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The assessment of habitat quality plays an important role in the effective conservation of wetland biodiversity. The Yellow River Delta Wetland is located in the intertwining zone of sea, terrestrial, and river ecosystems, increasing human activities and climate change posed a great threat to wetland biodiversity. This study first analyzed the spatial and temporal evolution characteristics of habitat quality in the Yellow River Delta Wetland under the evolution of the shoreline after runoff-sediment variability (1986–2020) using the InVEST-habitat quality model and then identified the dominant influence factors on habitat quality based on Geographical Detector. Finally, elasticity index was introduced to analyze the impacts of different reclamation activities on habitat quality. Results showed that the habitat quality decreased from 0.4798 in 1986 to 0.4078 in 2020, with high values of habitat quality concentrated in mudflat wetlands and low values of habitat quality concentrated in construction land and salt pans. The results of the Geographical Detector analysis showed that the influence of human activities, especially reclamation activities, had stronger effects on habitat quality than climatic factors. The elasticity index analysis showed that the elasticity of all three types of reclamation activities, namely, culture ponds, construction land, and salt pans, were negative from 1986 to 2005, 2005 to 2020, and 1986 to 2020. The reclamation activities had a negative impact on habitat quality. The habitat quality of the Yellow River Delta Wetland was most sensitive to the change in reclamation intensity of construction land from 1986 to 2020, and the sensitivity of the change of habitat quality to the change of reclamation intensity of culture ponds and salt pans was strengthening. This study explicitly revealed the effect of climate change and human activities on the habitat quality of the Yellow River Delta Wetland and proposed to analyze the response intensity of habitat quality to different reclamation activities by using the elasticity index, thus providing a scientific basis for mitigating the tradeoff between biodiversity conservation and rapid social development in the Yellow River Delta Wetland in the future.

KEYWORDS
habitat quality, influencing factors, elasticity, reclamation activities, Yellow River Delta Wetland


1 Introduction

The Yellow River Delta Wetland is a unique estuarine coastal wetland ecosystem, and the evolution of the Yellow River Delta Wetland is constrained by both the Yellow River runoff and sediment conditions and ocean dynamics (Han et al., 2011). The Yellow River Delta Wetland is one of the key areas for the development and protection of the Yellow River Basin and is an important part of maintaining the health of the Yellow River (Wang et al., 2018a). The government attaches great importance to the ecological management of the Yellow River and has proposed a major national strategy for ecological protection and high-quality development of the Yellow River basin (Dong et al., 2020; Ji et al., 2021). The Yellow River Delta Wetland is highly valued for its pristine and fragile nature. In recent years, the rapid expansion of aquaculture and accelerated urbanization have threatened the health of the Yellow River Delta ecosystem and species diversity. Therefore, it is necessary to strengthen the biodiversity protection of the Yellow River Delta Wetland.

Habitat quality is the ability of an ecosystem to provide the conditions necessary for the continued survival and reproduction of individual species, populations, communities, and humans, and is the fundamental condition that determines biodiversity (Newbold et al., 2015). Habitat transformation is the main direct driver of biodiversity loss and the habitat loss and degradation impacts are the most direct threat to biodiversity (Banks-Leite et al., 2020). Habitat quality is an effective indicator of regional ecological security, which reflects the level of regional biodiversity and ecosystem services (Liu et al., 2021a), the higher the habitat quality, the higher the biodiversity of the ecosystem (Yan et al., 2018). Therefore, habitat quality assessment is a very effective method for understanding the regional biodiversity and the health level of regional ecosystems. The evaluation methods for habitat quality are mainly divided into two types, one is based on the construction of the index system for evaluation, and the other is based on the evaluation model. Due to a large amount of data collection required for evaluation based on indicator systems, more and more researchers are emphasizing the role of model methods in habitat quality evaluation (Polasky et al., 2011; Yan et al., 2017). Although model evaluation has certain limitations and is highly dependent on expert knowledge in determining indicators, it has obvious advantages over the large amount of data collected based on the evaluation of indicator systems (Wu et al., 2021a; Wang and Cheng, 2022). Among them, the InVEST-habitat quality model is widely used, which is flexible in its application and can replace complex methods such as species surveys, not only considers ecological processes, but also has a complete habitat quality evaluation system, reduces the randomness in the selection of evaluation indicators, and can evaluate habitat quality quickly (Xu et al., 2019; Kunwar et al., 2020; Wu et al., 2021a).

