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Abstract We trapped, anesthetized, and fit 16 
female feral swine (Sus scrofa) with Global Position-
ing System (GPS) collars in Great Smoky Mountains 
National Park (GRSM) to develop predictive sum-
mer and winter models for more effective popula-
tion control efforts. Given the highly diverse habitat 
and topography in GRSM and the spatial extent of 
our dataset, we employed Step Selection Function 

(SSF) to evaluate resource selection at the  3rd-order 
level and Resource Selection Function (RSF) mod-
els at the  2nd-order level for both summer and win-
ter seasons. The summer SSF and RSF models sug-
gested relatively similar levels of selection, whereas 
the winter models differed by method. We created a 
straightforward consensus model to better visualize 
the agreement and constraints of each set of models. 
In summer, feral swine used lower slopes regardless 
of elevation, especially those closer to human-dom-
inated spaces such as along paved and gravel road-
ways. In winter, feral swine maintained preference for 
lower slopes but preferred oak-dominated forest areas 
and selection for human development was less than 
in summer. Wildlife managers can use these models 
to better focus feral swine surveillance and manage-
ment in GRSM. Managers can identify areas of high 
use by season and plan control activities that are both 
accessible and highly efficient. The combination and 
consensus framework presented here can be applied 
to other systems where species’ habitat selection may 
result in incongruous results across different levels of 
selection or seasons of interest.
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Wild boar (Sus scrofa) are native to Eurasia and 
northern Africa and were originally introduced to 
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southern North America as early as the sixteenth 
century by Spanish explorers (McClure et  al. 2015). 
These animals are a nonindigenous, invasive species 
in the U.S. and are typically referred to as feral swine, 
feral hogs, or wild hogs. The International Union for 
Conservation of Nature (IUCN) considers feral swine 
to be in the top 100 invasive species most damaging 
to the world’s biodiversity (Lowe et  al. 2000). Feral 
swine negatively affect ecosystem processes and 
functioning by altering nutrient dynamics (Aplet et al. 
1991), disturbing plant communities, impacting sensi-
tive habitats (Barrett and Birmingham 1994; Stevens 
1996; Hone 2002; Cushman et  al. 2004; Engeman 
et al. 2004; Seward et al. 2004; Siemann et al. 2009; 
Porter et al. 2014), and acting as a disease reservoir 
(Wyckoff et al. 2009). Unfortunately, feral swine con-
tinue to expand their distribution and numbers in the 
contiguous United States where they cause billions 
of dollars in damage annually (Pimentel et al. 2005; 
Pimentel 2007; Mayer and Beasley 2017).

In 1912, Eurasian boars (S. scrofa scrofa) were 
released into pens on a hunting camp in North Car-
olina, USA, 45  km southwest of what is now Great 
Smoky Mountains National Park (hereafter GRSM 
or Park; Peine and Farmer 1990). Within 10  years, 
those animals escaped the camp enclosures and began 
breeding with local, free-ranging livestock pigs (S. 
scrofa domestica), and by the 1940s and 50  s, the 
feral hogs had colonized the newly designated GRSM 
(Henry and Conley 1970, 1972; Bratton 1974, 1975; 
Singer et al. 1981; Peine and Farmer 1990).

Populations of feral hogs pose a significant threat 
to the > 70 unique plant community associations con-
sisting of > 1,600 flowering plants, over 450 bryo-
phytes, > 60 ferns, and 833 known species of lichens 
of the GRSM ecosystem (Bates et al. 2018). Bratton 
(1974) documented feral swine in GRSM uprooting, 
eating, and trampling 50 plant species. These plants 
included sensitive species such as Virginia spring 
beauty (Claytonia virginica), Dutchman’s breeches 
(Dicentra cucullaria), Turk’s-cap lily (Lilium super-
bum), fringed phacelia (Phacelia fimbriata), star 
chickweed (Stellaria pubera), and red trillium (Tril-
lium erectum). Feral swine have also negatively 
impacted sensitive fauna of GRSM, including the 
red-cheeked salamander (Plethodon jordani) and the 
Jones middle-tooth snail (Mesodon jonesianus, Peine 
and Farmer 1990). Rossell (2016) found that rooting 
by hogs in rich montane seeps in the Park negatively 

affected associated plant species richness and sala-
mander density on the soil surface. Feral swine can 
also serve as a reservoir for several diseases that 
can spread to domestic livestock and humans, such 
as swine brucellosis (Brucella abortus), trichino-
sis (Trichinella spiralis), hoof and mouth disease, 
giardia (Giardia lamblia), and pseudorabies (Peine 
and Farmer 1990). Unfortunately, pseudorabies was 
detected in the Park in 2005, and resident feral swine 
are the only known natural reservoirs for the virus 
(Cavendish et al. 2008). In 2017, the seroprevalence 
of pseudorabies from feral swine culled by Park staff 
was 22% (W. Stiver, NPS, unpublished data).

Because of the negative impacts of feral hogs, offi-
cials at GRSM started a population control program 
in 1959. Over the decades, officials at GRSM have 
utilized numerous control techniques such as free-
range hunting, trapping (i.e., box traps and corrals), 
and drop nets to capture and kill feral swine; > 13,000 
feral swine have been lethally removed from GRSM. 
Still, the large size of the Park and large areas of rug-
ged and inaccessible topography make trapping and 
hunting of feral hogs extremely difficult. Although 
the control efforts have required extensive work-
ing hours and monetary and training resources, hogs 
continue to occupy and damage the natural resources 
of the Park. No direct studies on population size 
or growth have been conducted on feral swine in 
GRSM, and local studies on movements and home 
range size of feral swine have been limited to a study 
of 14 radio-collared individuals in GRSM in the late 
1970s (Singer et al. 1981). In that study, feral swine 
were located using Very High Frequency (VHF) radio 
collars, which had low positional accuracy (Recio 
et al. 2011), and data were collected manually, which 
typically results in low numbers of location fixes col-
lected only during daylight hours (Singer et al. 1981). 
The advent of Global Positioning System (GPS) col-
lars has enabled researchers to collect animal position 
data at higher frequencies (i.e., shorter time intervals 
between locations), with greater spatial accuracy, in 
remote areas, and during all weather conditions and 
time of day (Recio et al. 2011).

