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Wetland ecosystems provide numerous services to humanity and the biosphere at large. However, these services are constantly dwindling due to the massive wetland loss caused by urbanization. Urbanization-induced wetland loss is a global problem, with most developing countries experiencing it currently. Several studies on wetland loss have been conducted. However, there is a dearth of studies integrating GIS and other ecological models to estimate the periodic deterioration of wetlands in rural settings in underdeveloped nations. As a result, this study aims to determine wetland loss in a developing country’s countryside, using the Greater Amanzule Wetland in the Ellembelle District of Ghana as a case study. The study used the GIS and Remote Sensing dataset, the Normalization Difference Vegetation Index, and the InVEST-Habitat Quality model to analyze the spatial pattern of wetland loss and habitat quality variations caused by industrialization and community expansions between 2000 and 2020. Our results indicate that, from 2000 to 2015, community built-up and industrial land areas grew from 25.19 ha to 84.21 ha and 0–4.71 ha respectively, causing a wetland loss of −39.64 ha (−31.10%). Between 2015 and 2020, community built-up land grew to 78.65 ha while industrial land slightly reduced to 2.54 ha, leading to the wetland degradation of approximately −69.06 ha (−42.53%). Wetland habitat quality steadily declined, from 0.97 in 2000 to 0.93 in 2015 and 0.93 in 2020. The study findings led to policy recommendations to reduce wetland encroachment and enhance sustainability. These recommendations included conducting effective land-use plan inspections before issuing permits, coordinating effective management, and promoting the recovery of natural and artificial vegetation to sustain the wetland.
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1 INTRODUCTION
Wetland ecosystems provide adequate services to the biosphere and society in several places where they are found (Cao and Anthony, 2009). These wetland services include climate change regulation, water purification, biodiversity conservation, groundwater restoration, flood control, storm protection, wetland product supply, cultural values, and tourism and recreation centers (Cao and Anthony, 2009; Jafari, 2009; Mao et al., 2018). Specifically, mangrove trees considered one of the dominant species of the wetland ecosystem, are well known for their numerous ecosystem services, especially carbon sequestration and sinking for atmospheric carbon (Junk et al., 2013; Ramsar Convention Secretariat, 2013; Yevugah et al., 2017). The degradation and loss of wetland ecosystems globally over the past decade are alarming.
Wetland degradation is the loss of wetlands’ ecological health (Douglas, 2017; Finlayson et al., 2015), involving changes in structure and function caused by many ecological and environmental disasters, especially human activity (Cazenave and Robert, 2010; Cui et al., 2018; McCauley et al., 2013). It is estimated that 50% of the world’s salt marshes and 35% of mangroves have been damaged, with the proportion nearing 90% in some locations (Douglas, 2017; Gibson et al., 2015; Ramsar Convention Secretariat, 2013). For instance, the ever-increasing human population and the desire to fulfill unlimited human demands through urbanization and industrialization have resulted in the degradation and extinction of natural resources, contributing to the loss of ecosystem services as well as increased ecological consequences such as the loss and fragmentation of natural habitats, alterations in water quality, and decreased food supply (Grumbine, 2014; He C. et al., 2014; Kuchay and Bhat, 2014; Mao et al., 2018; Zhao et al., 2006). The continued expansion of urban centers has aggravated the ecological vulnerability of wetlands and caused obvious ecological consequences (He Q. et al., 2014; Mao et al., 2018; Wang et al., 2020). Deliberate efforts to address and solve the causes of wetland degradation are ultimately necessary to make sounder management decisions (Kuchay and Bhat, 2014; McCauley et al., 2013). Thus, it is critical for ecological management in rapidly changing and human-dominated environments to properly assess and monitor wetlands and their habitat quality changes, as well as determine the mechanisms underlying these changes. (Sun et al., 2019).
Researchers have heavily employed remote sensing methodologies in several studies assessing the causes of wetland degradation and its conservation. Most of these studies focused on urbanization-induced wetland loss (Cui et al., 2018; Mao et al., 2018) at the regional scales of economically developed countries such as Portland in the United States of America (Kentula et al., 2004), Lianyungang City in China (Li et al., 2014), and Balcovas’ Delta in Turkey (Bolca et al., 2007). However, there is a dearth of studies integrating GIS and other ecological models to estimate the periodic deterioration of wetlands in local or rural settings in underdeveloped nations.
Remote sensing (RS) enables the evaluation of LULC changes in regional and local landscapes as well as the estimation of socio-economic repercussions on the surrounding ecological resources, including wetlands (Shuangao et al., 2021). Compared to traditional techniques that rely on field surveys and single-sensor satellite images (Sun et al., 2019), available RS techniques and related indexes, including the Normalization Difference Vegetation Index (NDVI), accurately calculate spatial ecological changes and are convenient and reliable for monitoring LULC and ecological changes (Wu and Ke, 2016). Consequently, RS techniques and the NDVI have been extensively employed to evaluate changes in land use and land cover (LULC) and vegetation cover changes across various countries worldwide (Holland et al., 1995; Mao et al., 2018; Ochoa-Gaona et al., 2010; Tian et al., 2017; Zhai et al., 2020).
