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Abstract

:

As the human population increases, the landscape is altered to provide housing, food, and industry. Human activity poses a risk to the health of natural habitats that, in turn, affect biodiversity. Biodiversity is necessary for a functioning ecosystem, as species work synergistically to create a livable environment. It is, therefore, important to know how human practices and natural events threaten these habitats and the species living in them. A universal method of modeling habitat threats does not exist. This paper details the use of a literature review to formulate a new framework called Define–Investigate–Estimate–Map (DIEM). This framework is a process of defining threats, investigating an area to discover what threats are present, estimating the severity of those threats, and mapping the threats. Analysis of 62 studies was conducted to determine how different authors define and characterize threats in various contexts. The results of this analysis were then applied to a case study to evaluate the Choctawhatchee River and Bay Watershed. Results suggest that the most abundant threat in the watershed is agricultural development, and the most destructive threat is urban development. These two threats have the greatest impact on the total threat level of the watershed. Applying the DIEM framework demonstrates its helpfulness in regional analysis, watershed modeling, and land development planning.
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1. Introduction


In general, various events and activities put habitats at risk of being degraded. These stressors are referred to as habitat threats. Habitats are at risk of degradation due to human and/or environmental pressure such as land use, climate change [1], increasing population, urbanization, agriculture, and running-water diversions [2]. Habitats are also threatened because of side effects of human development, which include habitat loss, land fragmentation, deforestation, conversion to intensive agriculture, pollution (by synthetic pesticides and fertilizers), biological factors (pathogens and introduced species) [3], and constructed dams for water consumption and energy production [4]. Globally, the terrestrial landscape has a 7.56 million km network of streams, and river channels with a surface area of approximately 773,000 km2 [5] are impacted. Increasing population demands for water and land resources and increased food production add to the stresses on these terrestrial resources. Of the world population, 50% lives within 3 km of freshwater; more than 50% of the historical expanse of floodplains is constricted, and more than 600,000 km of inland waterways globally are altered for navigation [2]. Paukert et al. [4] observed that this pressure endangers freshwater biodiversity more than it does terrestrial and marine systems. They stated and estimated that 68% of all mussel species, 51% of crayfish species, 40% of amphibian species, and 46% of fish species in United States freshwater are considered to be vulnerable or thought to be extinct. Globally, 10% to 50% of species are threatened with extinction; in the United States, at least one-third of native species are considered to be imperiled [6]. Of the world’s insect species, 40% may become extinct over the next few decades [3]. Therefore, it is necessary to understand threats that impact natural habitats and biodiversity [7].



Although “habitat threat” is broadly described as all stressors that put habitats at risk, it is a mercurial concept that is multidisciplinary in nature. Generally, mercurial concepts adapt to the context, geography, and spatial and temporal scale at which they are applied [8], and the multidisciplinary nature of concepts involves many aspects and principles from both the ecological and social perspectives [9]. To the best knowledge of the authors, the term “habitat threat” is not well defined in the literature, as shown in our literature review of habitat-threat definitions in Table 1. This creates a need to define it.



A proper understanding of habitat threats is important for the following reasons:



(1) Habitat threats impact biodiversity, which is connected to the production of ecosystem services.



(2) Understanding of habitat threats plays an important role in scheduling conservation action, designing regional conservation plans, and improving biodiversity [7].



(3) Knowledge of habitat threats is required to ensure better habitat quality and suitability.



(4) Conservation planning primarily focuses on conserving species and ecosystems of interest, but threats may alter management objectives [20].



(5) Scientists agree that restoring ecological processes and reducing anthropological threats are both crucial for successful conservation [31]. Since financial resources for conservation are limited, identifying priority areas for conservation to achieve the greatest impact is important [16].



(6) Proactively identifying threats and habitats at risk is critical to achieving sustainable development [21].



Habitat threats are classified in a number of ways, most commonly as natural or anthropogenic by several studies [2,6,23,27,28]. The mercurial and multidisciplinary nature of habitat threats has resulted in various classifications, provided in supplementary material. This has created the need to develop a synthesized classification tree for habitat threats.



The mercurial and multidisciplinary nature of habitat threats gives them a complex character. In general, this character leads to multiple ways of perceiving and quantifying them, and depends on the threat’s characteristics and the technique on which it focuses [9]. Studies have characterized existing perceived threats by using weights, the range of the threat, and the manner of impact (Table S1 in the Supplementary Materials). In the literature, habitat threats are measured using several indices to model how threats affect habitats [4,6,19,25,32]. Threat level is frequently cited as one of the major indices for explaining diversity patterns [13]. However, to the best knowledge of the authors, a synthesis of habitat-threat indices and a framework to estimate them are not available in the literature.



Conceptual frameworks are often an excellent way through which to understand a system and can involve mental or physical images [33]. Therefore, conceptual models are needed to collate, visualize, understand, and explain situations (actual or predicted) and how they might be solved [34]. These frameworks can be an important first step in developing a quantified model [33] when they are considered as organizational diagrams that bring together and summarize information in a standard, logical, and hierarchical way [34]. To the best knowledge of the authors, there is no clear framework to estimate and map habitat threats.



The two objectives of this study address this need by (1) developing a framework that could be used in defining, classifying, characterizing, and estimating habitat threats in any given area by synthesizing the existing literature on habitat threats; and (2) empirically operationalizing the framework in case-study contexts, advancing it beyond desk-based feasibility testing through its application to real-world settings by assessing habitat threats in the Choctawhatchee River watershed basin in the southeastern USA.




2. Materials and Methods


The process used in this study consisted of three methodologies: one for conducting the meta-analysis, one for developing a habitat-threat estimation framework, and one for applying the framework to a watershed. Figure 1 was created by visualizing the process of mapping habitat threats (going from concept to practice). Figure 2 is a map of the Choctawhatchee River Watershed which was created using ArcMap 10.4.1, a GIS software manufactured by the Environmental Systems Research Institute (Esri) based in Redlands, California, USA. Figure 3 is a summary of the methods.



2.1. Meta-Analysis


	
A document search was performed using Google Scholar on 26 November 2019. The keywords “threat index” and “habitat threat” were used, which gave 3370 results and 406 results, respectively, for a total of 3776 articles. The search range of years was set as 2000–2019 to capture the past two decades. Out of the 3776 retrieved articles, 401 were identified as being related to habitat threats. The selection criteria for determining whether an article was relevant were accessibility and context. Full-text articles available for viewing and downloading were included. Articles pertaining to threat indices such as political, sports, personal health, and vehicular threats were excluded.



	
The article pool was then further narrowed by selecting articles that fit the criteria of describing environmental, ecological, biodiversity, and habitat threats. We retrieved 34 references that had been published between 2003 and 2019.



	
Forward and backward snowball sampling was utilized in these 34 papers. These processes involve analyzing papers that cite a previously retrieved paper (forwards) and reviewing papers that the retrieved paper cited (backwards). An additional 28 relevant papers were found that were not in the initial set of search results. The total number of papers increased to 62. These papers were published between 1997 and 2019.