To assist resource managers in understanding 
where feral swine are more likely to be vulnerable 
to trapping and hunting control efforts, our objective 
was to develop models of relative probability of use 
for feral swine in the Park based on remotely sensed 
landscape data and GPS telemetry data. Johnson 
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(1980) described a hierarchical framework for study-
ing habitat selection at four levels of resource selec-
tion. First order  is  selection of the physical or geo-
graphical range of a species; 2nd order  is  selection 
of a home range of an individual or social group; 3rd 
order  is  selection of various habitat patches within 
the home range; and 4th order is selection of specific 
resources within a habitat patch. We considered the 
2nd and 3rd orders of selection to be most relevant 
to management of feral hogs in our study. Previ-
ous work on feral hog habitat selection has focused 
on assessing only one order of selection (e.g., Thur-
fjell et al. 2009, Oliveira‐Santos et al. 2016, Kramer 
et  al. 2022) or has not accounted for the temporally 
varying landscape that is available for selection dur-
ing within-home-range movements (e.g., Clontz et al. 
2021). We hypothesized that the relative probability 
of use by feral hogs would be influenced by the order 
of selection (2nd vs 3rd orders), in addition to vegeta-
tion type, elevation, and general landform. By com-
paring models across the 2nd and 3rd order of habitat 
selection (Johnson 1980), we assessed the potentially 
hierarchical nature of feral swine habitat selec-
tion (i.e., multi-level; McGarigal et  al. 2016) within 
the unique and highly variable habitats of GRSM. 
Opposing effects of habitat variables across the two 
orders of selection or across seasons could produce 
sub-optimal management actions if only one level of 
selection or one season were used for inference. Our 
goal was to help managers plan and focus feral hog 
control resources in areas with higher likelihoods of 
success.

Study area

Great Smoky Mountains National Park was char-
tered by the U.S. Congress in 1934. GRSM lies in 
the southern Appalachian highlands, which are in the 
Blue Ridge, Ridge and Valley, and Piedmont physi-
ographic regions. The Park is 2114  km2 in size and 
is located along the border of eastern Tennessee and 
western North Carolina. Elevation in GRSM ranges 
from 266 to 2025 m. Dominant forest types included 
montane alluvial, early successional, cove, hemlock 
(Tsuga canadensis), montane oak-hickory (Carya 
spp., Quercus spp.), xeric ridge, and high-elevation 
hardwoods. Oaks were the predominant tree species 
with hickory, ash (Fraxinus spp.), and yellow poplar 

(Liriodendron tulipifera) being other common spe-
cies. Frasier fir (Abies fraseri) and red spruce (Picea 
rubens) occurred at the highest elevations where rain-
fall averaged 215  cm/year (Bates et  al. 2018). The 
floral and faunal assemblages of the Park are highly 
diverse owing to highly variable microclimates asso-
ciated with high spatial heterogeneity from widely 
varying elevations, slopes, and aspects. The high 
ecological diversity of the area led to GRSM being 
designated as an International Biosphere Reserve in 
1988.

Materials and methods

Capture and handling

We began trapping feral swine for radio collaring in 
fall 2015 and continued through summer 2017. We 
placed cage traps and drop nets baited with a mix-
ture of dried, shelled corn and mineral salt (Helm 
2019) near signs of feral swine activity. We checked 
traps daily during morning hours from November to 
March. To immobilize swine, we used 1 ml BAM™ 
per 45 kg estimated body mass (i.e., 0.6 mg/kg butor-
phanol, 0.2  mg/kg azaperone, 0.2  mg/kg medeto-
midine; Wildlife Pharmaceuticals/ZooPharm, Fort 
Collins, Colorado, USA). We used pole syringes 
(Cap-Chur, Powder Springs, Georgia, USA), dart 
projectors (Dan-Inject North America, Fort Collins, 
Colorado, USA, with darts from Pneu-dart, William-
sport, Pennsylvania, USA), or a hand injection with 
syringe and needle to deliver the anesthetic intramus-
cularly into the hip or shoulder of each animal.

Anesthetized feral swine were fitted with foot hob-
bles. We applied sterile artificial tear lubricating oint-
ment (Rugby Artificial Tears, Rugby Laboratories, 
Inc., Livonia, Michigan, USA) to prevent desiccation 
of the eyes and placed blindfolds over the head and 
snout for stress reduction. We equipped adult feral 
swine with GPS/VHF collars (Vectronic Aerospace 
GmbH, GPS Iridium, Berlin, Germany) programmed 
to communicate positional data via GPS satellite and 
VHF beacon. We did not collar juvenile feral swine 
because of anticipated weight gain, which could have 
made collars too restrictive (Kozlo and Nikitenko 
1967). We reversed the effects of the BAM™ anes-
thetic with atipamezole (25  mg/ml or 1  mg/kg) and 
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naltrexone (50 mg/ml or 25 mg/animal) via intramus-
cular injection.