The NDVI differencing and classification method has emerged as the frequently used change detection method for past years, providing detailed and accurate information for monitoring and determining LULC changes (Ehsan and Kazem, 2013; Huang et al., 2021; Kaku et al., 2021). The most popular indexation for vegetation assessment today is NDVI, a remote sensing analytical product that simplifies complex multispectral imagery. The widespread usage of NDVI is due to its ability to be easily calculated with any multispectral sensor with a visible and near-IR band (Alex et al., 2017; Huang et al., 2021; Kaku et al., 2021; Zaitunah et al., 2018). The NDVI can detect changes in vegetation at regional and global scales using reflective bands of satellite data. NDVI-generated images are very convenient and practical for determining vegetation dynamics between multiple-year periods (Ehsan and Kazem, 2013; Drisya et al., 2018; Choubin et al., 2019; Huang et al., 2021). The NDVI image values can be deduced by subtracting two or more different times pixel by pixel to create the differentiated image (Diallo et al., 2010; Huang et al., 2021; Kaku et al., 2021). Lyon et al. (1998a) examined seven vegetation indices using Landsat MSS image data for land cover change analysis from three dates and concluded that the NDVI differencing technique was the most suitable for vegetation change detection (Huang et al., 2021; Lyon et al., 1998b; Lyon et al., 1998a).
Over the years, the NDVI and other numerous ecological assessment indexes such as the Soil Adjusted Vegetation Index (SAVI) (Faisal et al., 2019) and the Normalized Difference Built-up Index (NDBI) (Faisal et al., 2019) were primarily concerned with determining any disruption to the structure, process, function, stability, and sustainability caused by threat factors external to the ecosystem, as well as identifying the ecosystem’s hazards (Terrado et al., 2016). Recently, vegetation and ecological assessment efforts have shifted toward comprehending and embracing the distribution of threats to design and implement biodiversity conservation and management strategies. Techniques for mapping threats consist of mapping the prevalence of a specific threat and scoring methods for multiple threats, such as ecosystem vulnerability and sensitivity (Terrado et al., 2016; Uerbach et al., 2014). The Integrated Valuation of Environmental Services and Tradeoffs (InVEST) model uses threat mapping analysis to track changes in ecosystems and trends in habitat quality while accurately estimating how much damage is caused by threat variables. This makes it a useful tool, especially in places where biodiversity data is difficult to get (Sharp et al., 2020).
The InVEST-Habitat Quality (HQ) model is the most commonly used program for ecological service assessment and spatialization, with a complete procedure for biodiversity evaluation (Sharp et al., 2020; Sun et al., 2019; Xu et al., 2019). The habitat quality model can determine the impact of human activities on terrestrial ecosystems. This model assumes a relationship between a high level of biodiversity and good habitat quality (Sun et al., 2019; Zhai et al., 2020). Habitat quality refers to an ecosystem’s ability to offer the circumstances essential for the survival and reproduction of species at a given location (Zhai et al., 2020). The model assumes that biodiversity patterns are intrinsically spatial (Sun et al., 2019). Habitat quality can be estimated utilizing geospatial data, such as LULC maps, threat layers, habitat categories, and threat-specific habitat sensitivities (Sharp et al., 2020; Zhai et al., 2020). The model’s advantages include simple operation, data processing efficiency, quick parameter access, and the requirement of minimal parameters (Terrado et al., 2016; Wu et al., 2014). This has led to its extensive use in habitat quality evaluations across the globe (Sallustio et al., 2017; Sun et al., 2019), demonstrating its advantages for resource and environmental management, as well as land-use planning (Li et al., 2018; Wu et al., 2014; Xu et al., 2019).
Nevertheless, there is a scarcity of research using RS, the NDVI, and the HQ model, as most previous studies used them separately to evaluate the influence of anthropogenic activities on wetland ecosystems. Furthermore, previous studies on wetland loss, including Kuchay and Bhat (2014), McCauley et al. (2013), USAID GHANA (2017), Kentula et al. (2004), and Li et al. (2014), have failed to categorize wetlands into distinct categories, such as river, lake, and wetland vegetation species, to estimate the extent to which threat factors have impacted these categories.
Locally in Ghana, wetlands conservation and ecological restoration have received much attention due to the speedy deterioration of wetlands over the past years, especially coastal wetlands (Abdullah, 2018; Bernard et al., 2020; Coastal Resources Center, 2013; Kumi et al., 2015). As a developing country, Ghana’s cities and regions are rapidly urbanizing and industrializing, negatively impacting local ecologies (Adams et al., 2016; Addae and Oppelt, 2019; Ashiagbor et al., 2019; USAID GHANA, 2017). The Western Region of Ghana is expected to be one of Ghana’s and Africa’s greatest industrial zones in the coming years due to the abundance of natural resources in the area. (Ackah et al., 2014). Coastal districts of Ghana’s Western Region, especially the Ellembelle and Jomoro Districts, face several land-use pressures (Mpoano, 2018). Coastal wetlands and inland forests are damaged to provide space for commercial and economic activities like establishing industries, artisanal small-scale, and large-scale mining (Addae and Oppelt, 2019; Mensah et al., 2015; Owusu-Adjapong, 2018; Owusu-Nimo et al., 2018; USAID GHANA, 2017).
