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Abstract

:

Introduced in ~59 countries and native across Europe and Asia, wild pigs, Sus scrofa, are the most wide-spread swine species in the world. As ecosystem engineers, wild pigs are a significant source of disturbance in introduced ecosystems due to their numerous, complex impacts on ecosystem processes. Wild pigs are often found in the resource-rich habitat of coastal forests. Coastal forests are complex, dynamic systems with tremendous biodiversity. Exposed to recurrent disturbances, the biophysical characteristics of coastal forests contribute to their ability to return to their original state post-disturbance. However, compounding disturbances can weaken this ability and threaten the health and function of the ecosystem. In this review, through the model of the forests of the southeastern United States Coastal Plain, we (1) describe conditions found across the forested coastal landscape, (2) describe wild pig disturbance, and (3) discuss how wild pig impacts can add to significant anthropogenic and climate-related disturbances threatening coastal forests. Through this review, we find that the impacts of wild pig disturbance on coastal forests often have similar effects as anthropogenic and climate change-related disturbances that may enhance these significant threats to coastal forest function and resiliency.
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1. Introduction


Wild pigs, Sus scrofa, are a prolific and invasive species that cost $1.5 billion in damage and control costs annually in the United States [1]. The negative impacts of wild pig foraging and predation are extensive, causing millions of dollars in agricultural damage and imperiling vulnerable native plant and animal species [2,3,4]. Additionally, wild pigs are ecosystem engineers with the potential to greatly influence and alter an ecosystem’s natural processes, such as vegetation succession, nutrient cycling, and water quality; these impacts can have cascading impacts on the biodiversity and ecological systems of the areas in which they reside [2,3,4,5,6,7]. The severity and pervasiveness of the impacts of wild pigs are dependent on the density of wild pigs, the ecosystem type of their habitat, and the availability of food, cover, and water [4,6,7,8,9]. Temperate and tropical coastal forests within wild pigs’ non-native range are the most likely ecosystems to experience severe and pervasive impacts from wild pigs due to the ecosystems’ lack of adaptation to wild pigs, the increased biodiversity of these regions that are often endemic and imperiled, and the abundant food, water, and cover provided by the bottomland forests, riparian zones, and wetlands of coastal forests [4,6,7,9].



Coastal forests are complex, dynamic systems that are essential to the function and resiliency of coastal regions globally [10]. Exposed to recurrent disturbances, the biophysical characteristics of coastal forests contribute to their resilience, which is the ability of an ecosystem to return to its original state post-disturbance [10]. Additional and compounding disturbances can create self-reinforcing feedback in systems that result in altered biophysical states; ecosystems that have shifted to altered states often lose the characteristics, function, and services provided by their original state [10,11,12]. As such, it is important to assess the impacts of other coastal forest disturbances, such as invasions of non-native species, alongside the more frequently discussed anthropogenic and climate change disturbances [13].



Half of the nation’s 6 million wild pigs reside in the forests of the coastal plain of the southeastern region of the United States (Figure 1) [14]. Already home to the highest density of wild pigs in North America, the region is expected to have a significant increase in wild pig populations in the coming years (Figure 2). Populations of wild pigs are expected to increase the most in southeastern watersheds, with total watershed occupancy expected to reach 91.2% by 2025 [7]. The prevalence of wild pigs in the Coastal Plain is due to the abundance of cover, food, and water in the watersheds and wetlands in the region [9,15]. With greater than 1500 endemic plant species and 1/4 of all US vascular plants, there is no shortage of cover and food for wild pigs in the US Coastal Plain [16,17]. There is also abundant water for wild pigs in the region, as the US Coastal Plain is a 1.2 million km2 physiographic region characterized by broad alluvial features with floodplains and forests that experience frequent inundation [18].



Due to the abundance of resources for wild pigs and growing populations, we will be using the forests of the US Coastal Plain as a model for the impacts of wild pigs on coastal forests in their non-native range. In this review, we will (1) briefly describe conditions found across the forested coastal landscape, (2) describe wild pig disturbance, and (3) discuss how wild pig impacts are additive with other significant anthropogenic and climate-related disturbances threatening coastal forests. Through this review, we find that the impacts of wild pig disturbance on coastal forests often have similar effects as anthropogenic and climate change-related disturbances (albeit at different scales) which may enhance these significant threats to coastal forest function and resiliency.