We programmed the collars to record a single point 
location every hour and to upload those data via sat-
ellite every 4 h. Collars that were stationary for > 8 h 
sent a VHF mortality signal, and the collar would 
automatically notify us via text message and email. 
All location data could not be uploaded via satellite, 
which made it necessary to physically retrieve the 
collar to access the full dataset. Collars were recov-
ered following dropped collar notifications, (i.e., mor-
tality signal) mortality events, or management kills.

GPS data

After recovering the collars and downloading the full 
on-board dataset, we minimized GPS location error 
by excluding locations based on positional dilution 
of precision (PDOP) values and position fix type (2D 
or 3D; Lewis et  al. 2007). Specifically, we removed 
2D locations with a PDOP > 5 and 3D locations with 
a PDOP > 10. All pre- and post-deployment locations 
as well as multiple locations at mortality sites were 
eliminated (Leonard 2017). We classified the loca-
tional data by sex and season and we only retained 
data from feral swine for which we had ≥ 30 days of 
locations within a season.

Helm (2019) reported that home ranges of male 
feral hogs in GRSM averaged 28.2  km2 (SD = 19.8, 
range = 3.5–77.8  km2) and female home ranges aver-
aged 11.6  km2 (SD = 9.7, range = 2.9–38.7  km2). 
Given the assumed generalist nature of the species, 
the smaller home ranges of females suggested greater 
habitat specificity, and presumably, greater success in 
predicting resource use. Moreover, the nuclear social 
unit of swine is based around one to several females 
and their offspring, and adult males associate with 
the females when they are sexually receptive (Con-
ley et  al. 1972; Graves et  al. 1975). Lastly, female 
swine mortalities have a greater impact on popula-
tion growth than male mortalities in this polyga-
mous species (Bieber and Ruf 2005). Therefore, we 
restricted our modeling analysis to female feral swine. 
We focused on summer and winter nocturnal peri-
ods when most feral swine trapping and hunting in 
GRSM has taken place. Specifically, we subset loca-
tion data to females, from dusk to dawn (using the 
definition of civil dawn and dusk), during summer 
(20 June–21 September 2015 to 2017) and winter (15 

December–15 April from 2015 to 2017), within the 
Park boundary (Signer et al. 2019).

Environmental variables

We created 12 predictors of resource use based on 
landscape characteristics reported in the literature 
that could be important to feral swine. The predictors 
quantified landforms, land cover types, and human 
influences on the landscape. To facilitate comparison 
of effect sizes, all continuous variables were stand-
ardized to have a mean of zero and standard deviation 
of one.

We created three variables representative of land-
form characteristics: elevation, slope, and aspect. To 
reduce skewness in the locational data and facili-
tate maximum likelihood estimator convergence, we 
converted the elevation data from a regional digital 
elevation model (DEM) using a natural log. We used 
the original DEM to calculate slope and aspect with 
a Beers transformation within the Park boundary 
(Beers et al. 1966).

We created six layers to account for land cover-
related metrics relevant to feral hogs at fine and 
coarse scales. When hard mast (e.g., acorns) was 
abundant, it constituted up to 84% by volume of the 
documented diet of feral swine in the Great Smoky 
Mountains (Howe and Bratton 1976; Singer et  al. 
1981). To account for this major diet component, 
we used 30-m2 regional land cover derived from the 
2011 Appalachian region USGS National Gap Analy-
sis Project (https:// gapan alysis. usgs. gov/ gapla ndcov 
er/ data/ downl oad/). From those data, we created a 
binary oak presence layer by reclassifying the Central 
and Southern Appalachian Oak Forest and Central 
and Southern Appalachian Oak Forest-Xeric cover 
types as “oak”; all other cover types were reclassi-
fied as “other. ”Similarly, we created a binary cove 
forest presence variable by reclassifying the South-
ern and Central Appalachian Cove Forest types into 
a raster, including “cove” and “other” (Singer et  al. 
1981; Howe and Bratton 1976). We found no sea-
sonal difference in feral hog average daily movement, 
so we used a circular moving-window analysis with 
a radius of 612.6 m, based on average winter weekly 
shifts of home range centroids of female feral swine 
home ranges in GRSM, to create coarser estimates 
of percent oak and percent cove from the fine-scale 
binary layers (Helm 2019). Next, we created percent 

https://gapanalysis.usgs.gov/gaplandcover/data/download/
https://gapanalysis.usgs.gov/gaplandcover/data/download/
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canopy and percent human development layers using 
the same structured moving window analysis. The 
percent canopy cover layer was based on the 2016 
National Land Cover Dataset Canopy Cover Dataset 
(NLCD, USDA Forest Service 2019), and the percent 
development layer was calculated by combining the 
land cover categories of barren land, developed open 
space, developed low-intensity, developed medium-
intensity, and developed high-intensity (Yang et  al. 
2018). In GRSM, these categories primarily com-
prised roadways, parking lots, camping areas, paved 
trails, and Park buildings and residential areas.

Lastly, we calculated three distance-based vari-
ables; all were log transformed to address skewness. 
We calculated Euclidean distance from the land cover 
categories designated as development as previously 
described. Given that feral swine depend on water 
for hydration and wallowing, we created a 5-m buffer 
around the GRSM water polylines from the USA 
Detailed Streams dataset (Esri 2018). We then cal-
culated the Euclidean distance to the buffered water 
layer. Lastly, we used TIGER/Line® roads data (U.S. 
Census Bureau 2017) to calculate a Euclidean dis-
tance to trails layer.

