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Abstract
While protected areas are often considered strongholds for wildlife populations, recent 
research in protected areas has highlighted that both human activity (i.e. presence) and 
footprint (i.e. structures) can influence wildlife. To determine how human activity and 
structures affect the spatiotemporal activity of wildlife on the Apostle Islands National 
Lakeshore, Wisconsin, United States, we monitored the carnivore community for 5 years 
(2014–2018) using camera traps. We found that lighthouses had a negative impact on car-
nivore community richness, while historical sites had a positive impact. Responses of indi-
vidual carnivore species to anthropogenic structures varied depending on structure type, 
with most of the canids and mustelids exhibiting negative associations with campgrounds. 
When examining the seasonal effects of human activity and footprint (i.e., when park visi-
tation is relatively high or low), we found that carnivore richness was lower during the high 
human activity season, suggesting that seasonal variation in human activity influences car-
nivore activity. We also compared carnivore nocturnality along a gradient of anthropogenic 
activity, but our results indicate that the carnivore community did not become more noctur-
nal with increasing anthropogenic activity as expected. However, the carnivore community 
did display spatial avoidance of current anthropogenic structures, especially campgrounds. 
Our study indicates that human footprint in the form of structures and seasonal variation in 
human activity can influence wildlife activity within protected areas. Based on this study, 
species-specific research that includes multiple representations of potential human effects 
(i.e., including categories of human footprint and activity) will allow for a more nuanced 
and cohesive understanding of the impacts of humans on the spatial and temporal distribu-
tions of wildlife species.
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Introduction

The expansion of human influence has greatly affected wildlife around the world. In par-
ticular, human impacts on carnivores (species of the order Carnivora) have historically 
been detrimental (Karanth and Chellam 2009; Kellert et al. 1996; Ripple et al. 2014). This 
is partly because humans have traditionally viewed carnivores as pests or competitors for 
resources such as deer and other game species, leading to many instances of species perse-
cution (Ripple et al. 2014). In recent decades, humans have made targeted efforts to con-
serve carnivore populations; however, human effects on carnivores, such as habitat loss due 
to development, are particularly strong relative to other wildlife groups since carnivores 
tend to occur at low population densities and require large home ranges to meet their nutri-
tional needs (Ripple et al. 2014). In addition, both the increasing human population and the 
recent increase in outdoor recreation have intensified human impacts on carnivores in both 
urban and non-urban environments (Cordell et al. 2008; Gaynor et al. 2018; Ripple et al. 
2014).

Human activity (i.e., presence) and human footprint (i.e., structures) are often con-
sidered analogous, but they can have differing impacts on wildlife (Nickel et  al. 2020; 
Suraci et al 2021). This nuance is important to consider, as human activity and footprint 
could be having impacts on carnivore populations that thus far have not been considered 
or accounted for in wildlife management or human–wildlife conflict mitigation (e.g., Pel-
letier 2006; Reed and Merenlender 2011). Since risk associated with human footprint is 
likely perceived as spatially constant, human footprint is more likely than human activity 
to affect spatial patterns of carnivores. For example, some species, such as coyotes (Canis 
latrans) and red foxes (Vulpes vulpes) have been able to adapt their behavior to live within 
highly developed areas (Mueller et al. 2018), but other carnivores such as mountain lions 
(Puma concolor) and certain bear species tend to avoid establishing home ranges within 
highly developed areas (Beckmann and Lackey 2008; Gibeau et  al. 2002; Riley et  al. 
2014). Human activity is more likely to affect temporal patterns of carnivores rather than 
their spatial patterns (Nickel et  al. 2020). Urban carnivores that have adapted to highly 
altered areas tend to exhibit increased nocturnality compared to their rural counterparts 
(Gaynor et al. 2018). Though human activity and footprint typically have negative effects 
on wildlife, there are many species that have been able to take advantage of human activ-
ity (i.e., human shield effect; Moll et al. 2018; Suraci et al. 2019) or human footprint (i.e., 
urban dwellers; Fischer et al. 2015). Furthermore, it is likely that human activity influences 
wildlife perception of human footprint, and since human activity varies widely based on 
structure type (i.e., a suburban home versus a high-rise apartment building), wildlife likely 
do not perceive all structure types as equally rewarding or risky. Since human activity con-
sistently follows daily, weekly, and seasonal temporal cycles, it is also likely that wildlife 
perception of different structure types may vary over time.