For the Yellow River Delta wetland study area, studies have applied the InVEST-habitat quality model to investigate the spatial and temporal evolution characteristics of waterbird habitats in the Yellow River Delta wetlands from 2000 to 2015 (Li et al., 2019), and also combined the FLUS model with the InVEST-habitat quality model to simulate and predict the current and future habitat quality in Dongying City (Ding et al., 2021). But both of them lacked studies on the factors influencing the evolution of habitat quality in the Yellow River Delta Wetland. To reveal the influencing factors and underlying processes of habitat quality change, a more comprehensive understanding of the influencing factors driving habitat quality change is needed. The evolution of habitat quality is a complex process that is the result of a combination of internal and external drivers, including natural and social (Yan et al., 2018). Climate change and human activities are all influential factors in habitat quality evolution. Related studies have attempted to understand the patterns and driving mechanisms of habitat quality evolution from both natural and social perspectives (Schmitt-Harsh, 2013; Teferi et al., 2013). The natural factors mainly consider climate, vegetation cover, elevation, slope, etc., and the social factors mainly consider population, GDP, and other indicators. For instance, the InVEST- habitat quality model has been applied to evaluate the spatial and temporal variability of habitat quality in the Guangdong-Hong Kong-Macao-Great Bay area and analyzed the effects of population, GDP, and impervious area on habitat quality (Wu et al., 2021b), the effects of land-use change, elevation, and population density on habitat quality in the Beressa watershed, Blue Nile basin of Ethiopian highlands (Aneseyee et al., 2020), the effects of land use, population density and GDP, and natural factors of elevation, annual average rainfall, annual average temperature, and slope and NDVI on habitat quality in Liulin County (Zhang et al., 2022b), the effects of land-use transition on habitat quality in the Taihu Lake basin (Xu et al., 2019), urbanization and landscape pattern changes on habitat quality in Hangzhou (Zhu et al., 2020). Therefore, it is important to analyze the evolution of habitat quality and explore the influencing factors for the future development and conservation of the region. There have been studies using linear regression models, spatial autocorrelation indices, and other analytical methods to analyze the influencing factors, and the research methods are mature and abundant (Geng et al., 2020), but the selection of influencing factors in the current study is more often based on reference to existing studies, and then based on specific analytical methods to explore the magnitude of the influence of different influencing factors on habitat quality. However, to a certain extent, the characteristics of the study area were not considered, and the identification of dominant factors and a further selection of suitable methods to analyze the influence of dominant factors on habitat quality in depth according to the characteristics of dominant factors were lacking.

Since 1986, there has been a significant change in the runoff and sediment flow at the Lijin Station of the Yellow River Estuary (Zhang and Hu, 2007) (Figure 1), and the shoreline of the Yellow River Delta Wetland has been changing rapidly due to the influence of the Yellow River runoff and sediment, the change of shoreline makes the area of Yellow River Delta change year by year (Niu and Wang, 2020). And the mudflat wetland, which is an important habitat, is most obviously affected by the shoreline. Therefore, it is necessary to analyze the spatial and temporal evolution of habitat quality under the dynamic evolution of shoreline siltation in the Yellow River Delta Wetland and to analyze the influencing factors on habitat quality. Therefore, the main objectives of this study were to (1) evaluate the spatial and temporal changes in habitat quality under the dynamic evolution of the shoreline after runoff-sediment variability, (2) analyze the influencing factors of habitat quality evolution, (3) analyze the response of habitat quality to reclamation activities based on the identification of dominant factors (Figure 2). In this study, 1986, 1996, 2005, 2008, 2011, and 2020 were selected as representative years. 1996 was selected mainly because the Yellow River Delta National Nature Reserve was formally established in 1992, and the establishment of the reserve is of great significance to the conservation of the Yellow River Delta Wetland. Therefore, the year 1996 was chosen as the representative year after the establishment of the reserve. Since 2008, the Yellow River Conservancy Commission has carried out the ecological recharge of the Yellow River Delta wetland, so the years 2005 before and 2011 after the ecological recharge were chosen as the representative years in this paper. The year 2020 is chosen as the representative year in the context of the continuous ecological recharge work and the major national strategy of ecological protection and high-quality development of the Yellow River basin. The results of the study aim to provide a scientific basis for the future biodiversity conservation of the Yellow River Delta Wetland.
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FIGURE 1
The trend of runoff and sediment changed from 1963 to 2020 at Lijin Station.



[image: image]

FIGURE 2
Flowchart showing methodological steps followed in the study.




2 Materials and methods


2.1 Study area

The Yellow River Delta (37°35′N∼38°12′N, 118°33′E∼119°20′E) (Figure 3) is bordered by Bohai bay to the north and Laizhou bay to the east and is located in Dongying city, Shandong province, China (Chi et al., 2018). The interaction of river, land, and sea has created this alluvial plain and large coastal wetlands (Yu et al., 2012). It is the most typical and youngest coastal estuarine wetland in China, and it is an important habitat for a large number of endangered waterbirds. The Yellow River Delta Wetland has extremely significant ecological conservation value.
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FIGURE 3
Location of the study area.




2.2 Data sources and pre-processing

This study data mainly include vector data (i.e., study area boundary, Yellow River delta national nature reserve boundary, road network data), remote sensing image data (i.e., Landsat images), meteorological data (i.e., temperatures, precipitation), fieldwork data (Table 1). The remote sensing images from Landsat series satellite long time series dataset were selected as the remote sensing data source for the extraction of shoreline and land use in the Yellow River Delta Wetland for 35 years. A field survey was conducted in October 2020. A total of 70 sampling sites were visited. A global positioning system (GPS) was used and the land use type of each sample point was recorded. Based on the field survey and previous studies (Liu et al., 2016; Feng et al., 2019), the land use types of the Yellow River Delta Wetland were classified into 10 categories using a supervised classification-support vector machine approach, which are mudflat wetland, unused land, construction land, cropland, culture pond, reservoir pond, salt pan, forest, grassland, and river. Based on the field survey data of land use types and Google high-resolution remote sensing images, the interpretation results were manually visually modified, and the interpretation accuracy reached over 85%. The meteorological data including precipitation and temperature data were obtained from the China Meteorological Data Service Center, which was obtained by spatial interpolation of inverse distance weights and cropping using 31 meteorological stations in Shandong Province. All raster data were processed by resampling using the WGS1984-UTM50N coordinate system with a resolution of 30 m.