	
These 62 papers were analyzed by gathering information pertaining to the definitions, types, and characteristics of habitat threats. Of the 62 papers, 24 articles were used to define habitat threat, 44 articles were used to synthesize the types of threat, 11 articles were used to synthesize threat characteristics, and 14 articles were used to understand threat index calculations. Several articles provided information on multiple subjects.



	
Analytical results were then summarized in six tables and nine figures. Definitions and descriptions from the literature are shown in Table 1. Most studies did not give a direct definition of “habitat threat”. A definition was derived from what was understood from those studies. Multiple tables were made that list the types of threats, their category based on specificity, and the references that cite each one as well as the sources of available data that were either used in the literature or found by searching the Internet, the variables used to standardize the equations, and a list of threat index estimation equations. Index equations that had directly been found in the literature or had been produced on the basis of the calculation methodology from the literature were compiled. Equations were grouped according to specificity (broad, region-specific, and habitat-specific) and then changed to be more uniform. Similar variables are represented by the same symbol. A bar graph that displays the number of articles per year was created. Figures displaying the meta-analysis results were created by classifying articles used in the analysis by threat type and country of origin. A figure was made to display a tree diagram grouping similar threats and then categorizing them on the basis of how broad or specific the threat is. Another figure displays the country, types of threats, and the number of articles that mention each threat are displayed by using the Layout 5 design of a bar graph in Microsoft Excel 2010. A study distribution map was created by overlaying the number of articles in each country using a photo-editing software called Paint.NET 3.6 developed by dotPDN, LLC at Washington State University in Pullman, Washington, USA. Two histograms were created for the threat characteristics of distance and weight and combined into one figure. The data used to create the figure came from threat-characteristic data found in 11 studies. Finally, a selection tool to aid with choosing the equation that best fits on the basis of obtainable data was made. Equations were first grouped by an identifying variable. The used variables were threat frequency (f), threat severity (α), landscape factor score (L), number of species (S), and threat factor score (F). One equation had nothing in common with the other equations and was placed in its unique group identified by the conversion potential (CP) variable. Equations were then listed in order of complexity.







2.2. Habitat Threat Framework Development


Analytical results were used to formulate the Define–Investigate–Estimate–Map (DIEM) framework for assessing habitat threats. The DIEM framework illustrates a method of defining threats on the basis of the derived definition, investigating an area using available spatial data, estimating threat severity using the principles used in existing equations, and mapping threats using spatial analysis methods. The theoretical concept is that the resulting framework should be able to serve as a decision support tool. The framework is divided into four stages.



Stage 1: The definition of habitat threat and the compilation of the types of threats from the meta-analysis are utilized to formulate the Define stage of the DIEM framework. The definition and examples of what is considered to be a habitat threat are used in this stage to determine what constitutes a threat in a particular area.



Stage 2: The list of available data is used in the Investigate stage. This stage involves analyzing spatial datasets to determine if the previously defined habitat threats occur within the area of interest. Methods of analysis involve importing the data into GIS software such as ArcMap, ArcGIS Pro, ArcGIS Online, and QGIS. It is also possible to use online data viewers.



Stage 3: Threat characteristics are estimated in the Estimate stage. Meta-analysis results are used to estimate the maximal area that a threat can impact and the weight or destructive capacity of that threat. A table of the distance and weight values of many different threats can be found in the Supplementary Materials. Alternatively, threat characteristics can be estimated on the basis of opinions from experts in the field.



Stage 4: Habitat threat maps are created with GIS software. Alternatively, Python can be used to create maps. Threat index equations chosen by using the equation selection tool are used to calculate the relative threat that each grid cell presents. Multiple maps for each threat can also be produced as an alternative. Choosing a threat index equation is not required in that case. The final framework was then developed. A visualization of how the initial theoretical concept was turned into an operational framework is shown in Figure 1. Different results of the meta-analysis were used in conjunction with one another as components in a systems thinking approach to formulate the DIEM framework.




2.3. Habitat Threat Framework Application


The framework was applied to a case study to investigate habitat threats in the Choctawhatchee River and Bay Watershed. The Choctawhatchee River originates in Alabama and drains into Choctawhatchee Bay in Florida’s panhandle. It is the third largest river system in Florida in terms of discharge [35]. The location of the watershed is displayed in Figure 2. The watershed is a biodiversity hotspot, as it is home to more species of trees than any other forest in temperate North America, according to the Choctawhatchee, Pea, and Yellow Rivers Watershed Management Authority [36]. The goal is to keep track of the threats in that area as a step towards modeling the ecological system in the watershed. Habitat threats for the area were defined as anthropogenic disturbances that include urbanization, agriculture, power plants and dams, mining, and population pressure. Natural threats such as wildfires and invasive species were also considered. A Google search and literature review were conducted to gather spatial datasets to be used for the investigation. The source of these data and their descriptions were then compiled in a table. These datasets were analyzed using ArcMap 10.4.1 to determine if any of the defined threats existed within the watershed. Threat maps were then created for each threat found in the watershed. Python programming, and specifically the Geospatial Data Abstraction Library (GDAL) 3.2.0 developed by the Open Source Geospatial Foundation in Chicago, USA in conjunction with NumPy 1.19.2 created by Travis Oliphant in Provo, USA and Pandas 1.2.1 created by Wes McKinney in New York City, USA, was used to produce the maps. Map results are displayed in Section 3.7 of the Results.



The methodology process is visualized in Figure 3. This figure serves as a summary of the process for quick reference. The meta-analysis, framework development, and application methodologies are each composed of five major steps.





3. Results


The distribution of studies per year is shown in Figure 4. These various papers were used to synthesize the types, definitions, and characteristics of threats, and the different ways to develop threat indices. Most articles are recent, with nearly 60% of the articles published after 2014. A timeline showing the cited threats for each five-year period is shown in Figure S15 in the Supplementary Materials. Different authors use different definitions for habitat threats, and these definitions evolve over time. More processes are recognized as threats as time goes on. Fossil fuel production was not mentioned in any paper in the results prior to 2015, for example.



3.1. Defining Habitat Threat


The idea of habitat threats is a concept that is known but not explicitly defined in the literature. This study seeks to create a general definition for the term. The definition and description inferred from the literature are shown in Table 1. Most studies did not give a direct definition of habitat threat; its definition was derived from what was understood from those studies. Out of the 23 articles used to create the table, seven provided direct definitions of habitat threat [10,11,12,18,19,22,26].



Habitat is defined as “the resources and conditions present in an area that produce occupancy by a given organism” [37]. The distribution of species and the resources that they require should be considered when defining “habitat” for conservation purposes. If one wanted to conserve a specific species, it would be most effective to look at the species range (the area where a particular species can be found during its lifetime) and the resources that it needs. Additionally, a subhabitat can be defined within the general forest habitat [38]. Threat is defined as “an indication or warning of probable trouble” [39].