2. Methods


During the spring of 2021, we searched numerous literature bases—Web of Science, BioOne Complete, Elsevier, and many others (see list of databases searched at https://www.lib.auburn.edu/find/bytitle.php, accessed from 15 May 2021). Within those literature bases, we conducted a Boolean search including (but not limited to) the terms: “wild pig”, “Sus scrofa”, “feral swine”, “feral pig”, “soil”, “water”, “vegetation”, “forest”, “regeneration”, and others. Special attention was paid to results including the phrase ‘coastal’ or located in the forests of the Coastal Plain of the southeastern United States. Potential sources were reviewed by the authors to determine those that were comparable in geographical location, habitat type, and methodological approach. The findings of these sources, supporting or contrasting, were then synthesized for this paper. While the focus was on forests in the Coastal Plain of the southeastern United States, studies conducted outside of this region were used on occasion to emphasize the variability of the impacts of wild pigs. This was necessitated by the significant room for future study into the impacts of wild pigs on ecosystem function and ecological systems. Of the 119 citations used in our paper, 64 of the approximately 80 candidate citations were used in our synthesis. The remaining publications were studies that were not directly assessing the impacts of wild pigs on the forests of the Coastal Plain but contained relevant information about wild pigs, coastal forests, or disturbance ecology.



Additionally, the number of search phrases used to refer to wild pigs is the result of different terminology used by scientists across the globe. When discussing wild pigs in this paper, we are referring to Sus scrofa that are not being raised as part of the pork industry and can be found free roaming. Broadly speaking, wild pigs found in the Coastal Plain of the southeastern United States are descendants of pigs introduced to North America by Spanish Conquistadors, escaped domestic pigs, and more recent Eurasian stock brought to America by hunters [15]. While the origin of wild pig populations is sometimes considered when discussing wild pigs in North America, we found no significant evidence in our literature search indicating that the origin of introduction of wild pig populations influences the impacts that current populations have on natural ecosystems.




3. Coastal Plain Forests


The forests of the Coastal Plain are complex, dynamic systems of tremendous biodiversity and heterogeneity [16,17,18,19]. The soil complexity, vegetative productivity, and diversity of these systems were shaped over millions of years by the long growing seasons, temperate and wet climate, and disturbance regime that is characteristic of the region [17,20,21]. Hurricanes alter nutrient cycling, create soil microenvironments, influence vegetation composition, open canopy cover, influence successional order, and ultimately increase forest diversity [17,20,21,22]. The disturbance of hurricanes on coastal forests also influences fire risk within forests. Post-hurricane, there is an increase in fuel that can increase the risk of and sustain fire [17,20,21]. Historically, hurricanes, tropical storms, and fire were significant sources of disturbance in the region; however, current management has reduced the role of fire in the landscape [17,20,21].



3.1. Coastal Plain Forests: Soil


The soils of the Coastal Plain are very diverse, with nine out of the twelve soil orders found in the region [16,19]. Utisols and alfisols are the most common orders found in the drier hydrology of upland areas, spodosols predominate in the wet pine flatwoods, and the tidal reaches of the region are predominated by histosols and mollisols [23,24]. The soils of the floodplains of the Coastal Plain are predominantly inceptisols, entisols, and histosols, and as a result there is considerable spatial variability in the horizonation, structure, texture, moisture, pH, organic composition, decomposition rates, and nutrient cycling found in the region [16,19,23,24].