Despite the adverse impacts on wetlands caused by accelerated urbanization and industrial development in the region, community land use and industrialized-induced wetlands loss receive less attention. The status and extent of wetland degradation, as well as the habitat quality variations, are rarely examined. Therefore, based on updated datasets retrieved from satellite images, this study uses the Greater Amanzule Wetland (GAW) in the Ellembelle district of Ghana as a case study to primarily assess the impacts of industrial establishments and community land-use expansions on wetlands. The study specifically aims (a) to assess land-use changes from 2000 to 2020, (b) to examine the land cover density and habitat quality changes in the wetland area, and (c) to identify conservation and restoration measures implemented in the region following the nature and level of degradation. The findings offer a scientific foundation for the protection and comprehensive management to enhance the wetland’s sustainability in the study area and beyond.
2 METHODS AND MATERIALS
2.1 Study area
The study was conducted on a portion of the Greater Amanzule Wetland (GAW) along the Amanzule River in the Ellembelle district of Ghana. The Greater Amanzule Wetland is an important natural wetland ecosystem located in the coastal zone of the district, with mangroves as the dominant species (Mpoano, 2018; Yevugah et al., 2017). The GAW functions as a home for various animal species, including crocodiles, crabs, snails, monkeys, and tortoises. It also functions as a crucial habitat for migratory birds to forage and repose. (Mpoano, 2018; USAID GHANA, 2017; Yevugah et al., 2017). The Ellembelle District constitutes the 14 Metropolitan, Municipal, and District Assemblies (MMDAs) in the Western Region of Ghana, and it is found at the southern part of the region between longitudes 2005′W 2035′W and latitude 4040′N and 5020′N. It has a total area of 995.8 km2, representing about 9.8% of the entire land surface of the Western Region (Ghana Statistical Service, 2014; Ghanadistricts.com, 2019). It lies within the semi-equatorial climatic zone of the West African sub-region and has moist semi-deciduous rainforest vegetation but changes to secondary forest southwards due to human activities like logging and farming (Ghana Statistical Service, 2014). The Ellembelle district is recognized as a resource-based district and has proven to be an industrial hub due to the massive extraction of gold and crude oil. Most of the industries are concentrated along the coast, where the wetland is the primary landscape of the area (Ghana Statistical Service, 2014; Mpoano, 2018; USAID GHANA, 2017). Industrial activities such as crude oil extraction and gold mining are vital factors contributing to the district’s economic development and detrimental to the regional eco-environment (Ackah et al., 2014; Ghana Statistical Service, 2014; Kaku, 2018; Kaku et al., 2021). Figure 1 shows the study area map obtained from the Ellembelle District map.
[image: Figure 1]FIGURE 1 | Study area map.
2.2 Data collections and sources
Distribution datasets were extracted by collecting three Landsat images of the study area (Landsat7, ETM+) for the year 2000 and (Landsat8, OLI) images for the 2015 and 2020 years (Table 1) from the archives of the United States Geological Survey (United State Geological Survey, 2021; http://earthexplorer.usgs.gov) to analyze the LULC changes in the area. These images have a spatial resolution of 30 m, covering the entire study area. The processing template parameter in the ArcGIS software was used to process these images. Additionally, existing literature concerning the study area and the study domain was accessed from governmental agencies to support the analysis.
TABLE 1 | Landsat satellite images and their features.
[image: Table 1]2.3 Data analysis and presentation
This study extracted different land-use and wetland clusters through GIS techniques, a remote sensing dataset, the Normalized Difference Vegetation Index (NDVI), and the Invest-habitat quality model to create Land-use Land-cover (LULC) and habitat quality maps. Excel (Microsoft, Redmond, DC, United States of America), ArcGIS (Esri, Redlands, CA, United States of America), ENVI 5.3, InVEST 3.10.1, and OriginLab software (OriginLab, Northampton, United Kingdom) were used to analyze and process available data. Results were presented as summary statistics in tables, graphs, and maps.