TABLE 1    Types and sources of data required in this study.
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2.3 Method


2.3.1 MNDWI

The current Yellow River estuary is a weakly tidal land-phase estuary with a short time for seawater to reach the high tide line position (Xia et al., 2009). The Landsat data file uses universal coordinated time (UTC), and most of the images taken were focused around 02:00 to 02:30 on that day. Since China is in the eastern eighth zone, the images were taken between 10:00 and 10:30 BST. The images selected for this paper were all taken between July and October each year, during which the tidal height in Dongying, Shandong Province, changes mainly in the evening and at night. During the daytime, especially between 10:00 and 10:30, the tidal height remains around 100 cm, while the average elevation of the tidal datum is −100 cm, so the tidal height remains 0 m above sea level. The highest value of the detected tidal height is 120 cm and the lowest value is about 70 cm. The error of using the water’s margin as the boundary line between sea and land is 20–30 cm (Wang et al., 2018b). Therefore, in this paper, the water’s margin line at the time of satellite transit is chosen as the shoreline and MNDWI is used to extract the shoreline.

The repaired normalized water index was proposed by Xu (2005) based on the normalized water index NDWI, and its mathematical expression is as follows:

[image: image]

where MIR and Green represent the reflectance of the mid-infrared band and Green light band, respectively.



2.3.2 InVEST model

The InVEST model, developed by Stanford University in collaboration with WWF and others, was designed to quantify three types of ecosystem services: terrestrial, freshwater, and marine. The habitat quality model is used in the InVEST model as a reflection of habitat quality, the information is mainly based on land use and habitat threat factors in habitat quality maps, and the assessment assumptions are not species-specific, but apply to biodiversity more generally, where areas of higher habitat quality can support higher species richness (Sharp et al., 2015; Terrado et al., 2016).

(1) The habitat quality assessment equation is as follows (Sharp et al., 2015):
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where is the habitat quality of raster x in Land type j; k is the half-saturation constant, which is 0.5 in this study; Hj is habitat suitability of Land type j; z is normalized constant, generally 2.5; Dxj is the habitat degradation index, which indicates the degree of habitat degradation under stress.

(2) Degree of habitat degradation:

The model assumes that the more sensitive the suitable habitat raster is to the threat source raster, the more likely the threat will affect causing its degradation, and thus the greater the raster degradation. The calculation formula is as follows (Sharp et al., 2015):
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where R is the number of threat factors; Yr is the number of grids occupied by the threat factors; wr is the weight of each threat; ry is the effect of threat r that originates in raster y; βx is the level of accessibility to a raster x; Sjr is the relative sensitivity of land type j to threat factor; iryx is the degradation decay function through distance.

(3) Habitat raster and threat source distance calculation formula (Sharp et al., 2015):
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where dxy is the linear distance between raster x and raster y, dr max is the maximum impact distance of threat of r originating in pixel y.

(4) Legal accessibility:

Legal accessibility is a measure of the extent to which an area is legally protected from human activities. The model assumes that the larger the raster cells are legally protected, the less impact they are affected by threats. The protected areas, which are usually accompanied by administrative policies or management plans, are less affected than non-legal protected areas (Duarte et al., 2016; Kija et al., 2020). A nature reserve in the strict sense represents the least accessibility with a value of 0, the greatest accessibility with a value of 1, and an intermediate level of protection between 0 and 1. The Shandong Yellow River Delta Nature Reserve was approved as a national nature reserve by the State Council in 1992. It is a national nature reserve focused on protecting the nascent wetland ecosystem and endangered bird species in the Yellow River estuary. The Yellow River Delta Nature Reserve is a very typical formal reserve. Therefore, the reserve is considered to be included in the model evaluation, which will largely improve the accuracy of the model evaluation results. The Yellow River Delta Nature Reserve vector boundary was added to the field access using ArcGIS 10.2 and assigned a value of 0. Because it was formally established in 1992, habitat quality evaluation from 1996 to 2020 considered legal accessibility, while 1986 was not considered.

The InVEST-habitat quality model input data include land use map, threat source data, threat factor weight, and influence distance, sensitivity parameters of suitable habitats to threat sources, half-saturation constant. The threat source data are selected from cropland, culture ponds, salt pans, unused land, construction land, and road network data. The weight of each threat source data, the degradation types, sensitivity parameters, and maximum distance were selected mainly based on the InVEST model manual and referenced to related research (Li et al., 2019; Ding et al., 2021; Song et al., 2021; Yohannes et al., 2021), and the half-saturation constant was adopted as 0.5. The values of model input parameters were taken as shown in Table 2.


TABLE 2    Input data used for the InVEST-habitat quality model.
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2.3.3 Geographical detector

This paper analyses the relationship between different influencing factors and habitat quality using GeoDetector to identify the dominant factors of habitat quality in the Yellow River Delta Wetland. GeoDetector is a tool for detecting and exploiting spatial anisotropy and can also reveal the influencing factors behind it. The divergence and factor detectors, which are mainly to detect the spatial divergence of Y and to detect how much of the spatial divergence of the attribute Y is explained by the factor X. It is measured by the q-value (Wang and Xu, 2017). The calculation formula is:
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where h is the stratification of dependent variable y or independent variable x, i.e., classification or partition; Nh and N are the unit numbers of layer h and the whole region, respectively; [image: image] and σ2 are the variances of layer h and region; SSW and SST are the sum of variances within the layer and the total variances of the whole region, respectively; The value range of q is [0,1], where the larger the value, the stronger the explanatory power of the independent variable x to dependent variable y, and vice versa.