Protected areas, such as national and state parks, are often considered strongholds 
for wildlife populations, especially those that may be particularly susceptible to human 
impacts (Pacifici et al. 2020). Since protected areas are often managed under a dual man-
date of conserving biodiversity and providing recreational opportunities, many protected 
areas have some degree of human footprint and human activity (Reed and Merenlender 
2008). Similar to urban areas, human footprint in protected areas is likely perceived by 
wildlife as spatially constant while human activity is likely perceived as temporally con-
stant. With respect to human footprint, carnivores in protected areas may avoid or be 
attracted to structures depending on their perceived risk or reward; though, avoidance or 
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attraction is likely species-specific (Suraci et al. 2021). In contrast, carnivores in protected 
areas, where human activity is generally confined to daytime, can shift their daily activity 
patterns to avoid perceived risk associated with human activity (Farmer and Allen 2019; 
Nickel et al. 2020).

The Apostle Islands National Lakeshore has a long history of human activity and human 
footprint, and as part of the National Park Service (NPS), is a popular destination for rec-
reational activities, including camping, hiking, and boating. Our objectives were to deter-
mine whether human activity and footprint (in the form of structures) affect the spatiotem-
poral activity of the carnivore community within the Apostle Islands. We hypothesized 
that species richness of the carnivore community and relative abundance of individual 
species will be positively related to distance from human structures, as carnivore species 
tend to spatially avoid human structures. We also expected that during the high human 
activity season, when there are substantial differences in the amount of human activity at 
different structure types, carnivores would more strongly avoid life estates, campgrounds, 
lighthouses, and Park Service buildings than historical structures, which receive much less 
human activity. In contrast, we expected no difference in avoidance between structure types 
during the low human use season as there is not a substantial difference in the amount of 
human activity between structure types. Finally, we hypothesized that the carnivore com-
munity would be more nocturnal on islands with greater human activity as they shift their 
daily activity patterns to avoid humans. Currently, there is minimal existing evidence con-
cerning the impact of human activity and footprint on wildlife in remote protected areas.

Materials and methods

Study area

The Apostle Islands is an archipelago of twenty-one islands in lake Superior, Wisconsin, 
USA (Fig. 1). Beginning in the late 1600s, resource extraction from the islands included 
fur, fish, lumber, and sandstone, and companies built infrastructure for these activities, 
such as railroads and housing, on many of the islands. In 1970, Congress designated 21 of 
the islands in the archipelago as a National Lakeshore. Madeline Island was not included 
due to an already established year-round human population. Historical anthropogenic sites, 
which the National Park Service manages as cultural resources, include sites such as aban-
doned farms and quarries. Historical sites represent areas of human interest that are visited 
occasionally by park staff and infrequently by tourists. Current anthropogenic structures 
include campgrounds, lighthouses, and other structures that were built after 1970, as well 
as two life estates, one on Sand and one on Rocky Islands.

Anthropogenic activity within the National Lakeshore includes recreational activi-
ties such as boating, camping, and hiking. Overnight camping on the islands is permitted 
through the National Park Service, which maintains individual campgrounds (maximum 
occupancy = 7) and group campgrounds (maximum occupancy = 21) on 18 of the islands 
and in the mainland unit, in addition to zone camping opportunities. Anthropogenic activ-
ity on the islands is dependent on accessibility, which varies throughout the year. Dur-
ing the warmer months, the islands are accessible by private boat, water taxi, or commer-
cial boating operations, such as the Apostle Islands Cruises. The Apostle Islands Cruises, 
a NPS authorized concessioner, operates cruises that take day visitors to Raspberry and 
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Michigan Island and campers to Stockton and Oak Island from June 28th until September 
2nd.