In this study, the definition of a habitat threat was developed (Figure 4) from the documented definitions listed in Table 1 and the dictionary meaning. These definitions are made up of two broad components, “habitat” and “threat”, and several subcomponents. The threat component can include threat description and type subcomponents, while the habitat component includes present organisms, its environmental description, and ecological concepts and processes studied as subcomponents. Some of the categories to choose in the subcomponents are bulleted. In a few studies, the habitat threat definition emphasizes just one component, namely, the threat component (e.g., human activities).



A narrow definition of habitat threat includes one or two categories in the subcomponents. A broader definition can include multiple or all categories. The detailed broader definition specifies and/or describes the types of pressure, factors, impact, stresses, stressors, developmental activities, things, disturbances, practices, events, risks, and activities that indicate or warn of one or more probable types of difficulty faced by the habitat. The threat source can be anthropogenic or natural. The habitat component in the detailed definition of habitat threat refers to a place or environment for a species (plant, animal) and/or resource (e.g., water), with several ecological concepts and processes. Single or multiple (e.g., biodiversity) species and resources can be used to describe this component. Further, the environment for the habitat can be described using ecological concepts and processes such as species richness, endemism, biodiversity, extinction, and species loss. More information on the types of threats is provided in the next section. The process of going from a concept to developing a definition for habitat threats and a list of threat characteristics to investigate is shown in Figure 5.




3.2. Types of Threats


Habitat threats were classified in several ways in the literature. Figure 6 is a tree diagram developed by combining tree diagrams created from each of the studies (provided in Supplementary Materials). The developed synthesized tree diagram in this study has multiple levels. Habitat threats are generally on the first level, which is then separated into natural and anthropogenic categories and then further separated into more specific classifications. Natural threats can include climate change, disease, predation, pests, and wildfires. Climate change can also be considered an anthropogenic threat [40,41,42,43]. Specific effects of climate change considered threats are extreme weather, erosion, floods, droughts, and sea-level rise. Anthropogenic threats can include resource use, pollution, development and industry, fires, war, LULC change, and invasive species. Resource use involves the use or removal of living and nonliving habitat components, such as water, soil, plant and animal species, and raw material. More specific threats that fall under resource use are overexploitation, water use, poaching, and fishing. Water use can be further broken down into river regulations, canal, dams, and reservoirs. Pollution is any substance introduced into the environment that has a harmful effect. Specific types of pollution include land-based pollutants and thermal stress. Land-based pollutants are threats to aquatic and coastal habitats that originate from land-based activities. Sources of these pollutants include wastewater, urban runoff, chemical waste, and pesticides. Thermal stress or pollution degrades the quality of water by raising its temperature. Sources of thermal pollution include coal and nuclear power plants, steel and paper mills, and urban runoff. Development and industry describe activities associated with land development and raw-material processing. As land and raw materials are resources, some types of development threats can also fall under resource use. Specific types of development and industrial threats are agriculture, urbanization, forestry, infrastructure, population pressure, fossil fuel energy, renewable energy, mining, and bioenergy. LULC change is broad and can be further broken down into habit destruction and fragmentation. Habitat destruction is a process in which a habitat loses its ability to support native species. Climate change and invasive species can also be causes of habitat destruction [44]. Habitat fragmentation is when a habitat loses its connectivity due to land-use change.



Table 2 and Table 3 list studies that note each threat. Table 2 lists natural threats, and Table 3 lists anthropogenic threats. Both tables are broken down by classification (level). Level I denotes a broad level of classification (natural or artificial). As the level increases, the threats become more specific. The hierarchy was developed by first grouping threats on the basis of commonalities. Urbanization and agriculture are both anthropogenic threats. The two can also be considered to fall under development and industry.



Anthropogenic threats were noted by 43 references, and nine references noted natural threats (Table 2 and Table 3, and Figure 6). Eight of the nine references that recognized natural threats also recognized anthropogenic threats. More artificial threats than natural threats were considered. Anthropogenic threats can be broken down into four tiers. Natural threats, on the other hand, are broken down into three tiers. The most cited natural threat is climate change, which was cited in five different studies. Disease and wildfires were the next most frequent threats with three and two studies recognizing them, respectively.



Half of the natural threat types were mentioned by Khobe et al. [23]. They listed disease as a habitat threat and are also the only ones to note pests, erosion, floods, and droughts. The paper also listed human-induced fire, war, and poaching as habitat threats. The authors listed eight habitat threats in total, which is the highest number of any article referenced in this meta-analysis. Strauss et al. [6] listed the second-highest number of habitat threats with seven. It is also the only paper to recognize habitat fragmentation as a threat. Both papers listed both natural and anthropogenic threats and viewed threats in the context of preserving biodiversity.



Figure 7 shows which threats were mentioned the most and in which regions they were mentioned. The two most mentioned threats were agriculture and urbanization. Agriculture was mentioned more in China, and urbanization was mentioned more in the United States. There were 19 papers that noted agriculture and urbanization as threats. A threat that is important to study in one region may not be relevant in another. The results suggest that threats such as poaching are relevant in Nigeria but may not be relevant in Belgium, while a threat such as land-based pollution is relevant in Belgium and may not be relevant in Nigeria. Threats might also only affect certain habitats in a country. The study by Khobe et al. [23] focused on rangelands in Nigeria. These authors revealed that poaching posed a threat to rangelands, but may not pose a threat to coastal habitats. The United States has a wide range of habitats from mountains to plains and from tundra to tropical climate zones. Even though urbanization is the threat most often cited as an issue, it may not be a threat in every U.S. region.



Mexico is the only country from the results for which no specific threat was listed. Not every study listed specific threats. Of the 61 analyzed studies, 21 did not list specific threats. These 21 articles included 16 from the United States, two from Australia, one from Belgium, one from South Korea, and one from Mexico. It is also likely that studies that list specific threats did not list every threat in the region but only those relevant to the context of the study. A study by van Rensselaer [19] that focused on coastal environments cited sea-level rise as a threat but did not mention urbanization, while a study by Root et al. [10] that focused on overall species conservation cited urbanization as a threat but did not mention sea-level rise, even though both studies evaluated California, USA.



Figure 8 shows the country of origin of the articles. Many articles used in this study originated in the United States and China. One article from Ecuador was the only study that originated in South America. The continent of Africa had the next least number of studies, with two. Not counting Antarctica, South America and Africa were the least-represented continents in this meta-analysis. There were also no articles originating in the Arctic region. The distribution of articles for this study was primarily shaped by the language of the articles. Articles without an English version or a way to accurately translate them, such as articles from Brazil or Russia, were not used.