2.4 Vegetation index
Using the NDVI, we estimated vegetation values by analyzing and detecting wetland and other land cover changes in the study area. The statistical definition of the NDVI data layer is provided by (Ehsan and Kazem, 2013; Huang et al., 2021; Lyon et al., 1998b):
[image: image]
where NDVI is the normalized difference vegetation index. Red and NIR are spectral radiance (or reflectance) measurements recorded with sensors in red (visible) and NIR regions, respectively. Radiance (watts steradian−1 m−2 μm−1) measures energy flux recorded by a sensor. The values of radiance are often rescaled to digital numbers (DN) as 6-bit or 7-bit (MSS), 8-bit (TM, ETM+), or 12-bit (Landsat8) unsigned integers. Reflectance is a unitless measure of the ratio of radiation reflected by an object relative to the radiation incident upon it (Hilson and Nyame, 2006; Huang et al., 2021). The NDVI values should be greater than zero (0) and between −1 and +1, where rising positive values indicate healthy and green vegetation. Negative values denote sparse or non-vegetated surface features such as barren land or water, snow, or clouds. The presence of atmospheric effects causes the red and near-infrared wavelengths to scatter, affecting the NDVI calculation. The use of reflectance is significant in controlling the impact of scattered radiation in the atmosphere. The changes in NDVI values among different objects are due to their relative changes in spectral responses. Therefore, Equation 1 is modified as follows (Huang et al., 2021; Kulawardhana, 2011):
[image: image]
where NDVI is the normalized difference vegetation index. R is the ratio of NIR to Red and is commonly referred to as the ratio of vegetation index (Huang et al., 2021; Kaku et al., 2021). Equation 2 is explicit for defining NDVI behavior patterns due to different responses of NIR and Red to atmospheric effects (Huang et al., 2021; Mcveagh et al., 2012).
2.5 LULC classification
The study used Surface Reflectance Products, i.e., atmospherically corrected images (USGS archives), and ArcGIS software to confirm the removal of atmospheric scattering and absorption effects, followed by supervised classification to create land cover types. It was carried out based on confirmed results from the Google Earth map and existing topographical maps, which were used as reference data. Subsequently, spectral signatures were employed to classify all images’ pixels by creating a group of random training points (50 points for each class) (Shuangao et al., 2021). LULC varieties were represented in the training area. The maximum likelihood in the ArcGIS software was used to classify images to generate four (4) LULC types based on the training area. These LULC types were wetlands, community land, Industrial land, and Empty land (Table 2). Wetlands were further categorized into river, lake, and wetland vegetation by combining the NDVI, object brightness, and texture. Human knowledge about the study location was utilized to support and enhance the accuracy of the LULC classification processes. A definitive false-color image composite of the near-infrared, blue, violet, cyan, and green bands was used to depict the various land cover classes, and LULC maps were generated.
TABLE 2 | Different LULC categorizations and descriptions.
[image: Table 2]2.6 LULC and density changes analysis
An investigation was done to quantify the differences in each land cover type (during the three-time intervals) to identify where the changes occurred using the change detection statistics tool in ArcGIS 10.3. In detecting areas with LULC changes, cross-tabular calculations were performed on the three (3) image values. The previous year’s image values were subtracted from the subsequent year’s LULC image values [Equation 3], resulting in the two (2) stages; 2015–2000 is stage 1, and 2020–2015 is stage 2. An overlay comprising LULC maps of 2000, 2015, and 2020 was developed through the ArcGIS software, and a transition matrix was done for the overlaid LULC maps. Based on the NDVI values from Equation 2, the vegetation density was determined by subtracting the values between the three study periods to quantify the changes and reclassifying them as low, medium, and high density by using the equal interval tool in ArcGIS. The NDVI density values range from −1 to 1, with −1 the lowest and 1 the highest. Dense vegetation is indicated by values close to 1. NDVI density values vary from −0.1 to 0.1 for low density, 0.1 to 0.2 for medium density, and 0.3 to 1 for high density (Alex et al., 2017). These density class definitions led to the categorization of NDVI density into three classes: low-density, medium-density, and high-density, which represent wetland areas and LULC types. Low-density areas have NDVI values from −0.37 to 0.03, medium-density areas have values from 0.03 to 0.23, and high-density areas have values from 0.23 to 0.47. A definitive color of the red, yellow, and green bands was used to depict the three density classes, and an overlay comprising NDVI density maps of 2000, 2015, and 2020 was generated.
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Where LULCC is the Land-use/Land-cover changes, Sy is the subsequent year value, and Py is the previous year value.
2.7 Invest-habitat quality model (HQM)
The InVEST’s Habitat Quality module (InVEST-HQ, v3.4.2) (Sharp et al., 2020; Sun et al., 2019) was used to evaluate the GAW area’s habitat quality; this model established information on ecosystem types and anthropogenic disruption variables based on LULC. The model’s primary objective is to establish a link between habitat quality and threats, specifically to calculate the negative impact of threats on a habitat, determine the level of habitat degradation, and then compute habitat quality by integrating habitat suitability and degradation levels. The habitat quality index measures the habitat’s quality and the extent to which it has been fragmented due to threats (Terrado et al., 2016). The ecological structure and habitat quality are stable in places with high values. The anti-interference capability is limited in low-value places, and the ecological environment is easily harmed. The habitat quality scores ranged from 0 to 1. The poorer the habitat quality, the lower the value, and vice versa. The overall habitat quality values were categorized into three (3) classes based on the habitat quality class definition by (Sharp et al., 2020; Sun et al., 2019; Zhai et al., 2020) Equation 4. The following formula is used to determine habitat quality (Sharp et al., 2020; Sun et al., 2019; Zhai et al., 2020):
[image: image]
where [image: image] is the habitat quality of raster x in land-use class j, j denotes for land-use class (habitat type), [image: image] is the habitat suitability of the LULC type j, [image: image] is the total threat level in raster x with the LULC type j, k is half-saturation constant, which is half of the maximum value of [image: image] and z is the normalized constant, mostly equal to 2.