Habitat selection models

We anticipated that the high spatial heterogeneity 
of the landscape in GRSM may impact modeling in 
unique ways. We hypothesized that wild hogs may 
select different habitat attributes when selecting areas 
within their home-range (3rd order) when compared 
to selection of broader home-range placement (2nd 
order). We used a resource selection function (RSF, 
Manly et al. 2007) to evaluate habitat selection at the 
2nd order level and a step selection function (SSF, 
Fortin et al. 2005) for 3rd order selection for both the 
summer and winter seasons. The two techniques dif-
fer in how available resources are defined. The SSF 
defines available resources conditional on the loca-
tion of an individual at a given point in time and their 
movement ability given the time between observa-
tions; SSFs are typically used when the time between 
observations is small relative to the size of the home-
range and there is serial dependence in the locations 
(Fieberg et al. 2021). In contrast, the interpretation of 
the RSF is dependent on the definition of the avail-
able points in the used-available study design frame-
work (e.g., we chose available points from within a 

study area to describe home-range placement; DeC-
esare et al. 2012).

Given that we had data on multiple individuals, we 
fit both types of models using random-effects models 
as proposed by Muff et al. (2020). The random-effects 
models allowed us to account for the inter-individual 
heterogeneity of space use. For the SSFs, only pairs 
of locations that were collected within 1 h (± 10 min) 
of each other were used for creating the sequence of 
used steps. We generated nine random step lengths 
and turning angles for each observed step by fitting 
the observed step lengths to a gamma distribution 
and observed turning angles to a von Mises distribu-
tion (Avgar et al. 2016; Signer et al. 2019). We fit the 
model with a Poisson likelihood with stratum-specific 
random intercepts and a large, fixed prior variance, 
which is likelihood-equivalent to the more traditional 
SSF analysis using a conditional logistic regres-
sion but allows for efficient estimation of random 
effects (Muff et  al. 2020). We included individual-
specific random slopes for each predictor to account 
for individual variation in responses to landscape 
attributes. We used landscape data from the end of 
each observed and random step thereby relaxing the 
assumption that movement pathways between con-
secutive locations consisted of a straight line (Fortin 
et  al. 2005). Lastly, we also used standardized step 
length as a fixed effect in the model to account for 
any bias induced by using parametric distributions 
to sample available step lengths (Forester et al. 2009; 
Avgar et al. 2016; Fieberg et al. 2018).

For the RSFs, we thinned the used locations to one 
location per night to minimize the effects of spatial 
autocorrelation; we only retained individual hogs 
that had a minimum of 15 nightly locations per sea-
son. To approximate the placement of alternative 
home-ranges available to hogs  (2nd-order selection), 
we calculated the average weekly distance moved 
using the average daily movement distance (sum of 
the Euclidean differences between observed locations 
within 24 h. across the entire set of locations for an 
individual, minus the day of collaring and the last day 
of acquired data) multiplied by seven. Then, we used 
that value to buffer a 95% minimum convex polygon 
(MCP) of all used locations for each individual. Next, 
we sampled ten times the number of used locations 
per individual to create an “available” background 
random subsample. This available background sam-
ple therefore included locations from a significantly 
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larger area than the 95% MCP, and represented local 
areas available for alternative home ranges.

To fit the RSF models, we used the logistic regres-
sion formulation of the resource selection function 
without case–control pairing (Johnson et  al. 2006; 
Aarts et  al. 2012). We used individual-specific, ran-
dom intercepts with a large, fixed prior variance to 
account for the sampling ratio of used versus avail-
able points and the unequal distribution of habitat 
among home ranges (Warton and Shepherd 2010; 
Muff et  al. 2020). We also used individual-specific 
random slopes for the landscape predictors of inter-
est to account for inherent individual variation in 
responses. To estimate the coefficients, we used the 
weighted likelihood approach in which used points 
received a weight of one and available points received 
a large weight (1000), ensuring that the statistical 
connection between the logistic regression formula-
tion and the inhomogeneous Poisson point process 
held (Fithian and Hastie 2013; Muff et al. 2020; Fie-
berg et al. 2021).

For both the SSF and the RSF models, we fit a 
series of models in which each predictor was included 
as the sole predictor of interest and used a p-value of 
0.05 to determine if a predictor should be retained in 
the full model. No retained predictors were correlated 
above a threshold of 0.6; therefore, we fit a full model 
for the SSF and RSF, for both seasons, with all pre-
dictors that were significant in the single-predictor 
models. We used the R (R Core Team 2021) pack-
age amt (Signer et  al. 2019) to process the location 
data for the SSF and RSF analysis and the glmmTMB 
(Brooks et al. 2017) package to fit the mixed-effects 
models in R.

Model validation

Given the lack of independent test data and small 
sample size of feral hogs, we evaluated the general 
predictability of both our SSF and RSF models via 
both the Boyce Index (BI) based on a k-fold cross 
validation process (Boyce et  al. 2002). For our 
k-fold cross-validation, we removed one set of loca-
tions for a given hog and the rest of the hogs were 
considered as the training set to compare with the 
background points. Then, we calculated the Spear-
man rank correlation between the realized versus 
expected proportion of predictions in each class, 
based on the proportion of the landscape that fell in 

each class. Correlation values near zero indicate the 
model is equivalent to a random model. Positive val-
ues closer to 1 indicate the model is reflecting true 
probability of presence and values closer to -1 indi-
cate the output is representing the areas of absences 
or pseudo-absences. Because of our relatively small 
sample sizes and the arbitrary nature of selecting a 
number of classes or bins for ratio comparisons, we 
calculated the Boyce ratio for 5 equally distributed 
bins (quantiles) of the scaled SSF/RSF values from 
the random background locations. Spearman-rank 
correlations  (rs > 0.5) between bin ranks and area-
adjusted frequencies for model sets would indicate 
a strong relationship and supported the validity of 
the model. We note that there are concerns that the 
BI are not generalizable to SSFs due to the strati-
fied nature of the presence-background data, but to 
our knowledge there is no proposed alternative met-
ric for summarizing the predictive ability of an SSF 
(Fieberg et al. 2018).