2.3.4 Reclamation activities elasticity of habitat quality

Elasticity measures the sensitivity of the outcome variable to the change of an explanatory variable (Ye and Zhai, 2010). Elasticity term originated from microeconomics and was successfully implemented in many fields to gauge responsiveness (Khan, 2018). For instance, studies have been conducted to analyze the elasticity of different ecosystem services to changes in land use area (Liu et al., 2021b; Sannigrahi et al., 2021), the elasticity approach was used to quantify the impact of land use dynamics on ecological quality (Zhang et al., 2022a), and studies have also analyzed the response of water quality parameters to precipitation and temperature using elasticity coefficients. It simplifies data analysis because it is unitless (Khan, 2018).

To understand the relationship between changes in the intensity of different types of reclamation activities and changes in habitat quality, and which type of change in the intensity of reclamation activities will have a greater and lesser effect on changes in habitat quality, can be explained using the concept of “elasticity” in economics. In a general sense, elasticity is the property of a variable to change in a certain proportion relative to another variable. As a threat source for habitat quality model calculations, reclamation activities play a role in determining the spatial and temporal distribution of habitat quality in the Yellow River Delta Wetland, so this paper considers using the elasticity index to analyze the effects of different types of reclamation activities on habitat quality. The elasticity is calculated as follows:
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where E is the elasticity value, x is the independent variable, y is the dependent variable, Δx, and Δy are the amounts of change in the independent and dependent variables.

In this study, the logarithmic values of the variables are used as the elasticity values (Ye and Zhai, 2010).

[image: image]

where xi is the independent variable, for a certain year, yi y is the dependent variable in the corresponding year, E is the elasticity, and A is a constant.



2.3.5 Reclamation intensity index

To better quantify the intensity of construction land, culture ponds, and salt pans reclamation activities in the offshore area, this paper introduces a reclamation intensity index to quantify the intensity of different types of reclamation activities. Fu et al. (2010) proposed to use the reclamation intensity to refer to quantify the scale and intensity of reclamation in a certain area and to express the reclamation intensity in terms of the area of reclamation carried per unit of shoreline length. On this basis, this paper extrapolates this concept, mainly considering that the intensity of reclamation activity is not only related to the area but also the type of reclamation activity, and relying on the change of area does not fully reflect the intensity of reclamation activity, therefore, this paper considers the influence weight of reclamation activity as a threat source as a way to distinguish the influence of the type of reclamation activity on the result of reclamation intensity index:
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where ωr is the weight of each threat (reclamation activities), Ri is the reclamation intensity index, Si is the total area of the i-th reclamation activity within the study area (ha); L is the total length of the shoreline in the study area (km).




2.4 Influence factor selection and calculation

The spatial and temporal variation of habitat quality is influenced by a variety of factors. Considering the unique geographical location of the Yellow River Delta Wetland and the accessibility of data, this study selected five initial influencing factors. They are divided into climate change and human activities. The climate factor is selected as temperature and precipitation, and the human activities are selected as the human impact index, the proportion of the area of reclaimed activities, and the proportion of the area of cropland. ArcGIS 10.2 was used to generate spatialized data of annual average temperature, annual precipitation, human impact index, the proportion of reclaimed activity area, and the proportion of cropland area for the Yellow River Delta Wetland from 1986 to 2020. The results of the calculations are in the Supplementary material.


2.4.1 Human impact index

The human impact index (HAI) represents the impact of human activities on land cover types and landscape changes (Li et al., 2022), and this index reflects the intensity of human activities to some extent, and the selection of HAI as an impact factor can reflect the interrelationship between habitat quality and human activities, which is calculated as follows (Table 3).
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TABLE 3    Strength indices of human impact for different land use elements (Li et al., 2022).

[image: Table 3]

where Ai denotes the area of the i-th land use type, TA is the total land use area of the annual Yellow River Delta Wetland, and Pi is the intensity coefficient of anthropogenic impact.



2.4.2 Proportion of the area of reclamation activities

With the increase in the intensity of human activities interference, the area of culture ponds, salt pans, and construction land is growing rapidly. The continuous development of construction land, culture ponds, and salt pans in the Yellow River Delta Wetland, although it can bring great social and economic benefits, it causes the loss and degradation of a large number of natural wetlands. Therefore, the culture ponds, salt pans, and construction land in the offshore area are selected as the most important types of reclamation activities in the Yellow River Delta Wetland, and the proportion of reclamation activities under the dynamic change of shoreline from 1986 to 2020 is calculated:

[image: image]

where Pr is the annual percentage of reclamation activity, Sr is the total area of reclamation activity per year, S is the total area of study area per year under shoreline change.



2.4.3 Proportion of the area of cropland

In addition to reclamation activities, the significant increase in cropland in the central region can cause a series of problems, such as the destruction of the original wetlands and soil problems caused by the use of pesticides and fertilizers, which in turn can lead to the loss of wetland functions. Therefore, in this paper, the proportion of the area of cropland is also considered as an influencing factor of habitat quality, which is calculated as follows.

[image: image]

where Pc is the annual percentage of cropland, Sc is the total area of cropland per year,S is the total area of study area per year under shoreline change.