The study’s primary objective is to examine the impacts of land-use change; therefore, it did not consider the numerous anthropogenic factors, such as alien species invasion, that function as sources of habitat degradation. Based on the ecological features and the LULC maps generated for the study, community expansions, and industry were selected as the major threat factors to habitat. The model also assumes that there is no habitat in the bare area and is therefore considered a threat factor with a lower sensitivity. Each threat map was derived from land-use maps. The extent of influence, weight, the sensitivity of habitat types to threat factors, and other parameters like habitat suitability (Tables 3, 4) were chosen and assigned following the InVEST VERSION User’s references, previous studies (Sun et al., 2019; Zhai et al., 2020) and expert suggestions.
TABLE 3 | Maximum distance and weight of the threats affecting habitat quality.
[image: Table 3]TABLE 4 | The sensitivity of habitat types to each threat factor.
[image: Table 4]3 RESULTS
3.1 Land use and wetland categories changes from 2000 to 2020
The spatial extent of community built-up and industrial land constantly increases, while wetland vegetation and bare land decrease throughout the study periods. As shown in Table 5, the spatial values of wetland vegetation reduced from 73.93% to 70.73% between 2000 and 2015 and further decreased to 62.20% between 2015 and 2020. Furthermore, the river’s spatial values decreased from 1.94% to 1.49% between 2000 and 2015, and then slightly expanded to 1.85% in 2020. Similarly, the lake experienced a reduction from 3.10% to 1.97% from 2000 to 2015, followed by an expansion to 2.06% in 2020. Between 2000 and 2015, Community built-up land expanded from 2.98% to 9.95% and massively increased to 19.27%in 2020. From 2000 to 2015, Industrial land rose from 0% to 0.56%and expanded to 0.86%between 2015 and 2020. Between 2000 and 2015, Bare land’s spatial values decreased from 18.05% to 15.30% and further decreased to 13.76% between 2015 and 2020. However, comparisons in the overall percentage changes in LULC categories between stages 1 and 2 show that community built-up land hugely expanded by 46.31%, and industrial land expanded by 3.70%; this directly affected other land cover categories in stage 1 by significantly reducing their spatial values. Wetland vegetation was reduced by −20.65%, river decreased by −2.97%, lake decreased by −7.48%, and bare land was reduced by −18.90%. Again, slight decreases in community built-up land and industrial land to 46.28% and 1.49% directly affected wetland categories and bare land in stage 2. Figures 2, 3 represent the percentage changes in all LULC categories, as well as the LULC classified maps of the study area for 2000, 2015, and 2020.
TABLE 5 | Comparisons of areas and patterns of changes in LULC categories between 2000, 2015, and 2020.
[image: Table 5][image: Figure 2]FIGURE 2 | Percentage changes in LULC categories during the 2000 to 2020 periods.
[image: Figure 3]FIGURE 3 | LULC classified maps of the study area for 2000, 2015, and 2020.
3.2 Industrial and community expansion encroachment on wetland
Despite the availability of bare land to absorb the increasing community expansions and industrial activities, the rate of industrial and community-induced wetland loss was very severe. As presented in Table 6 and Supplementary Figure S2 in stage 1 (2000–2015), community built-up and industrial lands covering an area of 59.02 ha and 4.71 ha resulted in the loss of −39.64 ha of wetland, representing −31.10%, while −24.10 ha representing −18.91% of bare land was also captured. In stage 2 (2015–2020), community built-up land increased to 78.65 ha, and industrial lands slightly reduced to 2.54 ha, causing the disappearance of −69.06 ha of wetland and −12.13 ha of bare land, representing percentage losses of −42.53% and −7.47%, respectively. This shows that wetland loss was higher in stage 2 than in stage 1.
TABLE 6 | Area (Ha) of wetland and bare land losses to community built-up and industrial lands within stage 1 (2015–2000) and stage 2 (2020–2015).
[image: Table 6]3.3 NDVI (Vegetation) density changes from 2000 to 2020
There were significant changes within all density classes during our study periods. Between 2000 and 2015, land cover in low-density and high-density classes reduced from 16.34% to 9.77% and 59.03%–52.96%, respectively, while the medium-density increased from 24.63% to 37.27%. Similarly, between 2015 and 2020, there was an increase in low- and medium-density areas, from 9.77% to 17.70% and 37.27% to 46.42, while high-density areas massively decreased from 52.96% to 35.88%. As presented in Table 7 and Figure 4, the medium-density category kept rising within all years, while the low-density and high-density categories changed from 1 year to another. In the NDVI density change analysis, these three categories indicate the changes in the area within the 20-year (2000, 2015, 2020) period. The low-density category in red indicates a negative change, the medium-density category in yellow indicates no change, and the high-density category in green shows a positive change. Figure 5 displays the NDVI density maps of the study area for the years 2000, 2015, and 2020.
TABLE 7 | NDVI density categories and changes between 2008, 2015, and 2020.
[image: Table 7][image: Figure 4]FIGURE 4 | Percentage changes in NDVI density categories during the period of 2000–2020.