Next, to facilitate a useful interpretation of the 
magnitude of the selection coefficients, we used 
an approach that related the strength of selection 
to change in habitat conditions across space. To do 
so, we compared two metrics, the relative selection 
strength (RSS; exp(β)) and the log-RSS (β), where 
β is a regression coefficient or effect size, across the 
SSF and RSF models. These metrics helped inter-
pret the effect size of the various habitat covari-
ates and identify mismatches between the levels of 
analyses and relevant ecological processes (Avgar 
et  al. 2017; Fieberg et  al. 2021). Because our pre-
dictor variables were standardized, the RSS was 
interpreted as the relative intensity of use of loca-
tions that differed by 1 SD unit of the predictor vari-
able and was equivalent to the exponentiation of the 
predictor coefficient, keeping all other predictors 
constant. The log-RSS was interpreted such that 
positive values represented selection for and nega-
tive values represented avoidance of larger values 
of the predictor variable (Avgar et al. 2017; Fieberg 
et al. 2021). We used the estimated log-RSS values 
and the values of each set of covariates to calculate 
the SSF (excluding the effect of step length) and 
RSF (excluding the intercept term) surfaces of rela-
tive selection strength across GRSM; both selec-
tion functions were scaled by their maximum value 
such that the area with the greatest relative selection 
strength was equal to one.



3071A multi‑level modeling approach to guide management of female feral hogs in Great Smoky Mountains…

1 3
Vol.: (0123456789)

Combining levels of selection

We considered two methods for combining rela-
tive selection probabilities across levels of selection 
for each season. The first method is multiplicative, 
where multiple levels of selection can be multiplied 
together if one assumes they are conditionally inde-
pendent (Johnson et al. 2004; DeCesare et al. 2012). 
Given this approach, we multiplied the scaled SSFs 
by the scaled RSFs to create an integrated visualiza-
tion of selection across the two levels for each season. 
For visualization, these values were also scaled such 
that the greatest relative selection strength was equal 
to one.

For the other method, we generated a consensus 
model, which identified areas where the two levels 
of selection agreed on areas of high relative selection 
strength. We reclassified the SSF and RSF according 
to median, with values greater than the median being 
equal to 1 and values less than the median being 
equal to 0. Then, we added both models together to 
create a simple consensus model with resulting values 
of 0 (neither model selected), 1 (one model selected), 
or 2 (both models selected; Fielding and Bell 1997; 
Araújo and New 2007; Zhang et al. 2015; Poor et al. 
2020). We used this simple consensus or frequency 
approach as well as the comparison of the relative 
probability of selection for both models to understand 
the limits of each model as well as areas of model 
agreement.

Results

Sixteen female feral swine were captured and col-
lared from 2015 to 2017. Female feral swine in 
GRSM were radio collared for an average of 191 days 
(range = 18–380  days). Ten individually collared 
females were available during summer and twelve 
individuals during winter from 2015 to 2017. The 
average number of locations per individual for sum-
mer was 602 (range = 74–1,019); when thinned to 
one location per night for the RSF, each individual 
averaged 70 used locations (range = 13–111; Fig. 1). 
The average number of locations per individual for 
winter for the SSF was 945 (range = 121–1,527); 
when thinned to one location per night for the 
RSF, each individual averaged 82 used locations 
(range = 17–128). For buffering of the 95% MCP, 

the average weekly distance moved by feral hogs was 
2,255 m in winter and 2,073 m in summer.

Summer models

For the summer SSF, we found that slope, aspect, 
presence of oak, distance to development (log), and 
distance to water (log) were significant predictors in 
the model (Table 1). All significant parameters had a 
negative relationship with feral hog presence except 
distance to water. The SSF BI average correlation was 
0.58 (range = −0.34 to 0.97). The RSF for the sum-
mer season identified only slope, percent canopy, and 
distance to development (log) as significant predic-
tors (Table 1), and the mean BI correlation was 0.58 
(range = −0.02 to 1.00). Slope and distance to devel-
opment were two consistent predictors in both mod-
els for summer. Across both scales of summer mod-
els, a negative relationship with slope and distance to 
development resulted in similar individual maps of 
relative selection strength (Table1, Fig. 2).

Winter models

For the winter SSF, we found that elevation (log), 
slope, percent oak, percent development, distance to 
trail (log), and distance to water (log) were significant 
predictors in the model (Table 2). The average BI cor-
relation was 0.53 (range = −0.06 to 0.93). The winter 
RSF identified elevation (log), slope, presence and 
percentage of oak, percent canopy, and the distance to 
development (log) as significant predictors (Table 2). 
The mean of the BI correlation statistic was 0.75 
(range = −0.09 to 1.0). As opposed to the summer 
models, the parameters included in these two models 
reflected different levels of selection, with only ele-
vation, slope, and percent oak supported in both the 
RSF and SSF models. Based on the log-RSS values, 
elevation was positive at the finer SSF level but nega-
tive at the RSF level (Table 2); however, both models 
had a negative mean effect size for slope, as did the 
summer models (Table 1). Percent oak also had dif-
ferent relationships across the two models, negative 
at the  3rd level but positive at the  2nd level of selec-
tion (Table  2). Because of these opposing relation-
ships, the maps of relative selection strength differed. 
Specifically, the SSF predicted high relative selection 
strength in the center of the Park, where elevations 
were highest and percent oak and canopy cover were 
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lower than surrounding areas. In contrast, the RSF 
indicated low selection in the same area (Fig. 3).