Camera traps

Carnivores can be cryptic and difficult to monitor due to large home ranges and low popu-
lation densities, but camera traps have proven to be an efficient technique for observing 
carnivore populations (Allen et al. 2018). To understand the effects of anthropogenic struc-
tures and activity on the carnivore community of the Apostle Islands, we used a grid of 
camera traps deployed across the island system to determine spatial and temporal activity 
patterns for the carnivore community and the individual carnivore species.

We deployed and maintained 164 camera traps on 19 islands from autumn 2014 to 
autumn 2018 (Fig. 1) using a systematic design for camera placement that maximized car-
nivore detections and camera independence. We identified potential camera sites as the 
center points of a 1  km2 grid superimposed over each island. We limited the potential sites 
to grid cells that contained at least 50% land area, and we adjusted the camera trap density 
on each island so that smaller islands had a higher density of cameras than larger islands 
using the power law equation:

Fig. 1  Location of  camera traps and anthropogenic structures within the Apostle Islands National Lake-
shore. Camera traps were placed as part of the carnivore monitoring project conducted from autumn 2014 
to autumn 2018. Current structures include campgrounds, lighthouses, and Park Service buildings. Histori-
cal structures include those that were privately owned before inclusion in the national park system and are 
no longer maintained, such as quarries and farms. Private structures include the two life estates, one on 
Sand Island and one on Rocky Island. Figure created in ArcGIS version 10.5.1
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where y is the number of camera traps on a specific island and x is island size (Allen et al. 
2019). We adjusted camera trap density to ensure that every island received at least two 
cameras to offset potential camera failure, to purposefully under sample the largest islands 
due to logistical constraints, and to account for non-circular islands, which may result in 
relatively more grid cells with less than 50% land area. As a result, the smallest islands had 
a higher density of camera traps than the largest islands. Eagle Island only received one 
camera due to concerns over nesting shorebirds. To place each camera, we started at the 
center point of each grid cell and then identified a location that would maximize carnivore 
detections based on vegetation and signs of wildlife. After identifying an appropriate loca-
tion, we placed a camera trap (HC600 Hyperfire™ High Output Covert, PC 800 Hyperfire 
Professional Semi-covert or HC500 Hyperfire Semi-covert cams; RECONYX, Inc., Hol-
men, WI, USA) on a nearby tree. We programmed each camera trap to capture a series of 
three pictures with no delay when activated and to include the date, time, and temperature 
with each picture.

Due to travel logistics for remote islands, we rotated camera traps between islands 
during the study period. We were unable to deploy cameras simultaneously on all of the 
islands due to a deployment period significantly limited by lake and weather conditions as 
well as staff availability. As such, during each deployment, we placed cameras on a subset 
of islands while ensuring equivalent sampling effort between islands. At either 6 months 
or 12 months intervals (depending on the island), we checked each camera trap to switch 
out batteries and SD cards. During the first deployment, we randomly selected half of the 
cameras on a given island to receive a scent lure placed within view of the camera using 
a commercially available predator lure (Caven’s Gusto, Minnesota Trapline Products Inc., 
Pennock MN). During the first camera check, camera traps that did not receive scent lure at 
first deployment received a scent lure, and then during subsequent camera checks, cameras 
were randomly selected for a scent lure. Camera traps on Eagle Island did not receive any 
scent lure due to concern over nesting shorebirds.

Statistical analyses

We performed all statistical analysis using R version 3.5.3 (R Core Team 2019) and Arc-
GIS version 10.5.1 (ESRI 2017). For all of the statistical analyses, we considered P < 0.05 
to be significant.