3 Results


3.1 Land use space-time evolution

From 1986 to 2020, the overall area of the Yellow River Delta fluctuates between 2836 and 2902 km2, with a range of 66 km2. The evolution of the Yellow River Delta erosion and siltation is generally fluctuating, and the changing pattern is not obvious. Within this fluctuation range, the overall area of the delta shows an increase from 1986 to 2005, reaching a peak of 2902 km2 in 2005, followed by a gradual decrease in the overall area of the Yellow River Delta until 2020. From 1986 to 2020, the Yellow River Delta area showed an overall increasing trend.

The distribution of land-use types from 1986 to 2020 is shown in Figure 4, and the changes in land-use types in different periods are shown in Figure 5. From 1986 to 2020, the different land-use types of the Yellow River Delta Wetland have changed significantly, among which the changing trend of culture ponds, salt pans, and construction land is obvious. The area of the culture pond increased from 23.27 km2 in 1986 to 419.52 km2 in 2020, and the salt pan increased from 4.94 km2 in 1986 to 64.41 km2 in 2020, the construction land increased from 28.81 to 245.71 km2. The unused land and mudflat wetland showed an obvious decreasing trend, the unused land decreased from 1110.47 km2 in 1986 to 286.87 km2 in 2020, and the mudflat wetland from 540.83 km2 in 1986 to 328.06 km2 in 2020. It can be seen that from 1986 to 2020, most of the natural wetlands in the Yellow River Delta were transformed into artificial wetlands and non-wetlands with the enhancement of the intensity of human activities. Construction land, culture ponds, salt pans, cropland, and reservoir ponds show a significant increase in general, while mudflat wetlands, forest, grassland, and unused land show a decreasing trend, and the increase of culture ponds, salt pans, reservoir ponds, and coastal construction land encroaches on a large number of mudflat wetlands, while the cropland in the central region encroaches on forest land, grassland, and unused land.
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FIGURE 4
Land use maps, 1986 (A), 1996 (B), 2005 (C), 2008 (D), 2011 (E), and 2020 (F).
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FIGURE 5
Changes in the area proportion of different land-use types in the Yellow River Delta Wetland.




3.2 Habitat quality (1986–2020)


3.2.1 Characteristics of the spatial and temporal evolution of habitat quality

Figure 6 shows the spatial distribution of habitat quality in the Yellow River Delta Wetland from 1986 to 2020, and the habitat quality index ranges from 0 to 1. Higher values represent more suitable habitat quality. According to the statistics (Figure 7), the average values of habitat quality index in the Yellow River Delta Wetland were 0.4798, 0.4858, 0.4531, 0.4113, 0.4029, and 0.4078 from 1986 to 2020. From 1986 to 1996, habitat quality showed an increasing trend. From 1996 to 2011, habitat quality showed a decreasing trend, and habitat quality in 2020 had a slowly increasing trend compared to 2011. From 1986 to 2020, habitat quality in the Yellow River Delta Wetland showed an overall decreasing trend.


[image: image]

FIGURE 6
Habitat quality spatial distribution in the Yellow River Delta Wetland, 1986 (A), 1996 (B), 2005 (C), 2008 (D), 2011 (E), and 2020 (F).



[image: image]

FIGURE 7
Habitat quality average index (right axis) and the percentage of area with different levels of habitat quality (left axis) from 1986 to 2020.


This study classified the habitat quality index into three categories. The habitat quality index of 0–0.1 was defined as low-quality habitat, 0.1–0.9 as medium-quality habitat, and 0.9–1 as high-quality habitat. The spatial distribution of habitat quality is consistent with the distribution of land use, with high-quality habitats mainly distributed in the mudflat wetland, grassland, and forest, and low-quality habitats mainly distributed in construction land and salt pans. From 1986 to 2020, there was an increasing trend of low-quality habitats and a decreasing trend of medium-quality and high-quality habitats in the Yellow River Delta Wetland.

Based on the land use types of the Yellow River Delta Wetland, the habitat quality of different land use types from 1986 to 2020 was further extracted (Table 4). Habitat quality varied considerably among land-use types, with the highest habitat quality index for mudflat wetland, which was generally close to 1, with the lowest habitat quality index for salt pan and construction land were to 0.


TABLE 4    Habitat quality average index of each land-use type from 1986 to 2020.
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3.2.2 Degree of habitat degradation spatial and temporal evolution

To have a more comprehensive understanding of the evolution of habitat quality, the degree of habitat degradation in the Yellow River Delta Wetland was calculated (Figure 8). The higher degree of habitat degradation represents the higher destructiveness of threat sources to habitat quality, and thus the possibility of habitat quality degradation will become greater. The degree of habitat degradation in the Yellow River Delta Wetland showed an increasing trend from 1986 to 2020. The habitat degradation value was 0.0088 in 1986, which increased to 0.0142 in 1996, and increased to 0.0162 in 2005, then increased to 0.0167 in 2008 and 0.0169 in 2011, and continued to increase to 0.0173 in 2020. Spatially, the establishment of the Yellow River Delta Reserve resulted in the degradation in the reserve being 0 after 1996, and the areas with a stronger degree of habitat degradation are concentrated in artificial areas such as construction land, which is consistent with existing studies (Xu et al., 2019; Zhu et al., 2020).


[image: image]

FIGURE 8
Habitat degradation spatial distribution in the Yellow River Wetland, 1986 (A), 1996 (B), 2005 (C), 2008 (D), 2011 (E), and 2020 (F).