Combined and consensus models

We identified small nuanced changes when the sum-
mer RSF and SSF models were combined, whereby 

lower slopes and areas along roads were selected, 
regardless of elevation (Fig. 4). When we combined 
the obviously divergent winter models, the low RSF 
values generally negated the fine-scale selection char-
acterized by the SSF, but the SSF added more nuance 
to the patterns of selection in areas where the RSF 
indicated high relative selection (Fig. 4).

Fig. 1  Female feral swine winter, dusk and night locations (orange; A) and summer, dusk and night (purple; B) within in Great 
Smoky Mountains National Park, 2015–2017
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When identifying consensus across the models, 
the summer consensus model reflected moderate to 
moderately high agreement among the two models 
for what would be considered high-quality hog habi-
tat, based on the median model value as a threshold 
for “selected” habitat (Summer RSF = 1.35; Summer 
SSF = 3.83; Fig.  5). In comparison, the winter con-
sensus model reflected the low agreement between 
the winter models in terms of what would be consid-
ered high-quality hog habitat, based on our median 
threshold (Winter RSF = 0.005, Winter SSF = 0.06; 
Fig. 5).

Discussion

Modeling

Our study was the first in-depth, telemetry-based 
resource selection study of feral hogs in GRSM. How-
ever, this required a multi-level modeling approach 
given the unique variability, specifically in elevation 
and slope, of the ecosystem. Interestingly, contradic-
tory results across the two levels of selection have 
been reported by others (DeCesare et al. 2012; Wil-
son et al. 2014). Given that landscapes created from 
stationary SSFs assume that an individual is equally 
likely to be anywhere within the area being evalu-
ated, even if in reality individuals are non-randomly 

distributed, contradictory results are logical (Signer 
et  al. 2017). We anticipated the potential issue of 
divergent models given (1) we were modeling a spe-
cies in a relatively small portion of a highly diverse 
study area and (2) we had a priori knowledge from 
Park staff that feral swine were not distributed equally 
across the landscape. Regardless, we found straight-
forward consistencies from the two scales of summer 
models and the multiplication of the SSF and RSF 
created a more nuanced, but logical map of selection. 
However, when this multiplication was attempted 
for the winter season, very high levels of selection 
occurred in highly specific, clustered areas with very 
low availability across the Park, such as the lowest 
and flattest areas along the western edge. Those com-
binations resulted in significant scaling issues in the 
resulting product, which led us to quantify relative 
selection using quantiles, as recommended by Morris 
et al. (2016). The degree of divergence and the rela-
tively few areas of consensus between the two mod-
els was surprising given the previously documented 
generalist nature of feral swine and supported recent 
findings of some degree of scale-dependence in their 
decision making with respect to specific landscape 
attributes (Mahoney et  al. 2018; Paolini et  al. 2018; 
Whittington et  al. 2022). When we combined the 
winter models, low RSF values generally negated the 
fine-scale selection characterized by the SSF. That is, 
hogs would not select for a home-range in winter in 

Table 1  Relative selection 
strength (i.e., exp(B)), log 
relative selection strength 
(i.e., beta) and 95% 
confidence intervals for the 
summer season SSF and 
RSF analyses for feral hogs 
in Great Smoky Mountains 
National Park, 2015–2017

Predictor Mean 95% CI Mean 95% CI
SSF RSF

Relative selection strength

Slope 0.58 0.44:0.76 0.66 0.44:0.99

Aspect 0.96 0.92:0.99
Oak presence 0.89 0.76:1.04
Distance to development (log) 0.78 0.60:1.03 0.60 0.40:0.92
Distance to water (log) 1.37 1.11:1.68
Percent canopy 3.40 1.06:10.85
Log relative selection strength
Slope  − 0.55  − 0.83: − 0.27  − 0.42  − 0.82: − 0.01
Aspect  − 0.05  − 0.27: − 0.08
Oak presence  − 0.12  − 0.27:0.04
Distance to development (log)  − 0.24  − 0.52:0.03  − 0.50  − 0.92:-0.09
Distance to water (log) 0.31 0.11:0.52
Percent canopy 1.22 0.06:2.38
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some areas, so they would not be there to select at the 
local level. However, we also saw that in areas where 
the RSF indicated high relative selection strength, the 
SSF added more nuance to the patterns of selection 
(i.e., because the RSF indicated that hogs were likely 
there at the broad scale, these were the local areas 
that would be selected).

Creating independent SSF and RSF models can be 
useful because one may be more relevant for manage-
ment purposes than the other (Froehly et  al. 2020). 
The RSF represents larger-scale selection that may 
inform initial settlement behavior but not how selec-
tion might shift after a feral swine had selected an 
acceptable area for wintering behavior and energetic 
requirements. If users need to extrapolate to a larger, 
diverse area without existing knowledge of species 

presence, we suggest the RSF. The SSF represents 
selection along a path traversed by a feral swine 
within their home range; however, because there 
was no adjustment for areas where feral swine were 
present at the landscape-level, it could provide coun-
terintuitive inference. However, if site-specific man-
agement is the primary goal and users have a priori 
knowledge that the species is in the area, the SSF 
may provide better insight into specific management 
options. The 3rd-2nd order comparisons and consen-
sus models created more clarity around constraints of 
fine-scale habitat selection given the large-scale home 
range placement within GRSM (DeCesare et al. 2012; 
Jakes et al. 2020) and allowed us to see where selec-
tion behavior was manifesting as divergences and 
agreements across seasons and ecological levels. This 

Fig. 2  Relative selection surface generated by the summer 
season SSF analysis (A) based on the predictors of elevation 
(log), slope, percent canopy, percent development, distance 
to water (log), and distance to trail (log) and the RSF analy-
sis (B) including elevation (log), slope, oak presence, percent 

oak, percent canopy, distance to water (log), and distance to 
trail (log). The model predictions, illustrated in quantiles, were 
based on the fixed-effect log-relative selection strength values 
for feral hogs in Great Smoky Mountains National Park, 2015–
2017
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analysis  framework can be applied to other systems 
to highlight areas in which different levels of habi-
tat selection may result in incongruous results when 
observing only one level of selection.