To determine how anthropogenic structures and human activity affect the spatial activ-
ity patterns of the carnivore species, we used generalized linear mixed effects models to 
determine whether distance to nearest structure, type of nearest structure, and seasonal 
human activity levels predicted the richness of the carnivore community and the relative 
abundance of each carnivore species. We began by calculating the community richness as 
the number of carnivore species detected at each camera and a relative abundance index 
(RAI) for each carnivore species at each site using the equation:

where D is the number of detections of a given species at a given site and TN is the total 
number of trap nights that the camera trap at that site was active (Jenks et al. 2011; Farmer 
and Allen 2019). RAI is a more accurate indicator of both abundance (Palmer et al. 2018; 

y = 2.0826x−0.369

RAI =
D

TN
× 100
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Parsons et  al. 2017) and site use (Sollmann 2018; though see Stewart et  al. 2018) than 
using the raw number of photographs or occupancy (Parsons et al. 2017). However, detect-
ability may vary between sites due to factors other than a species’ underlying distribution 
or activity patterns, such as viewshed obstructions (Moll et al. 2020). With regard to spe-
cies richness, the longevity of the data collection period minimizes potential differences in 
detection probability between sites, which is an important consideration when using cam-
era traps. Although RAI does not explicitly incorporate detectability, our camera placement 
framework, assuming that mechanisms underlying any potential differences in detection 
probability between sites are random relative to our variables of interest, mitigates potential 
differences in detection between sites as camera were placed based on a grid system which 
should minimize systematic detectability bias. To determine the number of detections, we 
first addressed possible psuedoreplication by consolidating multiple photographs of the 
same species that were taken within a span of 30  mins to be the same detection (Allen 
et al. 2019). To determine whether anthropogenic effects on the carnivore community are 
seasonal, we calculated a high use season RAI for each carnivore species using only data 
from June 28th until September 2nd of each year (i.e. the high-use season) (2014–2018) 
and a low use season RAI for each carnivore species using only data from September 3rd 
until June 27th. We selected these dates based on availability of public boat shuttles to the 
islands, which represents the period with the greatest accessibility.

We calculated Euclidean distance in kilometers from each camera station to the near-
est anthropogenic structure using proximity analysis in ArcMap (Olson et  al. 2012). We 
classified anthropogenic structures within the national lakeshore as ‘life estates’, ‘camp-
ground’, ‘historical site’, ‘lighthouse’, or ‘Park Service building’, which included ranger 
stations and visitor centers. We identified current and historic structures from NPS maps, 
and then determined exact GPS coordinates for all structures using satellite imagery from 
Google Earth (Version 7.3.1, Google Inc. 2018) (Fig.  1). Locations of life estates were 
provided by the NPS. We used a generalized linear mixed effects model with a negative 
binomial distribution and a log link in the lme4 package in R to test whether distance from 
the closest structure, the classification of the closest structure, and seasonal human activity 
affected carnivore community species richness and RAI of each individual carnivore spe-
cies at each camera site (Bates et al. 2015). We used species richness or RAI of a carnivore 
as our dependent variable, distance from nearest structure, type of nearest structure, human 
use season (high or low), and an interaction between type of nearest structure and human 
use season as our fixed independent variables, and ‘island’ and ‘camera’ as random effects.