3.2. Coastal Plain Forests: Vegetation


The approximately 478,000 km2 of forested land in the Coastal Plain are some of Earth’s most biodiverse and productive forests [16,17,18,23]. Comprising 46–58% of the approximately 478,000 km2 of forest in the Coastal plain, pine species predominate the region’s tree genera [23]. Located in the uplands of Coastal Plain forests, the primary pine species are longleaf (Pinus palustris), loblolly (P. taeda), slash (P. elliottii), and shortleaf (P. echinata) [17,19,21]. Occupying the largest proportion of the Coastal Plain and expected to increase in the coming decades, planted pine makes up 27% of forests in the Coastal Plain [23]. Loblolly pine (P. taeda) is the most commonly planted pine species in the region, although there are efforts to regenerate longleaf pine (P. palustris) whenever feasible. However, the Coastal Plain abounds with a wide variety of other tree and understory species. These species include turkey oak (Quercus laevis), blackjack oak (Q. marilandica), live oak (Q. virginiana), post oak (Q. stellata), southern red oak (Q. falcata), water oak (Q. nigra), willow oak (Q. phellos), pignut hickory (Carya glabra), red hickory (C. ovalis), mockernut hickory (C. alba), black-gum tupelo (Nyssa sylvatica), swamp tupelo (N. biflora), water tupelo (N. aquatica), bald cypress (Taxodium distichum), and pond cypress (T. ascendens) [23,25]. Making up just 20% of the forests in the region, bottomland hardwood forests are found along rivers and streams in the region, exhibit high productivity, and contain the greatest diversity of all forest cover types in the Coastal Plain [17,21,23,26].





4. Wild Pigs


First introduced to North America by Spanish conquistadors, wild pigs, S. scrofa, quickly became established in forests of the Coastal Plain due to the abundance of cover, food, and water [15]. One of the most costly and destructive invasive species in North America, wild pigs are a significant potential threat to the forests of the Coastal Plain due to their preferential habitat selection and high density in the region [1,9,15,27]. As ecosystem engineers, wild pigs have the potential to greatly influence and alter the natural processes, biodiversity, and ecological composition of the forests of the Coastal Plain through the cascading impacts of their disturbance [2,3,4,5,6,7]. Their impacts are largely the result of their rooting behavior, predation, and influence on water quality. As the rate of population growth of wild pigs continues to increase in the southeast, the impacts of wild pig disturbance on coastal forests are projected to increase significantly [15,28].



4.1. Impacts of Wild Pigs: Soil


One of the primary foraging techniques of wild pigs is rooting; rooting is the behavior in which an individual pig will use their snout to upturn soil in a manner similar to the use of a spade in order to locate subterranean food [9]. Rooting is most common where damp soils are available, and this preference has been observed in forested and non-forested habitats globally across their native and non-native ranges [29,30,31]. The tendency of wild pigs to root most commonly in damp soils suggests that the impacts of wild pig rooting will most significantly impact the damp soils of the bottomland forests of the Coastal Plain.



Rooting is theorized to alter soil properties; however, few studies seek to determine the impacts of wild pigs on soil properties, particularly in the Coastal Plain [4,6]. The few studies evaluating the impacts of wild pigs on soil characteristics are scattered across different regions and soil types globally, as such results are often conflicting. In theory, the upturning of soil by rooting increases soil aeration and respiration, reduces bulk density, mixes soil horizons, mixes leaf litter into the soil, and increases soil moisture. These impacts facilitate increased leaching of nutrients, increased decomposition rates, and accelerated nutrient mobilization and cycling. While the literature is conflicting, most studies have shown that rooting can mix soil horizons and mix leaf litter into the soil [31,32,33,34,35,36,37,38]. As the depth of soil horizons and leaf litter can be extremely variable, it is unsurprising that other studies have found no mixing of soil horizons as rooting rarely impacts more than a few centimeters of soil [34]. Whether this alters soil respiration is largely unknown; however, there is some evidence to support the idea [4,39]. The upturning of soil by rooting has been shown to decrease bulk density as well [40]. Most studies have found no impact on soil texture and moisture [4,41,42,43,44]. The most agreed upon impact of wild pigs on soil characteristics in the literature are the influences on nutrient mobilization and acceleration of nutrient leaching, particularly calcium, phosphorous, magnesium, and ammonium, as a result of increased decomposition rates [36,40,45,46,47]. However, this influence is likely dependent on the characteristics of the rooted area, the methodology used, and the local climate. So, it is not surprising that other studies have found no effect from rooting on organic matter, decomposition rates, nitrogen content, or pH of soils [34,41,42,43,44,48].



