
	0.01
	0.56
	0.18
	0.03



	 Patch richness density
	−0.32
	0.34
	0.21
	0.18



	 Patch density
	0.35
	0.40
	0.13
	0.13



	 Largest patch index
	−0.36
	0.26
	−0.13
	0.11



	 Mean patch size
	−0.30
	−0.34
	−0.03
	0.01



	 Aggregation index
	−0.40
	−0.20
	−0.14
	−0.07



	 NDVI
	0.25
	−0.04
	−0.39
	0.44



	 MNDBI
	0.18
	−0.24
	0.50
	0.19



	Proportion of variance
	0.38
	0.18
	0.15
	0.10



	Cumulative proportion
	0.38
	0.56
	0.71
	0.81







The variables with the highest loadings in each principal component (PC) are highlighted in bold. NDVI, normalized difference vegetation index; MNDBI, modified normalized difference built-up index.













 





Table 7. Results of principal component analysis (PCA) with nine socio-economic variables at 30 sample sites in the Poyang Lake wetland.






Table 7. Results of principal component analysis (PCA) with nine socio-economic variables at 30 sample sites in the Poyang Lake wetland.





	Variables
	PC1
	PC2
	PC3





	 Population density
	0.20
	0.60
	−0.62



	 GDP
	0.10
	0.95
	0.21



	 GDP per capita
	−0.59
	0.72
	−0.01



	 Total energy consumption
	0.70
	−0.48
	−0.19



	 Unit GDP energy consumption
	−0.31
	−0.27
	0.85



	 Environmental protection investment
	0.62
	−0.58
	0.02



	 Total output of aquatic products
	0.98
	0.11
	0.07



	 Average ordinary high school students per 10,000 population
	0.47
	0.20
	0.63



	 Chemical fertilization intensity
	0.70
	0.67
	0.12



	Proportion of variance
	0.45
	0.26
	0.10



	Cumulative proportion
	0.45
	0.71
	0.81







The variables with the highest loadings in each principal component (PC) are highlighted in bold.













 





Table 8. Pairwise Spearman’s correlation coefficients between scores of five individual indices and the overall wetland health index (WHI).
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	BI
	WI
	SI
	LUI
	SEI





	WI
	0.58 ***
	-
	-
	-
	-



	SI
	0.67 ***
	0.69 ***
	-
	-
	-



	LUI
	0.31 ns
	0.51 **
	0.29 ns
	-
	-



	SEI
	0.34 ns
	0.45 **
	0.50 **
	0.48 **
	-



	WHI
	0.74 ***
	0.91 ***
	0.85 ***
	0.63 ***
	0.68 ***







BI, biological index; WI, water quality index; SI, sediment index; LUI, land use index; SEI, socio-economic index. **, p < 0.01; ***, p < 0.001; ns, not significant.
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