[image: Figure 5]FIGURE 5 | NDVI density maps for 2008, 2015, and 2020.
3.4 Change in habitat types and degradation levels between 2000 and 2020
Table 8 displays the results of the InVEST-HQ model’s simulation of habitat quality from 2000 to 2020, indicating a continuous decline in habitat type qualities in the GAW area due to the high intensity of land development and exploitation. Between 2000 and 2015, the habitat quality of wetland vegetation decreased from 0.99 to 0.91 and then further decreased from 0.91 to 0.86 between 2015 and 2020, as degradation levels increased from 0.02 to 0.04 and 0.07, respectively. Between 2000 and 2015, the river’s habitat quality decreased from 0.99 to 0.96 and marginally increased from 0.96 to 0.97 in 2020, decreasing the degradation level from 0.02 in 2000 to 0.01 in both 2015 and 2020. Similarly, from 2000 to 2015, the lake’s quality slightly decreased from 1.00 to 0.99, and then further to 0.98 from 2015 to 2020, with an increase in deterioration level from 0.01 to 0.02.
TABLE 8 | Change in habitat type quality and the degradation level from 2000 to 2020.
[image: Table 8]Except for the river, which had habitat quality variations, wetland vegetation and lake habitat qualities constantly decreased across the periods, with wetland vegetation experiencing a sharp decline. The overall habitat quality of the GAW area reduced from 1 to 0.97, to 0.93 in 2000, 2015, and 2020, respectively.
3.5 Spatial-temporal changes in habitat quality and threat (impact) factors in the GAW
The spatial variance in habitat quality was obvious, as the spatial pattern of habitat quality decreased while the spatial pattern of threat factors continued to increase. As presented in Figure 6, the low-class areas in red have no (0) habitat quality values, indicating the presence of serious threats that caused severe habitat degradation. The habitat values in the medium-class areas ranged from 0.01–0.9, indicating fewer threats and minimal habitat loss. These areas are denoted with yellow color and are areas where rivers and lakes are located in the GAW.
[image: Figure 6]FIGURE 6 | Habitat quality maps for 2000, 2015, and 2020.
The habitat quality values in the high-class areas ranged from 0.91 to 1, indicating good habitat quality due to the absence of threats in such areas. These areas are denoted by a green color and are widely dominated by wetland vegetation. Between 2000 and 2015, the spatial values of community built-up areas increased from 13.34% to 38.55%, while industrial land values increased from 0% to 2.12%. These changes resulted in a decline in the high-habitat quality class from 73.93% to 70.81%, while the low-habitat quality class increased from 21.03% to 25.84%. Again, between 2015 and 2020, community built-up exponentially grew from 38.55% to 57.28%, while industrial land grew slightly from 2.12% to 2.44%. This huge rise resulted in a dramatic decrease in the spatial values of the high-habitat quality class, from 70.81% to 62%, while the spatial values of the low-habitat quality class grew from 25.84% to 33.89% (Table 9). Over these periods, the spatial values of the medium-habitat quality class slightly decrease. Specifically, the consistent declines in the high-habitat quality class and the rise in the low-habitat quality class from 2000 to 2020 indicated pervasive habitat degradation across the GAW area. Figure 7 shows the spatial distribution of threat factors from 2000 to 2020.
TABLE 9 | Spatial-temporal changes in habitat quality and threat factors from 2000 to 2020 (%).
[image: Table 9][image: Figure 7]FIGURE 7 | The spatial distribution of threat factors in 2000, 2015, and 2020: (A) Community built-up, (B) Bare land, and (C) Industrial land.
4 DISCUSSION
4.1 Wetland loss due to industrial and community land use expansions
This study revealed the emergence of industrial activities and the apparent expansion of communities, which led to a decrease in the wetland and consequent impacts on the area’s habitat quality. A study by the USAID GHANA (2017), reported that about 17 ha of wetland vegetation (mangroves and swamps) in Ellembelle were lost from 2016 to 2017 but failed to single out the causes of the wetland loss. However, in this study, we advanced a related work showing the percentages of wetland loss caused by industrialization and rural community expansions within 2 decades using remote sensing observations. Further literature reviewed shows that globally, urban development poses severe threats to wetlands in metropolitan areas, such as those in central Florida in the United States of America (McCauley et al., 2013), South Korea (Murray et al., 2014), Inner Mongolia (Tao et al., 2015), Shuangtai estuary (Tian et al., 2017), and Jiangsu in China (Cui et al., 2018; Mao et al., 2018). Notwithstanding the scale and spatial extent of this study, the findings strongly agree with the conclusion that the inadequate assessment of wetland conservation and ecological security globally is a result of the limited studies on urbanization-induced wetland loss.