Wild pigs do not influence soil through rooting alone. Monogastric ruminants, wild pigs preferentially select forage with starch, simple sugars, and protein due to their difficulty digesting structural carbohydrates and cellulose [9,49]. As a result, wild pigs are drawn to areas, such as coastal forests, with abundant invertebrates [3]. Wild pigs frequently encounter invertebrates and have been shown to consume them three times as often as they consume vertebrates [50]. Opportunistic omnivores, wild pigs will exploit a resource when they find a high-yield forage, for example consuming up to 93% of earthworms at a site [51]. This type of intense exploitative foraging can result in significant alterations in soil dynamics. Soil invertebrates help create and support the aggregation of soil and structural porosity, contribute to the decomposition of organic waste, control microbial communities, and contribute to countless other physical and biochemical processes in soil [52]. Although studies are scarce, results from predation studies in the Coastal Plain support further study into the soil impacts of invertebrate consumption by wild pigs [29,30,32]. Significant alterations to soil dynamics resulting from the impacts of wild pigs can have cascading effects on soil chemistry and composition, as has been shown in both their native [50,53,54] and non-native range [29,30,36,42,55].



While the current literature is limited, evidence supports the idea that wild pigs have significant potential to disrupt the processes and function of soils in the forests of Coastal Plains. However, the significance of this disruption is likely a function of the spatial distribution and extent of impacts [4,6,7,8,9].




4.2. Impacts of Wild Pigs: Vegetation


As explained, the Coastal Plain is a region with abundant and biodiverse vegetation resulting from the variability of ecosystem conditions. Providing abundant cover and forage, the region’s vegetation is a primary contributor to the success of wild pigs [15]. Much like the variability in vegetation type, the extent of the impacts of wild pigs on vegetation varies significantly. From subtle shifting of plant populations to completely shifting vegetation composition from a diverse community to a monotypic stand, wild pigs are a source of significant disturbance for plant communities [4,45]. Wild pigs impact vegetation through two major pathways: foraging and facilitating the spread of invasive species.



Foraging by wild pigs is one of the primary ways that wild pigs impact vegetation composition. As generalist, opportunistic omnivores, the versatility of the diet of wild pigs significantly contributes to their success on an international scale [3,4,6]. Wild pigs are capable of consuming animal matter but get 80–90% of their nutrition from plant matter [2,15,32,33,36,46,56]. Alongside the predation of aboveground vegetation, wild pigs forage for vegetation underground through rooting. As rooting can result in mortality for vegetation upturned during their foraging, the impacts of foraging by wild pigs do not occur through direct predation alone. The joint impacts of foraging and rooting by wild pigs are density-dependent [36]. High-density wild pig populations are linked with increased rooting intensity, which can be as high as 80% of the available area annually [36]. This can have significant impacts on forest vegetative composition. Rooting reduces plant growth, survival, cover, reproduction, and species diversity [2,3,4,27,31,36,38,40,46,57,58,59]. While the impacts of wild pigs on species diversity are often debated, evidence strongly suggests that they reduce native species diversity in the Coastal Plain [9,15,58]. Wild pigs are also intensive consumers of seedlings, mast, and saplings, which has significant impacts on vegetation composition in coastal forests as it alters the spatial distribution, regeneration, and recruitment of species [6,32,34,36,50,60,61,62]. Over time, these alterations to spatial distribution, regeneration, and recruitment of species can influence the canopy of a forest, as it can effectively halt the establishment of new young trees [63]. Additionally, the impacts of foraging by wild pigs can result in the local extinction of plant species [7,61,64,65,66,67]. Local extinctions permanently alter the composition of the plant community, which can have significant and cascading impacts on the health and function of the ecosystem [7,68]. As an example, in the Coastal Plain of Texas, the effects of pig exclusion on forest dynamics were compared to that of unfenced areas [58]. The study area was dominated by oaks, but numerous other tree species were also present. Exclusion of wild pigs for seven years was associated with increased growth of saplings and increased species richness. Tree species with large seeds, such as oak and hickory, were more common in fenced areas due to the exclusion of pigs feeding there. The authors suggested that the latter finding implies that large seed consumption by pigs may be altering the species composition of the understory and potentially the overstory.



