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Abstract: Carnivores are important components of ecological communities with wide-ranging effects that vary with carnivore size, natural history, and hunting tactics. Researchers and managers should strive to understand both the presence and
distribution of carnivores within their local environment. We studied the carnivore guild in the Apostle Islands, w h e r e the
distribution and occupancy of carnivores was largely unknown. We monitored 19 islands with 160 functioning camera traps
from 2014-2017, from which we collected 203,385 photographs across 49,280 trap nights. We documented 7,291 total wildlife
events with 1,970 carnivore events, and detected 10 of the 12 terrestrial carnivores found in Wisconsin. Detection rates for
species were generally higher in summer than winter, except for coyotes (Canis latrans) and red foxes (Vulpes vulpes). Finitesample occupancy estimates for carnivores varied across islands, with mean estimated occupancy across islands varying from
a high of 0.73 for black bears to a low of 0.21 for gray wolves. Of the potential island biogeography explanatory variables for
carnivore occupancy we considered, island size was the most important, followed by distance to the mainland, and then interisland distance. We estimated that terrestrial carnivore species varied in the number of islands they were detected on from 1
island for gray wolves to 13 islands for black bears. Estimated carnivore richness across islands (i.e., the number of carnivores
occupying an island) also varied substantively from 1 species on Michigan Island to 10 species on Stockton Island. Island
size and connectivity between islands appear important for the persistence of the carnivore community in the Apostle Islands.
Nomenclature: List of Mammals (2018).

Introduction
Carnivores are important components of ecosystems with
wide-ranging effects on their ecological communities (Estes
and Palmisano 1974, Ripple et al. 2014). Carnivores can
influence the structure and composition of ecological communities (Estes and Palmisano 1974, McLaren and Peterson
1994, Estes 1996, Allen et al. 2014), and affect nutrient cycling within and between habitats (Cederholm et al. 2011).
Carnivores can also affect prey directly (i.e., through predation; Estes 1996, Ripple et al. 2014, and competition; Krofel
et al. 2012, Allen et al. 2015, Sivy et al. 2017) and indirectly
(i.e., causing shifts in habitat selection to avoid predation;
Brown et al. 1999, Altendorf et al. 2001, Ripple and Beschta
2004, Atwood et al. 2007), and can compete with sympatric
carnivores, altering their distribution and abundance (Estes
and Palmisano 1974, Hunter and Price 1992, Courchamp et
al. 1999, Prugh et al. 2009, Wolf and Ripple 2017).
Despite their importance to ecological communities,
many carnivore populations are threatened due to factors

including habitat loss and human intolerance (Laliberte and
Ripple 2004, Ripple et al. 2014). Carnivores are also among
the most charismatic wildlife species (Kellert 1997, Ray et al.
2013), and national park visitors are often interested in seeing
carnivores as part of their experience (Okello et al. 2008).
Therefore, conservation of carnivore communities within
national parks and other wildlife refuge areas is critical to
ensure ecosystem functionality and to enhance the experiences of national park visitors (Anderson and Barbour 2003).
However, monitoring carnivores can be difficult due to their
low population densities and cryptic behaviors (Harmsen et
al. 2010, Krofel et al. 2012, Allen et al. 2016a).
Due to remoteness and the difficulties involved with
monitoring carnivores, the presence and distribution of the
carnivore species in the Apostle Islands National Lakeshore
(APIS) is largely unknown. APIS was established in 1970 and
includes 21 of the 22 islands in the archipelago to conserve
their unique natural and cultural values for the benefit and
inspiration of current and future generations (Busch 2008).
Islands in the archipelago vary in size and distance from the
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Table 1. Characteristics of the individual islands (in order of size) monitored within the Apostle Islands National Lakeshore, Wisconsin
(USA, 2014-2017).
Island
Eagle
North Twin
York
Raspberry
Devils
South Twin
Ironwood
Hermit
Rocky
Otter
Manitou
Cat
Michigan
Bear
Basswood
Sand
Oak
Outer
Stockton

Island size
(km2)

Distance to
mainland (km)

0.08
0.65
1.10
1.16
1.25
1.36
2.69
3.17
4.24
5.35
5.36
5.41
6.18
7.34
7.74
11.58
20.32
21.78
40.00