To determine how anthropogenic activities affected the temporal activity patterns of the 
carnivore community, we calculated risk ratios and built temporal activity overlap plots 
over a gradient of human activity. We calculated risk ratios, which measures the relation-
ship between exposure to some treatment (in our case, different levels of human activity) 
and observed effects (in our case, nocturnal activity of carnivore species), for the carni-
vore community as a measure of the effect size of human activity. We also built temporal 
activity kernel density plots and estimated and compared activity levels for the carnivore 
community and individual species based on sites with differing levels of human activity. 
Based on potential maximum campground capacity and accessibility, we selected two 
islands and the mainland unit that represent a gradient anthropogenic activity: mainland 
unit (high), Stockton Island (moderate), and Outer Island (low). Both Stockton Island and 
Outer Island are approximately the same area but have vastly different potential maximum 
human use thresholds. Additionally, Stockton Island is accessible via the Apostle Islands 
cruises camping shuttle in addition to private vessels while Outer Island is only accessible 
via private vessels.
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Using the timestamps on the camera trap photographs and the suntime function (‘over-
lap’, Meredith and Ridout 2017), we transformed each timestamp from ‘clock time’ to ‘sun 
time’. We then split the detections into Summer/Fall (June–November) and Winter/Spring 
(December–May) since anthropogenic activity and tourism is much higher during the sum-
mer and fall months. Next, we used the sun times to calculate the percentage of detec-
tions of carnivores for each island that occurred at night and the species-specific propor-
tion of nocturnal events for each island. To measure effect size of anthropogenic activity, 
we calculated risk ratios with a 95% confidence interval using the proportion of nocturnal 
detections at each of the three sites and the fmsb package (Gaynor et al. 2018; Nakazawa 
2018). Risk ratios are calculated by taking the ratio of two proportions, so we calculated 
risk ratios between island pairs during Summer/Fall and during Winter/Spring by divid-
ing the proportion of nocturnal detections on the island with higher human activity by the 
proportion of nocturnal detections on the island with lower human activity. We calculated 
confidence intervals for the risk ratios using the equation:

where z is the z value of the desired confidence level, x is the number of nocturnal detec-
tions on a given island, n − x is the number of diurnal detections on a given island, and n 
is the total number of detections on a given island. We then took the antilog of the upper 
and lower limit to calculate the 95% confidence intervals. Since the null value for risk ratio 
confidence intervals is 1, confidence intervals that overlap 1 indicate that there is not suf-
ficient evidence that the island pairs had statistically significant differences in nocturnal 
activity.

We also compared detections by building temporal activity kernel density plots for the 
entire carnivore community on each island. Due to low detection rates for most of the car-
nivores on the islands, we were unable to estimate and compare activity levels for each 
individual species. Instead, we built temporal activity kernel density plots for black bear 
and coyote, the only species with detections in all three focal areas. We then estimated 
activity levels for the carnivore community and for black bears and coyotes across all three 
sites by fitting a kernel density model to our timestamped detection data (Rowcliffe 2021). 
Finally, we applied a pairwise Wald test to determine whether there were any differences 
between activity level estimates across the three sites (Rowcliffe 2021).

Results

Summary statistics

Over the 5 year study period, we had 164 camera traps operating for 88,712 trap nights 
and documented 8869 independent detection events of 12 carnivore species. Detected car-
nivore species included: American marten (Martes americana; 11% of detections), black 
bear (Ursus americanus; 51% of detections), bobcat (Lynx rufus; 3% of detections), coyote 
(21% of detections), fisher (Martes pennanti; 4% of detections), gray fox (Urocyon cinereo-
argenteus; 3% of detections), gray wolf (2% of detections), mink (Neovision vision), rac-
coon (Procyon lotor), red fox (5% of detections), river otter (Lontra canadensis), and wea-
sels (Mustela spp.). Six carnivore species (black bear, bobcat, coyote, fisher, grey fox, red 
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fox, and American marten) were detected in all 5 years. We detected common raccoon and 
gray wolf in 4 out of 5 years; while weasels (Mustela spp.), otter, and mink were detected 
in three or fewer years and were not included in the spatial analyses due to low detection 
rates. For further details on the occupancy of specific islands, see Allen et al. (2018).

Human footprint

For carnivore community richness, historical sites and lighthouses both had a significant 
relationship with carnivore richness. Historical sites had a positive relationship (β = 0.46, 
P = 0.04), and lighthouses had a negative relationship with carnivore richness (β = −0.98, 
P < 0.01) (Table 1).