3.3 Analysis of influence factors on habitat quality


3.3.1 Results of influence factors identification based on geographical detector

The detection results are shown in Figure 9. The mean value of q for the proportion of reclaimed activities area is 0.87, the mean value of q for the proportion of cropland area is 0.84, the mean value of q for the human impact index is 0.82, the mean value of q for precipitation is 0.16, and the mean value of q for temperature is 0.17. The interpretation capacity of the impact factors was ranked according to the mean value of q. The proportion of reclaimed activities area > proportion of cropland area > human impact index > temperature > precipitation. It can be seen that the proportion of reclamation activities area is significantly higher than the climatic factors. This indicates that changes in climatic conditions have little influence on the habitat quality of the Yellow River Delta Wetland, while human disturbances, mainly reclamation activities, are an important influencing factor on the habitat quality of the Yellow River Delta Wetland.


[image: image]

FIGURE 9
The q-value of each factor’s influence on habitat quality.




3.3.2 Quantitative analysis of the impact of reclamation activities on habitat quality

The calculation results of the reclamation intensity index of construction land, salt pans, and culture ponds in the Yellow River Delta Wetland were shown in Figure 10A. From 1986 to 2020, the reclamation intensity index of construction land, salt pans, and culture ponds increased year by year. Among them, the reclamation intensity index of culture ponds is significantly higher than that of salt pans and construction land. Figures 10B–D shows a simple linear correlation between habitat quality and different types of reclamation intensity index in the Yellow River Delta Wetland, which shows a simple linear negative correlation between habitat quality and reclamation intensity. The correlation coefficient between the reclamation intensity index and habitat quality index was −0.0021 for culture ponds, the correlation coefficient between reclamation intensity and habitat quality for construction land was −0.0107, and the correlation coefficient between reclamation intensity and habitat quality for salt pans was −0.0136.
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FIGURE 10
The results of the reclamation intensity index (A), the simple linear relationship between the reclamation intensity index and habitat quality (B–D).


The reclamation activities elasticity of habitat quality are documented for three different periods, i.e., 1986–2005, 2005–2020,1986–2020 in Figure 11. During 1986–2005, 2005–2020, 1986–2020, negative elasticities were documented for three types of reclamation activities, which further demonstrates the negative impact of reclamation activities on habitat quality. The direction of the response of habitat quality to the intensity of the different types of reclamation activities can be seen for the periods 1986–2005, 2005–2020, and 1986–2020, with negative elasticity for all three types of reclamation activities, and the elasticity is consistent with the direction of linear statistical correlation, which further illustrates the negative impact of the three reclamation activities on habitat quality. But the elasticity approach is better than the statistical correlation approach because it gives the concept of response intensity. The intensity of the response is quite useful and conveys useful information as far as this study is concerned.


[image: image]

FIGURE 11
The reclamation activities elasticity of habitat quality.


It can be seen that the sensitivity of changes in habitat quality to different types of reclamation activities differs in these three periods. During the period of 1986–2005, the highest negative elasticity value of reclamation intensity of construction land, followed by salt pans, and the smallest negative elasticity of reclamation intensity of culture ponds, indicates that changes in construction land cause significant changes in habitat quality in this period, in other words, changes in habitat quality in this period are sensitive to changes in construction land changes, while in the period of 2005–2020, the negative elasticity of the reclamation intensity of culture ponds is the highest, followed by salt pans, and the negative elasticity of the reclamation intensity of construction land is the smallest, indicating that changes in habitat quality in this period are more sensitive to changes in reclamation intensity of culture ponds. From the whole period of 1986–2020, the negative elasticity of reclamation intensity of construction land is the largest, followed by salt pans and the smallest negative elasticity of reclamation intensity of culture ponds, from the whole period, habitat quality is more sensitive to changes in construction land.

The evolution of the reclamation intensity elasticity index shows that the negative elasticity of reclamation intensity of construction land has a decreasing trend from the period of 1986–2005 to the period of 2005–2020, while the negative elasticity of reclamation intensity of culture ponds and salt pans has an increasing trend. This indicates that the sensitivity of the changes in habitat quality to changes in the intensity of construction land reclamation is weakening, while the sensitivity of the changes in habitat quality to changes in the intensity of culture ponds and salt pans reclamation is increasing.





4 Discussion


4.1 Habitat quality evolution and the analysis of influence factors

Spatially, the high-quality habitats in the Yellow River Delta Wetland were concentrated in mudflat wetlands, forest, and grassland, while the low-quality habitats were mainly concentrated in construction land and salt pans. This finding also proves that urban construction and expansion of culturing ponds, are the major threats to habitats in natural ecosystems, and is supported by the results of existing studies (Li et al., 2019; Zhu et al., 2020). At the same time, mudflat wetlands, as the high-quality habitat of the Yellow River Delta wetland, although the establishment of the Yellow River Delta Nature Reserve has protected the mudflat wetlands to a certain extent, the mudflat wetlands are still affected by the surrounding reclamation activities. In terms of time, the habitat quality improved in 1996 compared with 1986, mainly due to the establishment of the Yellow River Delta Nature Reserve in 1992, which reduced the destruction and development of some pristine wetlands and made the overall habitat quality improved. This also demonstrates that strict nature reserves can indeed provide a stronger protection mechanism against human disturbance activities (Kija et al., 2020). The habitat quality in 2020 has increased compared to 2011, this is mainly due to the background of the major strategy of ecological protection and high-quality development of the Yellow River basin and the continuous ecological replenishment work since 2008, more policies and management measures have been implemented to strengthen the protection of the Yellow River Delta Wetland, but the increase is small, thus the habitat quality of the Yellow River Delta Wetland from 1986 to 2020 showed a decreasing trend overall. This is consistent with the overall decreasing trend of habitat quality in the Yellow River basin in existing studies (Song et al., 2021).