The second major impact of wild pigs on vegetation is their facilitation of the spread of invasive species. Wild pigs, an invasive species themselves, significantly contribute to the spread of invasive plant species globally through endozoochory seed dispersal, epizoochory seed dispersal, and rooting [2,4,43,69,70,71]. They disperse seeds throughout their range through the ingestion and excretion of seeds (endozoochory) and through the dispersal of seeds that adhere to their fur (epizoochory) [2,4,69,71,72,73]. Wild pigs are extremely successful at dispersing non-native and invasive plant species through endozoochory with studies showing exotic species comprised as many as 91% of seedlings dispersed by them [72]. While the literature on epizoochory is limited, a study of wild pigs has shown that as many as 59% of seedlings dispersed by epizoochory were non-native [72]. Not only do wild pigs spread significant quantities of non-native and invasive species, but they also spread them across long distances. Through their seasonal movement from uplands to lowlands in search of food and water, as well as the long-distance movement of boars during the breeding season, wild pigs facilitate the spread of invasive plant species across areas of different habitats and land use [9,50,69,74].



In addition to the dispersal of large quantities of non-native plant seedlings, wild pigs facilitate the spread of invasive plant species through rooting, which creates conditions ideal for the establishment and success of invasive species. It is well established that disturbance events often favor non-native and invasive species because they reduce competition from other species, stimulate germination, and alter the availability of resources, such as water, light, and nutrients [75,76]. Invasive species take advantage of the impacts of disturbance due to higher growth rates, shorter dormancy requirements, increased germination rates, and increased reproduction rates [12,68,75,76]. As discussed earlier, wild pigs are extremely opportunistic omnivores that will exploit high-value resources. As a result, pig-rooting, as a foraging technique, often leads to significant alterations to spatial distribution, reductions in plant cover, reproduction, and growth, and can contribute to local extinction; all of these impacts reduce competition for resources and increase the available space for invasive plants to become established in [7,61,64,66,69,77]. Similarly, the impacts of wild pigs on vegetative regeneration may also facilitate the establishment of invasive plant species by reducing competition and opening canopy cover in extreme cases [63,69]. Additionally, wild pigs may alter canopy structure of native forests to the extent that regeneration environments become more hospitable to invasive plant species [58]. The impacts of rooting on soil dynamics also contribute to the establishment and success of non-native plants [69,78,79]. Repeated disturbance to vegetation and soil dynamics by wild pigs can facilitate the long-term dominance of invasive plant species [80]. The results of this type of long-term dominance vary by habitat and condition type, but evidence suggests that these types of invasions can lead to significant shifts in ecosystem dynamics and function as it alters existing ecosystem interactions, such as mutualistic interactions [81,82,83,84].




4.3. Impacts of Wild Pigs: Water Quality


Just as significant of a disturbance as predation and rooting, wild pigs greatly influence the water quality of the regions in which they inhabit. Unable to effectively thermoregulate, wild pigs spend significant time in and around water sources, where they wallow, drink, forage, and defecate [9]. As the hosts and potential vectors of 87% of swine pathogens causing clinical disease in livestock, poultry, wildlife, and humans, wild pigs play a significant role in pathogen transmission cycles [85,86,87]. The surface waters of Coastal Plain forests are ideal environments for pathogens associated with wild pigs, particularly enteric bacteria, due to the warm and temperate conditions, organic soils, and nutrient cycles common to the region [88]. Alongside the region’s natural suitability to pathogen survival and prevalence, wild pigs facilitate survivorship and persistence of pathogens by increasing enteric bacteria levels (such as Escherichia coli), increasing nutrient availability, nutrient levels, biological oxygen demand, and turbidity and sedimentation [28,29,40,89,90,91]. The suitability of the region for elevated pathogen levels is significant. In low-order streams of the Alabama coastal forest, E. coli levels were found in to be as high as those of urban streams following storms that result in sewer overflow [90,92]. Decreases in base flow result in greater concentrations of pathogens per mL, which increases the chance of the consumption of disease-causing loads of pathogens by animals [93]. Increases in surface water temperatures can also increase the risk of pathogen transmission as warmer temperatures facilitate higher pathogen survival and growth [93]. Additionally, the consumption of aquatic invertebrates by wild pigs can also result in changes to nutrient cycling in streams, which can further support pathogen survival and prevalence in surface waters [29,30]. Predicted to rise by 18.3% to a total of 91.2%, watershed occupancy of wild pigs in the southeastern US is rising [7]. As a result, the impacts of wild pigs on water quality in Coastal Plain forests are also expected to increase [7]. In areas associated with significant populations of wild pigs, the long-held paradigm that forested watersheds provide clean enough water for reference systems may be in question.