Within the last decade, the population of the Ellembelle district has increased tremendously, primarily due to the large-scale gold mining activities and the discovery and subsequent production of oil and gas in 2010 (Baah, 2015; Ghana Statistical Service, 2014). The establishment of the Ghana Gas processing plant in Ellembelle district (Atuabo) in 2011 has led to the concentration of many industries and the setting up of hospitality and recreational firms in the coastal part of the district in subsequent years. These factors remarkably drove the expansion of coastal communities in the district. As an industrial hotspot area with increasing industrialization in its coastal part, wetland degradation was evident in the GAW (Figure 2), where large tracts of the wetland have been converted to industrial and residential lands over the past decade. The continued population growth of coastal communities and the increasing demand for space for residences and infrastructure resulted in the encroachment and degradation of various wetlands categories, especially the wetland vegetation (mangroves and swamps) and lakes in the area (Table 5) (Mpoano, 2018; Yevugah et al., 2017).
The study found that over the past 2 decades, community built-up lands, including residential land, community electrification expansion projects, community roads, recreational land, and gardens, have posed a significant threat to the GAW. Community built-up land mainly encroaches on the wetland vegetation category: mangroves and swaps. Rural communities are directly engaged in destroying wetland vegetation by continuously cutting mangrove trees for firewood, charcoal production, and other domestic purposes (Ablo and Asamoah, 2018; USAID GHANA, 2017; Yevugah et al., 2017). The commencement of industrial activities in 2010 worsened the destruction of wetlands in the area. Ghana Gas Company Ltd.'s oil and gas exploration has dragged other oil companies such as Quantum LPG Terminal and ENI Oil and Gas Exploration and Production to the area in 2015. The increase in the oil production base led to the construction of more private roads and pipelines to transport gases to various stations. Unlike community built-up land, industrial land negatively affected all wetland categories such as river, lake, and wetland vegetation (Table 5). The degradation of wetland vegetation, shrinkages, and diversions of lake and river flows by private industrial roads and pipeline constructions resulted in −31.10% wetland loss in stage 1 of the study period. Increasing industrialization and rapid community expansion caused massive fragmentation and wetland loss of −42.53% in stage 2 of the study period (Table 6 and Supplementary Figure 2).
4.2 Potential ecological effects of wetland loss
Developmental lands absorbed significant portions of the wetland area, and the extent of landscape fragmentation intensified. The area’s excessive use and exploitation of wetland ecological resources resulted in a dramatic drop in natural asset reserves and the supply of wetland ecosystem services, while demand for such services increased, posing severe dangers to the wetland (Mpoano, 2018; USAID GHANA, 2017). The severe deforestation and a steady decline in the area’s high-habitat quality (Table 8; Figure 6) affect ecological services, including the protection of species variety and water conservation. This has resulted in the extinction and emigration of wetland animal species such as monkeys, birds, rabbits, and crabs which are usually found at the available tourist site (Nzulezo silt village) within the wetland area, thereby negatively affecting tourism activities (Mpoano, 2018; USAID GHANA, 2017).
Meanwhile, artificial alterations to the wetland environment, such as industrial activities and community land usage, present significant threats to the survival of the wetland vegetative species like mangroves and swamps. The persistent encroachment on the wetland ecosystem has a detrimental effect on the wetland’s hydrological functions and processes, weakening its ability to adjust to rainfall, resulting in environmental catastrophes such as urban flooding and severe droughts (Jafari, 2009; Mao et al., 2018; Yang and Pang, 2006). Wetlands significantly contribute to the optimization of the built environment by mitigating the impact of the urban heat island effect, haze, sand storms, degradation, and ongoing threats to the quality of the wetland habitat, thereby restricting its functions (Ablo and Asamoah, 2018), and these are evidenced by the constant rise in temperature in the district’s oil and gas refinery zones.
Additionally, the continuous deterioration of the wetland’s habitat quality has created a significant supply-demand mismatch for ecological services, including a decrease in the wetland’s capacity to sequester carbon in response to global climate change. An existing study postulated that the cumulative carbon sequestration anticipated for 2015 based on the wetland’s size was 1.550 Mt, with significant reductions expected in the following years due to severe human effects on the wetland (Allred et al., 2015; Yevugah et al., 2017). This study’s results show that the spatial value of the GAW keeps declining as community expansions and industrialization continue to boom in the area.
4.3 Efforts to conserve the GAW in response to industrial and community land use
The irreversible transformation of wetlands into industrial and residential lands, unlike aquaculture land usage and agricultural reclamation, implies the permanent loss of certain critical wetland ecological services, leading to a variety of long-term human health consequences. Fortunately, wetland shrinkage and degradation have attracted the attention of governments, local authorities, and NGOs. To prevent further degradation, it became critical to delineate and map the exact surface area of GAW (USAID GHANA, 2017; Yevugah et al., 2017). Wetland mapping is essential for various reasons, including decision-making in resource management and monitoring the impact of human and natural factors on resources over the years. Between 2014 and 2018, seventeen communities had their wetland areas mapped, ten of which fell within the Ellembelle District. The mapping helped authorities identify degraded portions of the wetland, which became the target for restoration (Mpoano, 2018).