This study found that human activities in the Yellow River Delta wetland were stronger than the effects of climate change on habitat quality. Climate as a background condition for wetland habitats, in general, abundant precipitation and suitable temperature have positive effects on species survival, but the q-values of precipitation and temperature are small compared to the q-values of human impact index, the proportion of reclamation activities area and the proportion of cropland area, indicating that precipitation and temperature have relatively small effects on the habitat quality of the Yellow River Delta Wetland. This result is inconsistent with our existing knowledge, and this paper suggests that this is mainly due to the small span range of the study area and the small differences in the spatial distribution of temperature and precipitation, causing the results to show inconsistency with our general knowledge.

Based on the results of the GeoDetector impact factors identification and the elasticity index, this study concludes that human activities, mainly reclamation activities, are the main cause of habitat quality degradation in the Yellow River Delta Wetland, and previous related studies support the results of this study. Yu et al. (2012) pointed out that reclamation significantly reduces ecosystem services in coastal wetlands, reclamation activities are a major factor in stressing wetlands (Jin et al., 2016), so the conclusion is reliable. Appropriate reclamation activities can bring certain economic benefits, but excessive reclamation will cause the loss and degradation of a large number of original wetlands in the Yellow River Delta Wetland and destroy the original habitats of many species. Therefore, it is inevitable that two conflicting issues will be faced, which are the need for economic development through reclamation activities and the need for wetland habitat conservation. Therefore, the rational implementation of reclamation activities and the identification of the most influential reclamation activities are the key to solving this problem, and the elasticity index analysis in this study answers this question. The results of the elasticity index analysis reflect the sensitivity of habitat quality to different types of reclamation activities and conclude that habitat quality is the most sensitive to which type of reclamation activity of the Yellow River Delta Wetland in different periods, and also understand the temporal evolution characteristics of the effects of changes in different reclamation activities on habitat quality, which is the reason why this paper adds two periods, 1986–2005, and 2005–2020, to be analyzed. The results of the elasticity analysis in this paper can determine the response of habitats to different reclamation activities.

From the whole period, habitats are most sensitive to changes in the reclamation intensity of construction land, which is consistent with the results of existing studies where ecosystem services are converted into construction projects with the greatest loss (Yu et al., 2021). This paper argues that this is mainly due to the permanent loss of pristine wetlands due to hardscaping such as construction sites, which has caused the permanent destruction of pristine habitats. From the changes in the two periods, the habitat quality becomes more sensitive to changes in the intensity of the two reclamation activities as the intensity of culture ponds and salt pans reclamation continues to increase. Therefore, in the future, the Yellow River Delta Wetland should strengthen wetland protection and restoration efforts, reasonably control the development of culture ponds and salt pans, and for the permanent loss of pristine wetlands due to construction and other hardening construction, more effective compensation measures are urgently needed to compensate for the encroachment of pristine wetlands which are supposed to play a habitat function (Ma et al., 2015), and studies also have shown that the conversion of coastal wetlands to aquaculture usually leads to relatively little reduction in ecosystem services, the offset ratios for the conversion of coastal wetlands into culture ponds were smallest (Yu et al., 2021), combining the results of this study, although habitats are becoming increasingly sensitive to the expansion of culture ponds and salt pans, the combination of the economic benefits generated by culture ponds and the size of compensation after their loss, and also based on the fact that habitats are most sensitive to construction land, the continuous expansion of culture ponds compared to construction land and salt pans is the most preferable in the inevitable future reclamation activities. This also implies that in the future, offshore areas can resolve the conflicts between reclamation activities and wetland conservation from the perspective of elasticity index analysis results, combined with the evaluation of benefits brought by reclamation activities and compensation after losses, so as to provide guidance for subsequent habitat conservation.



4.2 Limitations, strengths, and future outlook

The InVEST-habitat quality model assesses habitat quality primarily through land use and associated threat sources. The results of habitat quality were not calibrated and validated by in situ species surveys, which may bring some uncertainty to the results. In future studies, species surveys should be conducted, and other habitat quality assessment models should be used to validate and correct the results.

In this paper, the elasticity was introduced to analyze the response of habitat quality to reclamation activities, the reclamation intensity index is introduced to better reflect the intensity of reclamation activities, and considering that the intensity of reclamation activities is not only related to the area of reclamation activities but also related to the type of reclamation activities, the reclamation intensity index is improved to distinguish the type of reclamation activities by using the weights of threat sources in the input of InVEST habitat quality model. On this basis, the sensitivity of habitat quality to the reclamation activities is analyzed with the intensity of reclamation activities as the independent variable and habitat quality as the dependent variable, and the results of the analysis can better answer the question of how to trade-off between wetland protection and reclamation in the future. This paper concludes that it is reasonable and valid to use the elasticity index method to analyze the effects of changes in the intensity of reclamation activities on changes in habitat quality.