5. Coastal Forests, Wild Pigs, and Other Recurring Disturbances


When disturbances have similar influences on natural processes, they may add to and compound the intensity of their impacts, particularly if a disturbance facilitates another. This can overwhelm an ecosystem’s set of self-reinforcing feedbacks that allow it to return to its original state, which may result in a shift to an altered one [10,12,75,94]. Altered ecosystem states have different conditions and processes, which can reduce or eliminate the ecological function and service of the original state [10,75,94]. The increasing impacts of climate change and anthropogenic disturbances, such as increasing storm severity and urbanization, on forests of the Coastal Plain are likely to alter coastal forests to varying severities, which is a scenario exacerbated by the declining distribution of forests in this region. We suggest that wild pigs, through their many influences on coastal forest functions, may exacerbate the severity of these impacts.



Although a region adapted to a recurrent disturbance regime, the coastal forests of the US Coastal Plain are increasingly subject to growing pressures from anthropogenic and climate change-related disturbances [10,12,17,21,23,95,96]. Climate change is expected to result in increasing precipitation and temperature variation across the region resulting in elevated stress on the health and function of coastal forests; urbanization is also linked with changing precipitation patterns and temperature variation in the region [97,98,99]. Climate change is also expected to increase the risk of hurricanes and fire in the region, and has already been linked with rising frequency and severity of these natural disturbances [10,13,20,21,96,100,101,102]. The Coastal Plain is characterized by high frequencies of hurricanes and tropical storms. These storms have exerted a strong influence on coastal forests in terms of species composition and other attributes [103]. As temperatures rise and precipitation shifts due to climate change, the intensity and frequency of storms striking the Coastal Plain are expected to rise [101]. Additionally, climate change is likely to reduce the extent of tidal forests in the Coastal Plain as a result of its vulnerability to sea level rise; the level of risk of the region for this ranges from moderate to very high [101]. Areas with the greatest risk include the Alabama coast, the coast of Louisiana and Texas, the south Atlantic coast of Florida, and the coasts of South Carolina, North Carolina, and Virginia [101]. The sea level rise in this region is caused primarily by land subsidence and can be expected to alter and destroy some coastal forests through the influx of salinity.



Over the next 40 years, it is expected that the human population in the Coastal Plain will increase by 64%, urban land use will increase by 142.2%, and forested land will decrease by 11.7% [17,23,95,102]. Decreasing forested land and increasing urbanization associated with rising human populations are likely to worsen the existing anthropogenic pressures on coastal forests [10,12,17,21,23,95]. The extent of coastal forests will decline as land-use changes. Consequently, increasing populations of wild pigs will inhabit a smaller distribution of coastal forests, which may increase the density of wild pigs in many areas. These trends suggest that increased densities will translate into increased degradation of water quality, more pronounced impacts on vegetation dynamics, intensified pressures on invertebrates, small animals, and endangered species, and increased facilitation of the spread of invasive species. As such, it is important to evaluate whether the growing populations of wild pigs contribute to the impacts on soil, vegetation, and water that may result in permanently altered coastal forests. Additionally, it will become imperative to evaluate whether management strategies can decrease the pressures on coastal forests influenced by wild pigs, climate change, and urbanization.