Again, re-planting degraded wetland vegetation, such as mangroves, is an effective wetland restoration method in the area. The Ellembelle District Assembly collaborated with a wetland conservation NGO (Hen Mpoano) to establish a mangrove nursery center to train the community conservation committee members in mangrove nurseries and planting techniques. From 2017 to 2018, this mangrove nursery center raised about 10,000 mangrove seedlings to be re-planted, and about 20.5 ha of mangrove were re-planted in Bakanta, Kamgbunli, and Ampain wetland areas (USAID GHANA, 2017). In addition, awareness creation on wetlands occurs through media engagement and community video show programs. Most communities in the wetland area are particularly aware of the benefits of mangrove services, such as building poles and domestic fuelwood for cooking. Therefore, the wetland was historically managed as a communal resource, paying little attention to its sustainability. Efforts to engage individuals in awareness-raising events resulted in minimal participation until the implementation of a “community video show program” in 2016. This program aired video presentations in different communities and schools, aimed at educating people about the extensive advantages of the wetland and the enduring effects of its degradation (USAID GHANA, 2017). This served as a platform to create a larger audience for education to ensure wetland sustainability.
Despite significant efforts to protect wetlands and address community expansion and industrial-induced ecological issues, the rate of wetland loss from developmental lands escalated after 2015 due to high industrial-induced wetland loss. According to this study’s findings, the spatial value of the GAW continues to decline as the area’s community expansion and industrialization expand. Our results show that the coastal areas were the hotspots of wetland loss due to communities and industrial development (Figure 2). The NDVI and HQM analyses (Tables 7, 9; Figures 5, 7) reveal a rapid increase in areas with low density and low habitat quality, while areas with high vegetation density and high habitat quality have continued to decrease since 2015. After the 2015 period, the degradation levels of most wetland categories, except rivers, started increasing (Table 8). All these areas are located within the coastal zones of wetland ecosystems, where the loss of wetlands accounted for over 75% of the GAW’s losses between 2000 and 2020. Therefore, it is crucial to prioritize and implement restoration measures in these areas.
4.4 Potentialities and limitations of the study
This study demonstrates that integrating GIS and remote sensing with the InVEST habitat quality model provides more advantages for analyzing land use changes and their effects on wetlands than using GIS and RS alone. The InVEST model leverages remote sensing data to assess wetland habitat quality through various ecological indicators, such as vegetation cover and hydrology. This combination yields clear visualizations through the density, threat, and habitat quality maps, helping stakeholders understand the extent and impact of degradation. Furthermore, it offers a superior understanding of wetland degradation compared to studies like Mao et al. (2018), Kaku et al. (2021), Cui et al. (2018), and others that relied solely on GIS and remote sensing. This approach enhances data accuracy, identifies key stressors, and facilitates effective management, ultimately improving conservation outcomes for these vital ecosystems.
Nonetheless, the study encountered considerable limitations that we intend to address in future studies. Specific significant wetland categories like mangroves and swamps were combined as wetland vegetation due to their close nature and the resolution of the satellite images (30 m), which was not high enough to distinguish these two wetland categories. Similar studies by Ekumah et al. (2020) conducted in the study region also encountered the same problems and merged important LULC categories into one. The study’s two time intervals (2000–2015 and 2015–2020) were unequal. Although Landsat satellite images have been accessible since 1972, most did not match the study’s criteria due to too many clouds, making acquiring required images difficult. When performing NDVI analysis, the choice of image acquisition months may pose a significant constraint, depending on the study’s objectives and the geographical area of interest (Huang et al., 2021; Lyon et al., 1998b; Lyon et al., 1998a). Consequently, choosing image acquisition months spanning various seasons (from summer to winter) is prudent to attain precise results. The three image acquisition months (December, January, and February) used by this study fall within the same season, which could impact the NDVI analysis, especially when applied in different regions. Significantly, because the study area is located in a tropical zone with evergreen vegetation, the study’s analysis was unaffected by an uneven time interval or the months of image collection. However, to ensure accurate NDVI results, future studies should use images that span all seasons in the year. This will also improve the accuracy of habitat quality results since InVEST’s Habitat Quality module heavily relies on the LULC map for analysis.
5 CONCLUSION
This study utilized multisource satellite images to evaluate the effects of industrial establishments and community expansion on wetland loss in rural areas. The study reveals the relationship between wetlands and habitat quality losses, along with the threat factors of industrialization and community expansion. According to our analysis, the degradation of 108.7 ha of the GAW occurred between 2000 and 2020. Wetland degradation reached its peak in 2015, largely due to the start of industrial operations in 2011 and subsequent years. However, community built-up causes more wetland loss than industrial activity. Throughout the study period, the overall habitat quality of the GAW area continued to deteriorate.
Despite recent significant efforts made to conserve wetlands in recent years, a lot more needs to be done by responsible authorities to ensure the GAW’s sustainability. As a result, we recommend that the Town and Country Planning Department and the EPA should control the rapid expansion of community lands by thoroughly examining community land use plans before issuing land use permits to enhance the efficiency of community land use. Authorities should formulate policies to restrict wetland encroachment for communities and industrial activities to be directed to the bare lands in the area, ensuring effective stakeholder coordination in the management of the wetland, and practicing natural-artificial vegetation recovery technique by introducing a new suitable plant species to the wetland area and managing it for the degraded vegetation to be gradually restored.
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