3.3. Available Data


A list of available spatial datasets that can be used to identify threats in an area is found in Table 4. The table provides sources for land-cover datasets, vegetation change data, cropland data layers, wildfire data, maps of energy-related processes, mine-related features maps, and invasive species maps. LANDFIRE’s Vegetation Change Tracker (VCT) and Monitoring Trends in Burn Severity (MTBS) data go as far back as 1970. Most of the available data are recent. These datasets were used to determine whether a threat exists in the area of interest. The threats of agricultural expansion, urbanization, and other forms of land use change could be identified by using NLCD maps. The NLCD Land Cover Change Index was used to determine where land cover changes occurred between 2001 and 2016. VCT and WELD data were used to identify where forest cover has changed. This can also be accomplished by using the NLCD to see where forest cover or any other landscape has changed over the years. The MTBS, U.S. Energy Information Administration (USEIA), mine-related features, and nonindigenous aquatic species maps were used to determine if the area of interest is threatened by wildfire, energy-related threats, mining, and invasive species, respectively. An alternative to MTBS data is the Wildland Fire Interagency Geospatial Services (WFIGS) Wildland Fire Location dataset, which shows the location of fires. If the location of the fires is the only concern, either dataset can be used. If the project requires severity in order to rank the fires occurring in the watershed to determine which areas are more susceptible to fires, the MTBS should be used. Homeland Infrastructure Foundation Layer Data (HIFLD) are an alternative to USEIA data. Both sources provide data from 2019 to 2020, and either dataset can be used. If monitoring a specific invasive species, the Early Detection and Distribution Mapping System (EDDMapS) is a viable alternative to Nonindigenous Aquatic Species maps. EDDMapS also focuses more on terrestrial species. WorldPop population count maps represent population per square kilometer. These maps are useful for modeling population pressure.




3.4. Characteristics


There were three characteristics described in the literature. Threats were characterized by how far their influence could reach (Dmax), their relative destructiveness (weight), and their decay as one travels away from the threat source, which can be either linear or exponential. Threat weight was assigned values from 0 to 1. For example, if an urban area has a threat weight of 1, and the threat weight of roads is set to be 0.5, then the urban area causes twice the disturbance to all habitat types. Weight characteristics were based on its general destructiveness [30]. For example, urbanization may affect a habitat more than agricultural development or forestry does [83]. The potential range of a threat describes how far away from its source a threat can cause disturbance. The manner in which the impact of the threat lessens as one moves away from the source can be classified as linear or exponential [30,57,59]. The level of threat referred to the number of threatened species in an area divided by the total number of species in that same area [13]. Figure 9 displays the distribution of maximal distance and weight. The x axis represents the range of values, and the y axis denotes how many data points fall within each range. A total of 65 data points were used to create the maximal distance histogram, and 62 data points were used to create the weight histogram. Six studies originated in China and account for 32 data points [49,56,59,62,63,84]. Two studies originated in Portugal and account for 11 distance data points and eight weight data points [61,65]. Nine data points come from a study in Spain [58], seven from South Korea [64], and six from Ecuador [60]. The maximal influence distance generally tends to be less than 10 km. Threat weights are anywhere between 0.02 and 1, with many being above 0.8.



The impact of a threat r coming from grid cell y on habitat x is differently calculated on the basis of the type of decay rate:


  Linear :    i  r x y   = 1 −  (     D  x y      D    m a x      )   



(1)






  Exponential :    i  r x y   = exp  (  −  (    2.99    D    m a x      )   D  x y    )   



(2)







The linear distance between grid cell and habitat is Dxy [30]. Paukert et al. [4] used different criteria for evaluating threat severity. They used ecological integrity values for water quality, habitat quality, biotic interactions, flow regime, and energy source. These values were then added together to obtain a total threat severity score. Khobe et al. [23] characterized threats on the basis of their prevalence. The higher the rate of occurrence, the more severe the threat is likely to be.




3.5. Threat Index


Determining the threats that pose the greatest risk to an area requires an understanding of that area. This area can be a specific habitat, an entire region, or global. Habitat threat index equations were divided into broad, region-specific, or habitat-specific categories. Broad equations are used in global and multiregional analyses. Region-specific equations are used for specific regions such as mountain ranges, ecoregions, or watersheds. Habitat-specific equations are used to assess the threat level of habitats such as coral reefs, deserts, or rangelands. Variables are described in Table 5, and Index equations are listed in Table 6.



A total of 14 equations are shown in Table 6. Similar index equations found in the literature were modified to be uniform. These equations include risk-based multispecies conservation value [10], threat score [21], ecological indicator ranking [6], ecological risk index [4,85], threat index [17,27,84], threat value [14], coastal vulnerability index [19], conversion threat index [32], relative threat factor severity index [23], endemism index [25], and habitat quality index [28]. Each of these index equations can be understood as habitat threat index equations on the basis of the broad definition of habitat threat. Most of the equations involve the summation of values in terms of the number of threats, landscapes, or species. Two equations are the product of values [19,28]; two equations incorporate mean values for landscape factor [6] or threat factor scores [23], and two equations are simple index equations [14,21].



Commonly used variables are threat frequency (f), threat severity (α), landscape factor score (L), number of species (S), and threat factor score (F). One equation had nothing in common with the other equations and was placed in its unique group identified by the conversion potential (CP) variable. Figure 10 shows an equation selection tool, based on which data are obtainable through datasets, calculations, a literature review, and/or expert knowledge. Equations are then ordered in terms of simplicity. The simplest equations appear at the top of the list, and equations become more complex further down the list. There are two equations wherein the threat index is calculated on the basis of multiple common variables. The figure was designed to account for these overlaps.




3.6. DIEM Framework


The Define–Investigate–Estimate–Map (DIEM) framework translates habitat threats, a mercurial concept, into an operational framework that can be applied to a given area, through undergoing a series of steps (Figure 11). These steps are divided into investigation and mapping phases. The first step of the investigation is to decide if the goal is to analyze a specific habitat within a region or the entire region. If analyzing a specific habitat, the location of the habitat within the area of interest needs to be identified. The next step is to define habitats threats for the area and then obtain spatial datasets.



After obtaining the data, each dataset is analyzed. If no threat is found in one dataset, the next dataset is analyzed until all are. Analytical methods include using GIS programs such as online map viewers, ArcMap, ArcGIS Pro, or QGIS to select features within an area to highlight where threats occur. When threats are found, the threat severity or weight of each threat is estimated. Severity can be estimated from values found in the literature. A table of threat weight is included in the Supplementary Materials. Once all threats are identified, and their severity scores are estimated, the next step is the mapping phase.



The first step of the mapping phase involves determining which threat index method is to be used. The threat density method is performed by dividing the number of pixels where a threat exists by the total number of pixels in the area of interest. All density values are then divided by the highest value, so that the highest density value is set to 1, and every other value is proportionally determined so that the values fall between 0 and 1. The presence/absence method is conducted by assigning 1 as the value for every pixel where a threat is present and 0 for pixels where a threat is absent. Other threat index methods, such as the ones found in Table 6, can also be used. The next step is to choose a mapping method. The framework in Figure 11 divides mapping tools into Python libraries or GIS spatial analysist tools categories. Python programming is used to transform spatial data into arrays of values. The matrix coordinates of values that correspond to the pixels of interest are then identified and changed to threat index values. Examples of GIS libraries with spatial data analysis and manipulation functions are the Geospatial Data Abstraction Library (GDAL), ArcPy, Geopandas, the Remote Sensing and GIS Software Library (RSGISLib), and PyProj. There are also NumPy, Pandas, and Re, which are used to filter and alter data. Spatial analysis tools in GIS software such as Map Algebra and Raster Creation in ArcMap 10.4.1 are alternative map-making tools. If the goal is to produce a single map, index scores are multiplied by threat severity scores to calculate the threat scores. All threat scores for each pixel are summed and mapped. Alternatively, an individual map can be produced for each threat. A framework of this process is shown in Figure 11. This method is useful for conservationists seeking to measure the impact of threats on the habitat they seek to conserve. Understanding how LULC changes affect proximal ecosystems is important to someone who, for instance, wants to preserve a natural forest. A land developer can also benefit from threat measurements, as they can estimate how urban expansion impacts the surrounding environment, which may prompt them to incorporate mitigation strategies.