5.1. Compounding Disturbance: Soil


One of the major anthropogenic impacts on coastal forests is the impacts of urbanization. Urbanization is associated with: increases in soil temperature, soil moisture dynamics, macroinvertebrates such as earthworms, decomposition rates, nitrogen-mineralization, and nitrification rates, and decreases in microinvertebrate populations, fungal communities, stem density, and leaf litter depths are just a few of the impacts of urbanization [10,12,17,21,23,95]. As explored earlier, wild pigs are associated with increases in soil temperature, decomposition rates, macroinvertebrate populations, nitrogen mineralization, and nitrification rates; they also decrease microinvertebrate populations, leaf litter depth, stem density, and alter fungal communities [31,32,33,34,35,36,37,38,40,45,46,47,48,49,50,51,53,54,55]. As each of these alterations has cascading impacts on soil dynamics and nutrient cycling, these alterations can result in significant alterations to the function of soil as well as to the composition and distribution of vegetation. Further research should seek to answer many of these under-explored soil dynamic disturbances caused by wild pigs, particularly in Coastal Plain forests.




5.2. Compounding Disturbance: Vegetation


The influence on vegetation by wild pigs are arguably the influence that is most likely to be a compounding or additive disturbance due to great similarities in the nature of impacts by wild pigs, climate change, and anthropogenic disturbances such as urbanization. Wild pig, climate change, and anthropogenic disturbances can compound in their direct impacts on vegetation as well as their facilitation of the spread of invasive species.



As previously explained, wild pigs directly influence vegetation composition, open canopy cover, influence successional order, and reduce species diversity [2,3,4,9,15,27,31,36,38,40,46,57,58,59]. Similarly, hurricanes influence vegetation composition, open canopy cover, influence successional order, and influence forest diversity in the US Coastal Plain [17,20,21,22]. Although a less common disturbance, fire disturbance alters nutrient cycling, influences soil dynamics, alters vegetation composition, opens forest floor, influences successional order, and ultimately increases forest diversity in similar ways as wild pigs and climate change-related disturbances such as hurricanes [12,16,17,19,20,21]. Wild pigs also influence the spatial distribution, regeneration, and recruitment of forest species [6,32,34,36,50,60,61,62]. Over time, these alterations to spatial distribution, regeneration, and recruitment of species can effectively halt the establishment of new young trees [63]. This influence over the regeneration of coastal forests may facilitate and enhance the impacts that climate change is having on forest regeneration. Shifts in seasonality resulting from climate change are having significant impacts on the mast production and regeneration of forests [104,105]. While these impacts may not be a significant concern for some forests, studies have shown that pigs will exploit annual mast production and thus can prevent any regeneration [2,9,63,104].




5.3. Compounding Disturbance: Invasive Species


The US Coastal Plain is a region of tremendous biodiversity; however, like many regions of high biodiversity, it is disproportionately impacted by the invasion of non-native species as the conditions that support such high biodiversity are also ideal for invasive species [106]. The abundance of nutrients, temperate weather, and recurrent disturbance regime that supported the evolution of the region’s biodiversity facilitate the spread of invasive species [16,17,18,19,20,21,22,68,75,76,81,107]. As such, the impacts of the disturbances resulting from wild pigs adds to the increasing effects of anthropogenic and climate change disturbance. Future research linking the influence on the spread of these three disturbances is needed and likely to produce significant results.



As wild pigs move about the Coastal Plain, they are facilitating the movement of invasive plant species, particularly to bottomland forests where they spend much of their time [4,9,69]. As discussed, wild pigs alter the habitat and reduce native plant growth, survival, cover, reproduction, and species diversity [2,3,4,27,31,36,38,40,46,57,58,59]. Similarly, urbanization and extreme weather events, such as hurricanes, also reduce native plant growth, reproduction, and cover [20,22,107]. Post-hurricanes, coastal forests in the US Coastal Plain lose approximately 10% of total annual sequestered carbon through downed biomass, which feeds back into the climate change cycle contributing to future climate change disturbance [96]. This downed biomass provides feedback to the wild pig issue, as they are drawn to the invertebrates associated with coarse woody debris [60,96]. As wild pigs are successful seed dispersers of invasive species, the increase in coarse woody debris in the post-hurricane forest brings in the invasive seedlings that wild pigs carry as they seek invertebrates in the decaying coarse woody debris. A similar effect likely results from the new growth emerging from the decreased canopy cover. Introduced invasive plant species can then take advantage of the post-hurricane decrease in canopy cover and decreased ground cover resulting from wild pig predation gaining a competitive advantage [107]. The decrease in canopy and ground cover reduces competition and increases resource availability, which allows the establishment and success of invasive plant seedlings [76]. Once introduced, invasive plant species are well equipped to spread along the abundant rivers and roads of the region [108,109]. This then results in the process repeating and spreading into areas less influenced by the hurricane, as pigs are also well documented to travel and forage along rivers and roads [110].