Habitat quality evolution is a complex process that is influenced by many factors. The Yellow River runoff and sediment have an important influence on the evolution of the Yellow River Delta Wetland, however, the effects of runoff and sediment changes on habitat quality have not been quantified at the spatial scale. Therefore, the relationship between habitat quality evolution and runoff-sediment in the Yellow River Delta Wetland still needs to be further clarified in future studies to better determine the reasonable range of runoff-sediment ratio and provide the scientific basis for the conservation of Yellow River Delta Wetland habitats in the future.




5 Conclusion

In this study, the spatial and temporal evolution of habitat quality was evaluated based on the InVEST-habitat quality model in the Yellow River Delta Wetland under the dynamic evolution of the shoreline after runoff-sediment variability, and on this basis, the dominant factors of habitat quality were identified spatially using the Geographical Detector, and the effects of climate change and human activities on habitat quality were clearly revealed, and the elasticity index was proposed to analyze the response of habitat quality to the changes of different reclamation activities, and the results of the elasticity index effectively reflected the sensitivity of habitat quality to the changes of different reclamation activities.

The main conclusions are as follows: the habitat quality of the Yellow River Delta Wetland decreased from 0.4798 in 1986 to 0.4078 in 2020, showing an overall decreasing trend. The high-value areas were mainly concentrated in natural areas such as mudflat wetlands, and low-value areas were mainly concentrated in artificial areas such as construction land and salt pans. The influence of climate change on the habitat quality of the Yellow River Delta Wetland was weaker than human activities, and human activities, mainly reclamation activities, were the important influencing factors on the habitat quality of the Yellow River Delta Wetland. The results of reclamation activities elasticity of habitat quality showed that the reclamation activities had a negative impact on habitat quality, the habitat quality was most sensitive to the change of the reclamation intensity for construction land, and the influence of the change of the intensity of culture ponds and salt pans on the change of habitat quality were strengthening.

The results of this study provide a scientific basis for biodiversity conservation and ecosystem protection for wetland managers and policy administrators in the Yellow River Delta Wetland. The future development of the Yellow River Delta Wetland should not expand reclamation activities at the expense of natural wetlands, and prevent the loss of a large amount of original habitat due to over-exploitation. The application of the elasticity index in this study provides new ideas for tradeoffs between habitat protection and reclamation activities in offshore areas in the future.
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Year 1986 | 1996 | 2005 2008 | 2011 | 2020
Reservoir pond 0.8977 | 0.8985 | 0.8971 | 0.8965 | 0.8975 & 0.8969
o 0.0015 | 0.0016 | 0.0031 | 0.0041 | 0.0034 & 0.0035
River 0.7992 | 0.7995 | 0.7990 | 0.7987 | 0.7989 | 0.7988
o 0.0011 | 0.0008 | 0.0019 | 0.0024 | 0.0024 | 0.002
Mudflat wetland | 0.9992 | 0.9995 | 0.9987 | 0.9983 | 0.9975 | 0.9986
o 0.0021 | 0.0019 | 0.0042 | 0.0048 | 0.0071 | 0.0062
Forest 0.8972 | 0.8978 | 0.8954 | 0.8954 | 0.8954 & 0.8938
o 0.002 0.0027 | 0.0053 | 0.0053 | 0.0058 | 0.0048
Grassland 0.7994 | 0.7989 | 0.7974 | 0.7967 | 0.7963 | 0.7967
o 0.009 0.0015 | 0.003 0.0041 | 0.0043 | 0.0037
Unused land 0.1999 | 0.1999 | 0.1999 | 0.1999 | 0.1999 & 0.1999
o 0 0 0 0.0001 | 0.0001 | 0.0001
Cropland 0.0999 | 0.0999 | 0.0999 | 0.0999 | 0.0999 & 0.0999
o 0 0 0 0 0 0
Culture pond 0.0499 | 0.0499 | 0.0499 | 0.0499 | 0.0499 & 0.0499
o 0 0 0 0 0 0

Salt pan 0 0 0 0 0 0

o 0 0 0 0 0 0
Construction 0 0 0 0 0 0

land

o 0 0 0 0 0 0

o represents the standard deviation.
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Maximum Weight |Declining Suitable habitats
distance (km) type

Forest Grassland | Reservoir River Mudflat
pond wetland

Habitat suitability of each land use
0.9 0.8 0.9 0.8

Sensitivity of suitable habitat to threat factors

Culture pond 5 0.7 Linear 04 0.5 0.7 0.6 0.9
Salt pan 10 1 Exponential 0.3 04 0.5 0.6 0.7
Cropland 8 0.7 Exponential 04 04 0.2 0.5 0.3
Construction 2 0.6 Linear 0.6 0.6 0.5 0.4 0.7
land

Unused land 3 0.5 Linear 0.5 0.2 0.3 04 0.8
Road Exponential
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Data type

Data description

Data sources

Data format

Vector data Yellow River delta national ~ |Obtained from the vectorization of protected area boundaries in the Shapefile
nature reserve boundary Shandong Yellow River Delta National Nature Reserve Water Resources
Allocation and System Linkage Plan
Road network data Water information service explorer (http://www.zkyq-tech.cn/) Shapefile
Remote sensing Landsat images Geospatial Data Cloud (https://www.gscloud.cn/) TIFF
images data
Meteorological data | Temperatures China Meteorological Data Service Center (http://data.cma.cn/) TIFF
Precipitation China Meteorological Data Service Center (http://data.cma.cn/) TIFF
Fieldwork data Land use type Fieldwork Shapefile
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