3.7. Application of Framework—Case Study in Choctawhatchee River and Bay Watershed


The Choctawhatchee River and Bay Watershed was assessed, which has the six-digit hydrologic unit code HUC-031402. This watershed has an area of 12,051.24 km2 and spans from Alabama to Florida, where it discharges into the Gulf of Mexico. The area has a sizable agricultural component and diverse forest habitats. Threats were defined as anything that posed a risk to habitats, so every threat listed in Figure 6 was considered. A regional analysis approach was taken. Analysis began with identifying the threats by analyzing each available spatial dataset. The identified threats were urbanization, agriculture, mining, power plants, and population pressure.



The habitats affected by the threats were identified in order to estimate where the threats were likely to spread. The NLCD Land Cover Change Index was used to determine what type of land cover was most affected by urbanization and agriculture. Python programming was used to examine where potential land use changes occurred. The used libraries were Geospatial Data Abstraction Library (GDAL), NumPy, and Pandas. Raster files were imported as arrays, which made it possible to individually analyze each LULC. Urbanization affected both woody and herbaceous wetlands. These areas tended to be near bodies of water. Agriculture affected barren land, deciduous, coniferous, and mixed forests, shrub land, and herbaceous cover. These areas had varying levels of biodiversity. Identifying habitats affected by mining and power plants was accomplished by clipping the LULC raster in a GIS program such as ArcMap or ArcGIS Pro, using shape files obtained online [76,77]. Mining was present in every type of land use and land cover in the watershed. Power plants were located in urban and agricultural areas. Lastly, the threat of population pressure usually occurred in developed landscapes.



Threat severity was estimated by using the average value of threat weight found in the literature. Average values are listed in Table 7. Values used to estimate threat weight and their sources are listed. The threat with the most data points was agriculture, with seven values, followed by urbanization, with six; mining, with four; and power plants and population pressure, both with two.



The final steps involved choosing an index equation and calculating and mapping the index. The presence/absence method described in the InVEST model handbook was used in this case [30]. Grid cells where the threats were located were given a value of 1; otherwise, they had a value of 0. Grid cells with a value of “NoData” were converted into 0. Individual maps were produced for each threat to be larger than the area of the watershed to account for the distance that the threats could affect. Threats outside the watershed could influence habitats in the watershed. This usually took place on the edge of the watershed, where the distance between threat and watershed was less than the Dmax value of the threat. Figure 12 shows the resulting maps. The used pixel resolution was 30 by 30 m.



A population-pressure threat map was also created. The presence/absence method was not appropriate to map this threat, so an index was created on the basis of population density. Each population-density value was simply divided by the highest population-density value displayed in the watershed to create a relative population-pressure index map. The result is shown in Figure 13. Pixel resolution is approximately 1 by 1 km.



Alternatively, a combined map could be created by first multiplying the index values of each threat map by their corresponding weights listed in Table 7. A summation of the resulting maps was created using the raster calculator from the Spatial Analysist Toolbox in ArcMap. Since population data were of a coarser resolution than that of the other maps, all maps were automatically resampled to a resolution of 30 arc-seconds (~1078.74 m). Another total threat map was created with the population-pressure data omitted. The resulting map maintained its 30 m resolution. Both maps are shown in Figure 14 for comparison.





4. Discussion


4.1. Literature-Review Implications


The destruction of habitats usually leads to a loss of genetic resources that have ecological, medical, industrial, and cultural value [23]. The results of this paper are integral to understanding what puts habitats at risk. Biodiversity is connected to the production of ecosystem services. Protecting biodiversity is a primary goal of habitat conservation [30]. Habitats depend on biodiversity because different species play unique roles that are vital in supporting the function of the ecosystem. Vegetation, for example, holds soil in place. Different species of plants hold soil in place at different soil depths; therefore, having plant diversity benefits the overall soil stability of the ecosystem. This decreases the amount of erosion that occurs. Sediments can be transported to nearby bodies of water, which decreases the depth of the water bodies. Animals such as fish living in water, and animals that rely on them for food, benefit from plants holding soil in place [6]. A decrease in biodiversity leads to a decrease in habitat quality, which is defined as the ability of the ecosystem to provide conditions appropriate for population persistence [37]. Biodiversity also has economic value. Diverse ecosystems provide goods and services to human society. For example, coral reefs benefit both the ecosystem and the economy, as they provide shelter and food for many species, which promotes nurseries for commercial fishing. Reefs also encourage tourist activities, such as diving and snorkeling [28]. The results of this paper are integral to understanding what puts habitats at risk.



Deciding on a threat index depends on the region and goal of the study. The threat index can be calculated using the density of each threat. This involves taking the number of cells wherein a threat occurs, divided by the total number of cells. That value is then multiplied by a threat severity factor. This method can be used to map multiple threats at once. The threat index can also be determined by the presence/absence method, wherein 1 denotes the presence of a threat, and 0 denotes the absence. This method can only be used to map one threat at a time, as the severity of each threat is different. There are also equations to calculate the threat index for specific habitats and specific species. The equations were made uniform to simplify understanding of the differences between each equation. This also simplifies the equations, makes them more readily comparable, and makes it easier to select an equation. The tradeoff is that the equations lose specificity, as the complexity of the equations is not apparent. The advantage is that the broad nature of the equations makes them easier to use for a wider range of scenarios.




4.2. Local Threats and Habitats


Within the Choctawhatchee River Watershed, the natural habitats are open water, barren land, deciduous, coniferous and mixed forests, shrub lands, grasslands, and both wooded and herbaceous wetlands. Agriculture was the threat that occurs most often, but it had a relatively low average threat weight. Urbanization was the second-most frequent threat, and it had the highest average weight. Mining was the next most frequent, followed by power plants, and both had the same average weight. Population pressure had the lowest average weight and generally occurred where there was development. The greatest threats occurred in the same general areas between maps. Areas with the highest threat value were developed, with the highest values being where urbanization and mining or power plants overlapped. There were a few pixels on the map that included population pressure where agriculture, population, and mining or power plants overlapped, which yielded a high threat value, but these pixels were not numerous enough to be recognized by eye.



Since agriculture and urbanization contributed to the overall threat level the most, management strategies to mitigate the impact of these practices should be considered. These management strategies include agricultural best management practices such as reducing water use and diversion, environmental functional zoning to protect vulnerable habitats from urban growth, and formal mechanisms such as policies created in response to landscape threat assessment models [46,49].