The spread of invasive plant species often facilitates the spread of co-occurring non-native pathogens, microbes, insects, and fungi [84,111,112]. These co-occurring species alter the soil and habitat to make it less suitable for native species; this, in turn, further facilitates the establishment and success of invasive plant species [111,113,114]. Furthermore, wild pigs are very competent at spreading invasive species across long distances [84]. As such, the presence of wild pig populations likely increases the susceptibility of coastal forests to invasion by non-native plants, fungi, insects, and pathogens. This is significant as climate change and urbanization are also linked with the increased susceptibility to fungi, pathogens, and insects [115,116,117]. The spread of invasive species and their co-occurring pathogens and pests could be a serious threat to the planted forests that comprise 27% of forests in the US Coastal Plain [23]. Weakened as a result of increasing anthropogenic and climate change disturbance, some native coastal forest species are more vulnerable to hurricanes and less likely to compete successfully with invasive species [22]. Future studies should evaluate these potential compounding disturbances soon as both human and wild pig populations will increase in the coming decades alongside an increase in the impacts of climate change.




5.4. Compounding Disturbances: Water Quality


Forested watersheds have long been considered to be likely sources of reasonably clean water, and this function of coastal forests will continue to be generally true. It is also well-established that urbanization, agriculture, and other anthropogenic activities often degrade water quality. These disturbances are going to continue to degrade water quality. However, wild pigs are also an emerging non-point source water quality pollutant. This impact will increase as wild pig populations increase and costal forests decrease. Climate change is predicted to disturb natural floodplain dynamics through increased surface water temperatures, decreased base flow, and alterations to current hydroperiod patterns [118]. These impacts to natural floodplain dynamics include disruptions to floodplain vegetation [118]. Disturbance of streamside vegetation by climate change and wild pigs can reduce the vegetative buffer that helps reduce sedimentation, resuspension of pathogens, and surface transport of pathogens [91,118]. The lack of vegetative buffer can increase the impacts of storm flow runoff, which has been shown to increase due to climate change and urbanization [118,119].



Since so many of the impacts of wild pigs have the potential to add to the increasing anthropogenic and climate change-related disturbances already threatening the region, future research should evaluate these potential interactions. The results of such studies would inform management efforts of the forests of the Coastal Plain, both native and planted.





6. Conclusions


Forest resources of the southeastern US Coastal Plain face an uncertain future that is likely to become increasingly unstable. It is clear that the amount of forested land in the Coastal Plain will decrease in the coming decades due to urbanization and, to a lesser extent, sea level rise. It is also clear that climate will continue to shift in the region, leading to temperature rises, increased precipitation variability, and increased frequency and intensity of weather events, such as hurricanes. These disturbances will result in alterations to the region’s vegetation composition, biogeochemistry, and water quality. The combination of these alterations will facilitate the spread of invasive species, which will in turn enhance the same disturbances that facilitated their establishment and success. To an increasing extent, wild pigs will contribute to these disturbances, particularly in terms of their influence on vegetation, soils, water, and animals and human health. In some instances, such as the spread of invasive species and risks to human and wildlife health, wild pigs are facilitating disturbances. Similarly, other disturbances, such as urbanization and climate change, facilitate and intensify wild pig disturbances. So, as wild pig populations rise alongside the impacts of urbanization and climate change, the impacts of wild pig disturbances will continue to increase and become more pronounced. As natural resource stakeholders and managers in the Coastal Plain, we must remain aware of the growing influence of wild pigs on our forests and investigate management strategies to counteract their impacts.
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Figure 1. The coastal plain of Southeastern United States. Adapted from Hoyle, S. CompassLive—Klepzig, K., R. Shelfer, and Z. Choice. 2016. Forests of the South’s Coastal Plain: The next 50 years. USDA Forest Service. Asheville, NC. 
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Figure 2. Feral Swine Populations 2019 by County. Reproduced with permission from USDA-APHIS, 2020. 
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