The RAI of canids (gray wolf, coyote, red fox, and grey fox), generally exhibited neg-
ative relationships with distance and campground (Table  1). Gray wolf, coyote, and red 
fox all had significant negative relationships with campgrounds (β = −2.56, P < 0.01, 
β = −0.92, P = 0.01, and β = −2.71, P < 0.01, respectively). Grey fox and red fox were the 
only carnivore species tested that had a significant negative relationship with distance to 
nearest structure (β = −0.01, P = 0.02 and β = −0.01, P = 0.03, respectively).

The RAI of mustelids (fisher and American marten) had a significant and negative rela-
tionship with campgrounds (β = −1.87, P < 0.01 and β = −2.55, P < 0.01, respectively). 
The RAI of black bears had a significant negative relationship with lighthouses (β = −1.86, 
P < 0.01), but a significant positive relationship with campgrounds (β = 0.85, P < 0.01). In 
contrast, bobcat RAI had a significant negative relationship with campgrounds (β = −1.97, 
P < 0.01) (Table 1).

After examining the effect of seasonal variation of human use of anthropogenic struc-
tures, there is some evidence that seasonality influences anthropogenic effects on the carni-
vore community. Season had a significant relationship with community richness (β = 0.95, 
P < 0.01), red fox RAI (β = 1.70, P = 0.01), and American marten RAI (β = 1.08, P = 0.03). 
Since high human activity was the reference level, and because the coefficients are positive, 
our results indicate greater carnivore richness and higher red fox and American marten RAI 
during the low human activity season.

Human activity

On both Stockton Island and the mainland unit, a majority of the total number of nocturnal 
detections were of black bears (55% of nocturnal detection on Stockton Island, 20% of noc-
turnal detections in the mainland unit) or coyotes (26% of nocturnal detections on Stockton 
Island, 53% of nocturnal detections in the mainland unit). In contrast, black bears and coy-
otes only made up 30% of the nocturnal detections on Outer Island while American mar-
tens accounted for over 60% of the nocturnal detections (Fig. 2A). Since Outer Island has 
relatively low species richness, a comparison of each individual species was not possible. 
When we compared nocturnality along a gradient of anthropogenic activity, we found there 
was no difference in nocturnality between the mainland unit, Stockton Island, and Outer 
Island. Risk ratio values for all the pairwise comparisons of the three units during the sum-
mer/fall and winter/spring seasons had confidence intervals that overlapped 1, which indi-
cated no difference in temporal activity patterns associated with anthropogenic activity 
(Table 2). Temporal activity estimates for the entire carnivore community, black bear, and 
coyote provided further evidence that there was no difference in temporal activity distribu-
tions along the gradient of human activity as the p values for almost all of the pairwise 
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Fig. 2  A Proportion of total nocturnal events by species with standard error bars captured by camera traps 
along a gradient of anthropogenic activity of the Apostle Islands National Lakeshore. Temporal activity 
overlap plots comparing the temporal activity of B the entire carnivore community, C coyotes, and D black 
bears along a gradient of human use in the Apostle Island National Lakeshore (WI, USA), where human 
activity was ranked as low, moderate, and high for Outer Island, Stockton Island, and the mainland, respec-
tively. Figures created in R version 3.5.3 and then assembled in Powerpoint

Table 2  Risk ratios with 95% 
confidence intervals comparing 
nocturnality along a gradient 
of anthropogenic activity of the 
carnivore community of the 
Apostle Islands

Confidence intervals that overlap 1 indicate that there is not sufficient 
evidence that the island pairs had statistically significant differences in 
nocturnal activity. Risk ratio values greater than 1 indicate increased 
nocturnality and values less than 1 indicate decreased nocturnality

Higher activity Lower activity Summer/Fall Winter/Spring

Stockton Outer 0.9 (0.69–1.19) 1.4 (0.94–2.09)
Mainland Outer 0.9 (0.66–1.33) 1.3 (0.89–1.90)
Mainland Stockton 1.0 (0.79–1.35) 0.9 (0.7–1.19)
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comparisons were not significant (Table 3, Fig. 2B–D). The only significant comparisons 
were for the carnivore community between Outer Island and the Mainland (P < 0.01) and 
for coyote between Outer Island and the Mainland (P < 0.01) and Outer Island and Stock-
ton Island (P < 0.01); however, the results for coyote activity may be due to low detection 
rates as Outer Island only had 16 coyote detections.