4.3. Using the DIEM Framework to Produce Threat Maps


The DIEM framework was demonstrated through the case study. In this study, spatial data with the finest resolution and the most recent data were used. Identifying the types of threats in an area requires spatial data for each potential threat. These data are difficult to find at times. There are also threats that are not straightforward, such as climate change, war, and population pressure. Threats such as these require extensive research. The characteristics of these threats can vary on the basis of region. The Dmax value can be, for instance, as low as 0.5 km in Portugal [65] and as high as 10 km in China [62]. Using an average of every value may not be accurate. Using values from regions that are most like the area of interest is advised. The ideal approach is to thoroughly study the chosen region if resources are available.



Weights were used to create overall threat level maps. The method for creating the maps was similar to the equation derived from the literature [4,85], which is as follows:


  H T I =   ∑   i = 1  n   f i   α i   



(3)




where fi is the threat frequency of each threat, and αi is the threat severity or weight of each threat. The equation has fi as the threat index value of individual threats. This does not change the results for the four threats where the index was modeled on the basis of presence or absence. Frequency is 1 for each pixel where the threat occurs, and 0 otherwise. The population-pressure index map had values in the range between 0 and 1, so frequency in this map was a fraction in some cases and did not represent the actual population, but rather a relative value. An alternative to this method is to use the equation derived from Deffense [28], which is as follows:


  H T I =   ∏   i = 1  n   F i    α   



(4)




where Fi is the threat factor score, which is understood as the threat index of individual threats. The rationale for not using this method was that there were pixels in each threat map that had a value of 0. When maps are multiplied together, the resulting map would be 0. The habitat threat index equation derived from Nie, Yang, and Huang [84] could also be used. It is as follows:


  H T I =  1  N c × N l     ∑   i = 1   N l     ∑   j = 1   N c    α  i j    



(5)




where Nc is the number of grid cells in a land use type; Nl is the number of land uses in the area, and αij is the threat severity of each threat for each land-use type. This equation is used to calculate the HTI for each land use. The threat severity in this equation also needs to account for the sensitivity of land uses to each threat. The advantage of using this equation is that it is not affected by differences in spatial data resolution. The equation can be used with tabular results, and the only spatial data needed are the land use/cover dataset. However, this method requires many more steps than those in Equations (3) and (4) when it comes to general watershed analysis, so it was not used here.



Two overall threat maps were created due to the map resolution being changed when using population data that were coarser than those of other datasets. This caused some data to be lost after resampling. Therefore, a threat map was created where population pressure was not used. The two maps were similar when it came to modeling the distribution of threats.




4.4. Potential Uses of Threat Maps


Spatial imaging is effective in understanding patterns in biodiversity. Mapping processes that threaten biodiversity helps in identifying locations that are at risk of degradation. Decision-makers use threat maps to decide what locations should be prioritized in conservation efforts. The goal of conservation is also to protect species, habitats, and ecosystems within a region. Mapping the occurrence of species, habitats, and ecosystems, and the activities that threaten them, is required to design an appropriate plan for conservation. There are various approaches to how maps can be used to identify priority areas for conservation. Threat maps can be used for understanding how threats affect land cover, reduce the number of species in an area, disrupt patterns in endemism, or impact ecological processes [30].



In addition to conservation planning, threat maps can be used to study the effects that those threats have on the environment. Historic LULC and threat maps allow for researchers to see how the existence of threats affects habitats over time. It also gives insight into the growing number of threats in an area. Urbanization may have not been a threat to a region historically but may be now. This is often the case in developing countries. Other threats, such as droughts or floods, may become more frequent due to the changing climate. Understanding how threats affect the environment over time is important when attempting to predict how an environment may change due to threats. It can also be used to determine how similar environments would be affected if certain threats ever occur. If it is known how a hydroelectric dam impacts a river and the surrounding habitats, for example, decision-makers can plan mitigation strategies if a hydroelectric dam is planned to be built on another river. Decision-makers could even decide to use an alternative energy-production method if a dam proves to be too destructive to proximal habitats.




4.5. Advantages of the Framework


The DIEM framework is flexible and can be used in a variety of situations. It is general enough to be used in any region whether the focus is on habitats or threats. It is also a method that can be used with any regional analysis model. The flexible nature of the framework makes it easy to follow. It is also possible to modify the framework for a specific situation while maintaining the idea behind it.



Being able to produce threat maps is advantageous as well. Available threat maps may not be useful in every case. They could be produced using a method that is too broad. They could also have too coarse a resolution to use on small-scale projects. It is also likely that not every threat in a given area is mapped. In cases such as these, it is important to be able to produce maps wherein index calculation and resolution can be controlled.




4.6. Potential Limitations of the Framework and Future Work


Due to the framework requiring spatial data to work, it is limited by the quality and availability of data. Finding national LULC data at a 30 m resolution for the United States is not difficult. Other regions may only have global LULC data available, which are coarser than NLCD. Data other than LULC are not always available, especially when searching for very specific threats such as population pressure. Natural-threat maps such as wind and flood maps are hard to come by. In addition, threat characteristics are not easily estimated. The average threat characteristic values from meta-analysis were used in the case study. These values may not be as accurate, as data could be limited. Accurately estimating the characteristics may require additional steps that are not part of the framework. Some of these steps may include different statistical methods or specialized research to accurately assess the severity of threats in an area.



Future work includes quantifying how habitats react to different threats. This is referred to as habitat sensitivity. Habitat suitability, the measure of how livable a habitat is, will also be assessed. Habitat sensitivity to each threat, along with habitat suitability, will be used in conjunction with habitat threat maps to model habitat quality. Quantitative management strategies to mitigate the impact of land development will then be proposed. This endeavor is currently beyond the scope of this project and is deferred for future work.





5. Conclusions


This study employed three interconnected methodologies. Meta-analysis led to the development and application of a habitat threat framework. It is possible to follow the methodology for a different case while skipping the meta-analytical steps, as these were already conducted in this study. The framework development steps can also be skipped if it is preferred to use the already developed DIEM framework. It is recommended to replicate the entire process to add onto what is presented here or formulate a new framework that suits the desired region and research goals.



The literature review results give insight on the definition, types, and characteristics of habitat threats, and various methods to quantify their impact on the natural environment. Though the definitions of “habitat threat” differ from paper to paper, the literature agrees that a habitat threat is something natural or human-induced that poses a risk to natural ecosystems. This understanding leads to the ability to determine existing threats in any given area and estimate how destructive the threats are.



The DIEM framework method requires available data. High-quality historical spatial data are not always accessible. Coarse-resolution maps based on global maps might be the only available data. This method also only takes existing threats into account. There is no sure way to predict future threats. The DIEM method can still be used to spatially display a rough estimate of the relative severity of the present threats.