If data limit the ability to do intensive modeling 
that explicitly integrates both levels of selection, we 
present a simple solution of comparison and consen-
sus. Additionally, as seen here, representing the rela-
tive probability surface with quantiles (Morris et  al. 
2016) may be more appropriate when deciding where 
to expend limited management resources. We note 
recent efforts have been made to address the poten-
tial disconnect between SSFs and RSFs using com-
plex approaches, such as Markov chain Monte Carlo 
algorithms to account for the different levels of use 
(Michelot et  al. 2019) or simulation approaches to 
relate SSF results to utilization distributions (Signer 
et  al. 2017). Unfortunately, creating a useable joint 
utilization distribution is not yet straightforward, 
especially when modeling multiple individuals using 
random-effects models. So, we illustrate one simple, 
non-integrated, useful method for combining rela-
tive probability of use from an SSF and an RSF by 

multiplying the two relative probability surfaces 
together (DeCesare et al. 2012; Jakes et al. 2020).

We recognize that the predictability of these mod-
els, especially the SSFs, was limited. That result was 
not completely surprising given past documented 
variability in individual habitat usage, especially for 
female feral hogs (Keuling et al. 2008). We had sev-
eral individuals that were highly varied in their selec-
tion pattern and while we included random effects 
that allowed individual deviations from any overall 
tendency, when we predicted to a “random” subset, 
we predicted using the mean fixed effects across all 
individuals. Interestingly, the two combined maps 
were still consistent with past research, past culling 
locations, and qualitative information received by 
Park rangers and Park biologists (Levy 2016, Keller 
et  al. 2003, W. Stiver, NPS, personal communica-
tion). Additionally, we considered the possibility that 
trapping efforts were preferentially sampling feral 
hogs that preferred low elevations, due to ease of 
access; however, to assess this, we fit the RSF mod-
els without elevation and the overall seasonal patterns 
remained the same.

Table 2  Relative selection 
strength (i.e., exp(B)), log 
relative selection strength 
(i.e., beta), and 95% 
confidence intervals for the 
final SSF and RSF analysis 
for feral hogs in the winter 
seasons Great Smoky 
Mountains National Park, 
2015–2017

Predictor Mean 95% CI Mean 95% CI

SSF RSF
Relative selection strength
Elevation (log) 5.35 2.38:12.03 0.11 0.03:0.39
Slope 0.65 0.55:0.77 0.77 0.609:1.00
Oak presence 1.41 0.77:2.56
Percent oak 0.32 0.15:0.71 3.07 1.06:8.87
Percent canopy 3.97 0.90:17.47
Percent development 1.18 0.95:1.47
Distance to development (log) 0.74 0.36:1.51
Distance to trail (log) 1.57 1.31:1.89
Distance to water (log) 1.22 1.06:1.40
Log relative selection strength
Elevation (log) 1.68 0.87:2.49  − 2.19  − 3.42: − 0.95
Slope  − 0.43  − 0.60:-0.26  − 0.26  − 0.52:0
Oak presence 0.34  − 0.26:0.94
Percent oak  − 1.13  − 0.92: − 0.34 1.12 0.06:2.18
Percent canopy 1.38  − 0.10:2.86
Percent development 0.16 -0.06:0.38
Distance to development (log)  − 0.30  − 1.02:0.41
Distance to trail (log) 0.45 0.27:0.64
Distance to water (log) 0.19 0.06:0.33
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Feral hog habitat selection

As seen in past studies of feral hog habitat use, the 
relative selection strengths in our models illustrated 
the influence of the interrelated covariates of eleva-
tion, land cover type, and slope on their resource 
selection (Levy 2016; Raoul et al. 2019; Clontz et al. 
2021). Our findings support changes in selection 
driven by temporally dynamic resources, indicating a 
likely seasonal habitat functional response. Generally, 
feral hogs in GRSM used flat areas along trails and 
roadsides in the summer, while in winter, they shifted 
to more remote, flatter areas at lower elevations with 
large amounts of oak, presumably for foraging on 
acorns. Area of high selection in the two combined 
models corresponded greatly with areas hogs were 

routinely culled over the last few decades (Keller 
et al. 2003).

The development predictor in the summer model 
is consistent with Raoul et al. (2019), who concluded 
that feral swine in pastoral land were frequently found 
along roadsides, used roadways to traverse other habi-
tats, and even suggested roads could be an efficient 
means to collect population monitoring data. In terms 
of water, the topographic nature of GRSM creates 
areas with higher elevation and often higher slopes 
that are intrinsically closer to water, and as the land 
flattens out, water sources spread farther apart. So, 
hogs being found farther from water could be an arti-
fact of the modeling process that is driven by slope. 
Conversely, other studies have supported the non-
selection of streams during high-forage seasons at 

Fig. 3  Relative selection surface generated by the winter 
season SSF analysis (A) based on the predictors of elevation 
(log), slope, percent canopy, percent development, distance 
to water (log), and distance to trail (log) and the RSF analy-
sis (B) including elevation (log), slope, oak presence, percent 

oak, percent canopy, distance to water (log), and distance to 
trail (log). The model predictions, illustrated in quantiles, were 
based on the fixed-effect log-relative selection strength values 
for feral hogs in Great Smoky Mountains National Park, 2015–
2017
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the home-range scale, which may be due to the avail-
ability of dense cover for thermoregulation (Thurfjell 
et al. 2009; Clontz et al. 2021).