Discussion

Our research in the Apostle Islands National Lakeshore demonstrated that current and his-
torical human structures, as well as seasonal fluctuations in human activity, can influence 
carnivore community richness and behavior. Additionally, the carnivore community did not 
appear to display a community-wide shift to nocturnality in response to increasing human 
activity. Protected areas are often created with multiple objectives including, but not lim-
ited to, conserving biodiversity and provisioning recreational opportunities for the public. 
Although these areas are often considered strongholds for wildlife populations, there are 
human structures in many protected areas, and since wildlife tend to spatially avoid most 
forms of human footprint, including human structures, (Nickel et al. 2020; Pelletier 2006) 
it is important for managers to consider the potential impacts of human structures on wild-
life within protected areas. Furthermore, due to the species- and structure-specific relation-
ships, considering a more detailed categorization of human impacts may reveal relation-
ships that may otherwise be concealed.

Since the magnitude and direction of the impacts from structures varied by species, it 
is especially important to consider potential impacts on each species, in addition to the 
community as a whole. All individual species, aside from gray fox, had significant relation-
ships with campgrounds, and all of these relationships, aside from black bear, were nega-
tively related. The difference between a large-bodied omnivore (black bears) and the rest of 
the carnivore species could be due to human food subsidies at campgrounds that draw in 
opportunistic wildlife, similar to urban food subsidies (Beckmann and Berger 2003; Hop-
kins et al. 2014). Across the United States, human–wildlife conflict is increasing and often 
caused by food-conditioned individuals (individuals that have learned to associate humans 
with food) (Baker and Timm 2017; Mazur 2010). Managers should determine whether pos-
itive associations between campgrounds and individual species are based on human food 
subsidies. This may be especially important with black bears, as they tend to be human-tol-
erant and are one of a few large carnivore species whose population is increasing (Ripple 

Table 3   Results from 
pairwise Wald tests comparing 
nocturnal activity levels along 
a gradient of anthropogenic 
activity of the carnivore 
community of the Apostle 
Islands

Higher activity Lower activity Species Difference P value

Stockton Outer Community 0.12 0.20
Mainland Outer Community 0.28  < 0.01
Mainland Stockton Community 0.15 0.05
Stockton Outer Black bear −0.05 0.55
Mainland Outer Black bear −0.10 0.33
Mainland Stockton Black bear −0.05 0.58
Stockton Outer Coyote 0.46  < 0.01
Mainland Outer Coyote 0.46  < 0.01
Mainland Stockton Coyote 0.01 0.99
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et  al. 2014). Anecdotal evidence from the Apostle Islands, especially Stockton Island, 
Outer Island, and Oak Island, indicates that this may be the case for black bears.

Within protected areas, structure type is likely correlated to degree of human activity; 
however, it can be difficult to track human activity within protected areas due to the logis-
tical difficulties involved with rigorously monitoring what are often large and minimally 
developed areas (Hadwen et al. 2007). For example, historical sites, which are visited occa-
sionally by park staff and visitors, had a positive or no significant relationship with any 
of the carnivore species while lighthouses, many of which are visited by tour boats, had a 
negative or no significant relationship with any of the carnivore species. Though degree of 
human activity may be influencing the relationships between structure type and carnivore 
activity, it would be difficult to test conclusively as the park is not able to track visita-
tion rates aside from camping permits and lighthouse tours. Similarly, shuttle services in 
protected areas may concentrate human activity at specific structures or specific structures 
themselves, such as campgrounds, may draw more human activity than other structures, 
resulting in a relationship between structure type and human activity that could explain the 
impacts of some structures on wildlife (Zeng et al. 2005). As such, new park infrastructure 
should take into account the impact of both the structures and the potential human activity 
on wildlife in the area.