The information provided by this study can be used to modify existing threat index equations to fit specific cases by understanding principles used in other studies. Modified threat mapping frameworks can also be created on the basis of the general framework presented here. Data context and availability can affect how one approaches habitat threat analyses.
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Figure 1. Concept to creation of DIEM framework starting from a mental to an operational model. 
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Figure 2. Location of Choctawhatchee Watershed in southeastern USA. 
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Figure 3. Flowchart of the methodology process. 
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Figure 4. Number of studies per year for the 62 articles used in analysis. 
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Figure 5. Definition of habitat threat developed in this study. (a) Components, subcomponents (lighter boxes) and categories (bullets) in definition; (b) interpretation of the definition; (c) characteristics of habitat threats. 
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Figure 6. Habitat threat types found in the literature. 
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Figure 7. Distribution of papers listing major threats by country (Levels II and III). 
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Figure 8. Distribution of works used in the literature review by country. The numbers represent the number of studies found in each country. Countries of origin are highlighted. 
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Figure 9. Histograms of threat distance and weight to show value distribution. 
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Figure 10. Equation selection tool framework used to determine appropriate index equations on the basis of obtainable data. 
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Figure 11. DIEM framework for assessing habitat threats. 
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Figure 12. Threat index maps of urbanization, agriculture, mining, and power plants. 
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Figure 13. Threat index map of population pressure. 
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Figure 14. Estimated total threat with and without population pressure. 
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Table 1. Definitions and examples of habitat threats found in the literature.






Table 1. Definitions and examples of habitat threats found in the literature.





	Definition/Description
	Examples
	Context/Objective
	References





	Economic development activities that cause a risk of species extinction
	Urban development
	Ecological conservation
	[10]



	Events causing disturbances to habitat structure
	Wildfires
	Fire and habitat management
	[11]



	Pressure imposed on landscapes through human activity
	Urbanization, agriculture
	Sustainable land-use evaluation
	[12]



	Things that hinder biodiversity
	Threats in order: habitat destruction, invasive species, climate change, pollution, overexploitation, habitat fragmentation, and disease
	Preserving biodiversity
	[6]



	Activities that pose a risk to species richness and endemism
	Agricultural activity, forestry, animal husbandry, fishery, invasive species
	Species conservation
	[13]



	Stressors that cause habitat degradation
	Urbanization
	Pool-breeding amphibian habitat assessment
	[14]



	Anthropogenic disturbances
	Agriculture, urbanization, road and railroad density, pollution sites, canals, and dams
	Freshwater ecosystem assessment
	[4]



	Practices that transform the ecosystem
	Urbanization, cultivation (i.e., forestry plantation), grazing, mining, introduction of invasive species
	Ecosystem risk assessment
	[15]



	Stresses on the ecosystem
	Agriculture, industry, domestic activity, water extraction, introduction of exotic species, dams and reservoirs, and pollution
	Freshwater species conservation
	[16]



	Human activities
	Agriculture, urban, point-source pollution, infrastructure, and nonagricultural threats
	Conservation of lotic systems
	[17]



	Anthropogenic activities that alter the natural state of the habitat
	Pollution, agricultural expansion, removal of soil for various purposes, removal of vegetation (extraction of consumable products), expansion of vegetation (spread of weeds), land encroachment, fishing, siltation
	Indian Sarus Crane habitat conservation
	[18]



	Negative human and environmental impacts
	Sea-level rise
	Coastal archaeological site preservation
	[19]



	Human-related impact.
	Mining and agriculture
	Freshwater conservation
	[20]



	Habitat conversion due to development
	Urbanization, agriculture, fossil fuel energy, renewable energy, mining
	Global habitat
	[21]



	Human activities that drive species loss and ecosystem change
	Open-cut mining, grazing, oil-palm production, and coastal urban development
	Conservation planning
	[22]



	Factors that put biodiversity at risk
	Natural threats: erosion, floods, droughts, disease, pests; human-induced threats: population pressure, overexploitation of biological resources, uncontrolled introduction of exotic species, poaching, fire, war; political threats
	Rangeland resources/biodiversity
	[23]



	Things that put the health and condition of ecosystems at risk
	Unconventional natural-gas development
	Watershed
	[24]



	Things that pose a risk to species richness and endemism
	Human activities
	Mexican freshwater crayfish conservation
	[25]



	Things that change species diversity, distribution, and conservation status. Activities that pose a risk to species richness and endemism
	None listed
	Freshwater biodiversity
	[26]



	Human activities that impact water resources
	Increasing population, land cover changes in watersheds, urban expansion, and intensive use of freshwater resources
	Water-resource management and security
	[27]



	Something that poses a risk to a habitat
	Thermal stress, cyclone damage, land-based pollutants, and predation. Main threat is climate change
	Risk to coral-reef habitats
	[28]



	Human activities
	Agriculture, urbanization, river regulations (channelization, dams, flood control by levees)
	Large floodplain river conservation
	[2]



	Anthropogenic factors that impact ecosystem services
	Urbanization, construction, agriculture, and invasive species
	Forage production
	[29]



	A human-modified land-use/cover type that causes habitat fragmentation, edge, and degradation in neighboring habitats
	Agriculture and urbanization
	Habitat quality
	[30]
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Table 2. Studies that consider natural threats.
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Level

	
Threat (Number)

	
References






	
I

	
Natural (9)

	
[6,9,11,19,23,27,28,45,46]




	
II

	
Climate change (5)

	
[6,9,19,27,28]




	
Disease (3)

	
[6,23,46]




	
Predation (1)

	
[28]




	
Pests (1)

	
[23]




	
Wildfire (2)

	
[11,45]




	
III

	
Extreme weather (1)

	
[28]




	
Erosion (1)

	
[23]




	
Floods (1)

	
[23]




	
Droughts (1)

	
[23]




	
Sea-level rise (1)

	
[19]
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Table 3. Studies that consider anthropogenic threats.






Table 3. Studies that consider anthropogenic threats.





	
Level

	
Threat (Number)

	
References






	
I

	
Anthropogenic (43)

	
[2,4,6,9,10,12,13,14,15,16,17,18,20,21,22,23,24,25,26,27,28,29,37,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65]




	
II

	
Resource use (6)

	
[2,4,6,13,16,27]




	
Pollution (4)

	
[4,16,18,28]




	
Development/industry (4)

	
[16,56,61,64]




	
Fire (1)

	
[23]




	
War (1)

	
[23]




	
LULC change (7)

	
[9,20,27,49,50,51,52]




	
Invasive species (9)

	
[6,9,13,15,29,46,51,58,59]




	
III

	
Habitat destruction (4)

	
[6,18,46,47]




	
Habitat fragmentation (1)

	
[6]




	
Overexploitation (4)

	
[6,9,23,46]




	
Water use (4)

	
[16,27,58,63]




	
Poaching (1)

	
[23]




	
Fishery (2)

	
[13,59]




	
Land-based pollutants (1)

	
[28]




	
Thermal stress (1)

	
[28]




	
Agriculture (18)

	
[2,4,12,13,16,17,18,21,29,53,55,56,57,58,60,61,62,63]




	
Urbanization (20)