Feral hogs can establish populations and home 
ranges in a wide array of landscapes, and our winter 
models reflected very different levels of selection, 
with only slope being inversely related with selec-
tion on a consistent basis. In winter, elevation was 
a primary determinant in the feral hog SSF, cre-
ating an unexpectedly large area of high relative 
selection in the center of the Park, even as non-oak 
forests (e.g., spruce-fir) became more dominant. 
We suggest that a combination of having high vari-
ability in individual hog selection behavior, high 
levels of selection occurring in unique and clus-
tered areas of the Park, and the conditional avail-
ability of resources in the SSF created a lack of 

clear modeling at that scale. In contrast, the more 
predictive winter RSF relative selection strengths 
were dominated by the covariates representing 
lower slopes and the closed canopied pine-oak, 
oak-hickory, and cove hardwood forests in low-mid 
elevations in GRSM. Selection in the winter RSF 
rapidly decreased with increasing elevation as the 
northern hardwood forests became more prevalent, 
which typically have a much lower percentage of 
oak species. We expected the SSF and RSF could 
be impacted by variables associated with hard mast 
availability (Singer et al. 1981, Baber and Coblentz 
1986, Saunders and Kay 1991, Hayes et  al. 2009, 
Franckowiak and Poché 2018, and Helm 2019). 
Fortunately, the combination of the SSF with the 
RSF likely dampened any biased results from the 
SSF, but in the future, including more understory 

Fig. 4  Relative selection surface for summer (A) and win-
ter (B) generated by multiplying the relative selection surface 
from the seasonal SSF analysis by that from the corresponding 
seasonal RSF analysis. The model predictions, illustrated in 

quantiles, were based on the fixed-effect log-relative selection 
strength values from each of the models for feral hogs in Great 
Smoky Mountains National Park, 2015–2017



3078 F. E. Buderman et al.

1 3
Vol:. (1234567890)

variables, such as Rhododendron cover may better 
enable the 3rd-order selection modeling.

We documented another interesting pattern in the 
winter RSF model, and in a lesser degree in the SSF, 
around large open fields in GRSM including Cades 
Cove and Cataloochee Valley (Figs. 1, 2 and 3). The 
open fields had very low levels of selection in winter, 
likely from a complete lack of canopy cover, but the 
edges of the fields had very high preference. However, 
the low slope seemed to override any issues associ-
ated with an open canopy in the summer models.

Though feral swine are typically considered more 
of a generalist species throughout their range, our 
findings and others suggest that, their habitat selec-
tion can be constrained by season, topography, and 
land cover type (Keuling et  al. 2008; Gray et  al. 
2020, Wilbur 2020). Our winter model differences 
confirmed our suspicions that the two models could 

reveal levels of selection, and that the RSF would be 
more general, and the SSF, while informative within 
areas with feral swine, identified large areas that 
likely have very low hog selection. Furthermore, our 
study supported not only seasonality but also high 
individual heterogeneity. Though it may seem coun-
ter-intuitive, in certain species that do not have a nar-
row niche, there is more individual freedom of selec-
tion, which can create high individual heterogeneity, 
as we saw in our SSF. Regardless, these findings 
illustrated an in-season variation in selectivity that 
could be expected for a generalist as well as likely 
seasonal differences in selection.

Management implications

The seasonal combinations of the 3rd and 2nd order 
selection can more clearly guide the management of 

Fig. 5  Consensus model based on reclassified SSF and RSF 
models for feral hogs in the summer (A) and winter (B) sea-
sons in Great Smoky Mountains National Park, 2015–2017. 

The Discretized Use values indicate areas where neither model 
indicated selection, either the RSF or SSF model indicated 
selection, or both models were in agreement
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this invasive species across the larger study area of 
GRSM. Managers can use these maps to determine 
where to focus their efforts given their knowledge 
about species presence, the timing of implement-
ing control efforts, as well as the amount of effort 
and resources they have to expend. Our results imply 
that the most efficient hunting strategies would likely 
differ by season (Fig. 4). In fall, along with trapping 
efforts, any backcountry stalking efforts could occur 
in slightly higher elevations with the goal of pushing 
feral swine to lower, more preferred, and more acces-
sible bait and trap locations. In winter, focusing on 
flat areas of deciduous forests and coves and around 
all field openings  would be effective. Based on our 
study, focusing the  highest concentration of hunting 
on the western and southwestern edges of the Park, as 
well as the eastern half of the northern border, would 
more effectively meet management goals. While trap-
ping around fields like Cades Cover and Cataloochee 
Valley would still be areas of selection in the sum-
mer season,  shifting hunting and trapping to lower 
sloped flats and areas around paved or gravel roads 
and trails, regardless of elevation, would be effective. 
More specifically, an effective management strat-
egy would include hunting areas along all the major 
scenic drives in the Park (e.g. U.S. Route 441), areas 
along the Appalachian Trail, and areas around Bal-
sam Mountain Campground.

The available background habitat in the SSF/RSF 
did not include any significant areas of the highest 
elevations in GRSM as available habitat. When fea-
sible, future efforts to document any feral hog signs, 
along with potentially trapping and collaring/tracking 
feral hogs in the highest elevations, far off trails and 
away from roads would be beneficial. That locational 
information would be useful to understand if and how 
feral hogs utilize spaces in remote, higher elevations 
and would help clarify our limited inference regard-
ing feral swine at the higher elevations in GRSM.
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