As expected, seasonal fluctuations in human activity influenced carnivore community 
richness and the activity of red fox and American marten. The effect of season is likely 
related to accessibility and weather conditions (Hewer et al. 2017; Richardson and Loomis 
2017). For example, Apostle Islands Cruises provides transportation between several of 
the islands and the mainland, which allows members of the public that don’t own boats to 
access the islands. Since the campground shuttle cruise service only operates from the end 
of June through the early September, the level of human activity within the island system 
will likely be different depending on whether the cruise service is operating. Accessibility 
is also a potential factor in other protected areas, as access is likely limited by road and trail 
networks (Walden-Schreiner et  al. 2018). Similarly, campgrounds in protected areas are 
much more likely to be occupied during the summer months than during the winter months 
due to increased accessibility and weather conditions (Wilton and Wirjanto 1998). These 
results highlight the importance of accounting for seasonality of human activity, especially 
in remote regions with variable weather conditions.

Contrary to our hypotheses, the carnivore community exhibited no difference in noc-
turnality between areas with high, moderate, and low human activity. Even though carni-
vores generally show increased nocturnality in response to human activity and footprint, 
humans can have a differential effect on individual species (Crooks 2002; Gaynor et  al. 
2018). Body size and degree of specialization are often related to the magnitude of anthro-
pogenic effect. As such, larger-bodied animals tend to be more negatively affected than 
smaller-bodied animals (Taylor and Knight 2003), and specialist species tend to be more 
negatively affected than generalists (Devictor et  al. 2008). Since the carnivore commu-
nity on the Apostle Islands ranges in body size and degree of specialization and because 
the proportion of nocturnal events for each species was not constant across the gradient 
of human activity, there may be a change in nocturnality for an individual species that is 
being masked by another, more common species. However, based on the temporal over-
lap plots for two of the largest carnivore species, which should be more affected than the 
smaller species (Gaynor et al. 2018; Farmer and Allen 2019), there was still no evidence of 
increased nocturnality based on human activity. Alternatively, carnivores within this sys-
tem may be dependent on nocturnal prey, so there may be a temporal response to prey 
availability rather than to risk associated with human activity (Vilella et al. 2020).
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Within a protected area, the carnivore community displayed spatial avoidance of spe-
cific human structures, though there was no detected difference in nocturnality along a 
gradient of human activity. Since season and type of structure are likely correlated with 
the level of human activity within protected areas, it is important to be able to accurately 
track the level of human activity to inform wildlife management within these areas. Under-
standing the mechanisms underlying species’ spatial and temporal distributions is neces-
sary for effective and efficient conservation, especially concerning the expanding sphere 
of human influence and our changing climate. In this study, response to humans was both 
species- and structure-specific. Species-specific research that includes multiple representa-
tions of potential human effects (i.e., including categories of human footprint and activity) 
will allow for a much more nuanced and cohesive understanding of the impacts of humans 
on the spatial and temporal distributions of wildlife species. For example, had we not cat-
egorized the human structures, the pattern between campgrounds and almost all of the car-
nivore species may not have been evident due to the lack of relationship with many of the 
other structure types. Successful wildlife conservation within protected areas also requires 
mitigation of human–wildlife conflict. We demonstrate that campground management 
remains an important focal point for mitigation of human–wildlife conflict in protected 
areas. Future research should further examine the effects of human structures and activ-
ity on carnivore species fitness and population dynamics and how these effects may differ 
between species to better assess the conservation impacts of human footprint and activity.
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