	
[2,4,10,12,14,15,17,21,22,27,29,48,49,53,55,57,58,61,62,65]




	
Forestry (1)

	
[13]




	
Infrastructure (1)

	
[17]




	
Population pressure (3)

	
[23,27,53]




	
Fossil-fuel energy (3)

	
[21,24,47]




	
Mining (8)

	
[15,21,22,52,58,61,62,63]




	
Bioenergy (1)

	
[45]




	
IV

	
River regulations (1)

	
[2]




	
Canals (2)

	
[4,58]




	
Dams (4)

	
[4,16,58,60]




	
Reservoirs (1)

	
[16]
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Table 4. Sources and descriptions of available spatial datasets.
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	Dataset
	Date (s)
	Description
	Scale/Resolution
	References





	National Land Cover Dataset (NLCD)
	1992, 2001, 2006, 2011, 2016, 2019
	Land-cover data
	30 m
	[66,67,68]



	NLCD Land Cover Change Index
	2001, 2004, 2006, 2008, 2011, 2013, 2016, 2019
	Land cover change data
	30 m
	[67]



	NLCD Retro Product
	1992, 2001
	Retrofitted 1992–2001 land-cover change data
	30 m
	[69]



	LANDFIRE’s Vegetation Change Tracker (VCT)
	1984–2016
	Annual forest disturbance
	30 m
	[70]



	Web-enabled Landsat Data (WELD)
	2006–2014
	Forest decline data
	30 m
	[71]



	Cropland Data Layer (CDL)
	1997–2019
	Crop cover history
	30 to 56 m
	[72]



	Monitoring Trends in Burn Severity (MTBS)
	1984–2019
	Burn severity and wildfire data
	30 m
	[73]



	Wildland Fire Interagency Geospatial Services (WFIGS)
	1970–2020
	Point location for reported fires in the US
	N/A
	[74]



	Homeland Infrastructure Foundation Layer Data (HIFLD)
	2019–2020
	National foundation-level geospatial data within the open public domain such as mining, energy, and natural hazards
	N/A
	[75]



	U.S. Energy Information Administration (USEIA) maps
	2019–2020
	Map layers for various energy-related things such as biofuel and power plants
	≥50 m
	[76]



	Prospect- and mine-related features map
	2019
	Mining-related features digitized from historical USGS topographic maps
	1:24,000 scale to 1:62,500 scale
	[77]



	Nonindigenous Aquatic Species (NAS) data
	Real-time
	Map of invasive-species sightings
	1:100,000 scale
	[78]



	Early Detection and Distribution Mapping System (EDDMapS)
	Real-time
	Web-based maps of invasive-species distribution
	N/A
	[79]



	National Forest Type Dataset
	2004
	141 forest types across the US
	250 m
	[80]



	National Hydrography Dataset (NHD)
	2018
	Map of surface water networks, including canals and dams
	10 m
	[81]



	WorldPop population data
	2000–2020
	Population counts and density datasets
	30 arc-seconds ~1 km
	[82]
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Table 5. List of variables used in standardized threat index equations.
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	Symbol
	Description





	HTI
	Habitat threat index



	HTIc
	Habitat threat index at target grid cell



	HTIj
	Habitat threat index for land use j



	HTIse
	Habitat threat index for stream segment s in ecoregion e



	C
	Number of grid cells



	Cc
	Number of grid cells with score less than target cell



	CPcP
	Conversion potential—likelihood of land conversion projected for each grid cell



	DTPA
	Distance to protected area



	F
	Threat factor index/ranking/score



	H
	Habitat value or suitability—ability of a habitat to support life



	L
	Landscape factor index/ranking/score



	LULCc
	Land-use/land-cover change



	N
	Number of grid cells



	Nc
	Number of grid cells for land use type



	Nl
	Number of land uses



	PL
	Protection level



	Ps
	Projected scenario



	S
	Number of species



	X
	Probability of extinction



	e
	Ecoregion



	f
	Threat frequency—how often a threat occurs (grid cells)



	j
	Land use type



	k
	Threat metric



	n
	Total number of threat factors or landscape factors



	ns
	Number of stream segments



	s
	Stream segments



	y
	Year



	α
	Threat impact or severity



	β
	Coefficient for linear regression



	γji
	Contribution of land use j on the viability of species i



	σ
	Standard deviation
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Table 6. Threat index equations derived from the literature.
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Specificity

	
Region/Habitat

	
Equation

	
References






	
Broad

	
Various regions

	
   H T  I j  =     ∑   i = 1  S   (   H  i j   ×  X i  ×  γ  j i    )      ∑   i = 1  S   X i      

	
[10]




	
Global

	
   H T  I c  =    C c  + 0.5  f i   N  × 100   

	
[21]




	
Region-specific

	
Mountain range

	
   H T I =   L −  L  m e a n    σ    

	
[6]




	
Lower Colorado River Basin

	
   H T I =    ∑   i = 1  n    f i   α i    

	
[4]




	
Watershed

	
   H T I =  β 0  +    ∑   i = 1  n    β i   F i    

	
[27]




	
Habitat-specific

	
Wetlands

	
   H T I =   F × H   P L     

	
[14]




	
Prairie, desert, steppe

	
   H T  I  s e   =  [      ∑   k = 1   n s    F  s e k     max  (    ∑   k = 1   n s    F  s e k    )     ]  × 100   

	
[17]




	
Coastal

	
   H T I =    (      ∏   i = 1  n   L i   n   )    0.5     

	
[19]




	
Coast, lowlands, cascades

	
   C P  c  y 1 − y n  P  =   ∑     L U L C c  Δ  y 1 … y n   P  s  1 … n       

   H T  I c  = C P  c  y 1 − y n  P  × D  T  P A     

	
[32]




	
Rangelands

	
   H T I =    F  m e a n      F  m a x       

	
[23]




	
Aquatic habitats

	
   H T I =  1  N c × N l     ∑   i = 1   N l     ∑   j = 1   N c    α  i j     

	
[84]




	
Freshwater

	
   H T I =     ∑   i = 1  S   1   C i     S    

	
[25]




	
River ecosystems

	
   H T I =    ∑   i = 1  n    f i   α i    

	
[85]




	
Great Barrier Reef

	
   H T I =    ∏   i = 1  n    F i    α    

	
[28]
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Table 7. Estimated threat weights for discovered threats in Choctawhatchee watershed.
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References

	
Weight




	
Urbanization

	
Agriculture

	
Mining

	
Power Plants

	
Population Pressure






	
[84]

	
0.7

	
0.4

	

	

	




	
[58]

	
1

	
0.68

	
0.8

	
0.92

	




	
[55]

	

	
0.2

	

	

	




	
[63]

	
0.3

	
0.1

	
0.15

	

	




	
[49]

	
0.24

	

	

	

	
0.28




	
[60]

	

	
0.29

	

	
0.3

	
0.34




	
[61]

	
1

	
0.68

	
1

	

	




	
[62]

	
1

	
0.6

	
0.5

	

	




	
Average:

	
0.71

	
0.42

	
0.61

	
0.61

	
0.31
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