3.54
20.76
1.48
2.69
14.33
15.06
14.44
3.67
12.41
8.43
8.43
18.03
17.86
7.23
1.87
2.04
2.12
23.83
7.84

mainland. Based on the theory of island biogeography, smaller islands that are farther from the mainland should contain
a subset of the species found on larger islands closer to the
mainland due to connectivity and availability of resources;
however, the presence and distribution of carnivore populations was largely unknown within the national lakeshore.
A historical report of observations reported the presence of
red fox (Vulpes vulpes) and coyotes (Canis latrans) in the
archipelago (Jackson 1920). In the early 2000’s, researchers
found substantial connectivity between black bear (Ursus
americanus) populations across the archipelago and high
rates of immigration from mainland bear populations (Belant
et al. 2005). Additionally, the recent discovery of American
martens (Martes americana), Wisconsin’s only endangered
mammal, in the archipelago (Allen et al. 2018) has sparked
a greater interest in understanding the carnivore community
within the park. Despite this, no research has been conducted
to describe the distribution of the full suite of carnivore species within the archipelago.
To better understand the carnivore community within the
Apostle Islands archipelago, we used a systematic grid of 160
functioning camera traps deployed on 19 of 22 islands to determine occupancy, detection probability, and richness of the
terrestrial carnivore community. Our objectives were to: 1)
Determine the importance of island biogeography variables
(island size, distance to nearest other island, and distance to
mainland) in species-specific occupancy. We expected that
one or all of the island biogeography variables would affect
occupancy and that these would be consistent across species.
2) Determine archipelago-wide detection probabilities in
summer and winter, hypothesizing that detection rates would
be higher in summer when most species are more active. 3)
Determine the finite-sample estimated occupancy and mean

Distance to
nearest island
(km)
5.13
2.73
3.47
2.91
3.36
1.05
1.66
2.20
1.05
1.29
1.66
2.74
4.09
2.84
2.20
3.47
2.22
4.28
2.15

Maximum
elevation (m)

Mean
elevation (m)

8
13
12
30
21
15
27
56
31
44
43
25
29
72
58
19
147
83
61

5.4
8.4
6.3
15.4
10.6
8.3
15.3
21.7
14.4
24.4
19.7
13.3
15.0
26.9
32.3
9.6
66.8
31.7
25.7

estimated occupancy for each of our focal carnivore species
to understand patterns of distribution for each species. And,
4) Calculate observed and estimated species richness for each
of the 19 islands surveyed to understand the patterns in distribution of the carnivore community.

Methods
Study area
The Apostle Islands are an archipelago of Pleistocene relict sandstone islands located in southwestern Lake Superior,
Wisconsin, USA. Microclimatic conditions, which influence
vegetative communities, are highly variable between islands
and depend on the island’s size, elevation, and location with
respect to Lake Superior (Table 1) (Judziewicz and Koch
1993). The islands are in the transition zone between northern
boreal coniferous forest and deciduous forest, which creates
a diverse vegetative structure (Craven and Lev 1987). The
mean annual temperature for the duration of this study was
4.4°C, with minimum and maximum temperatures ranging
from −30.0°C to 32.8°C. Average annual precipitation for the
three years in this study was 82.8 cm of rainfall and 197.4 cm
of snowfall (National Centers for Environmental Information
2017). Ice cover is an important factor for mammalian community structure in temperate archipelagos, as it influences
the propensity for immigration and emigration (Lomolino
1988, Adams et al. 2011). Ice cover in the Bayfield harbor,
which is indicative of overall lake trends, has decreased over
the past 150 years at a rate of about 3 days/decade (Howk
2009), and ice bridge connection between Isle Royale, a single-island system also in Lake Superior, has decreased due to
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Table 2. Characteristics of sampling effort for camera traps deployed on each island within the Apostle Islands National Lakeshore,
Wisconsin (USA, 2014-2017).
Island
Basswood
Bear
Cat
Devils
Eagle
Hermit
Ironwood
Manitou
Michigan
North Twin
Oak
Otter
Outer
Raspberry
Rocky
Sand
South Twin
Stockton
York

Functioning
camera traps

Total trapnights

Mean nights per
camera trap

Camera trap density
(cams/km)

8
8
5
2
1
3
4
4
6
2
16
7
26
2
6
12
2
30
2

1736
4104
2433
712
536
1618
635
1859
1229
861
6549
3277
6935
743
3196
2333
952
7330
422

217.0
513.0
486.6
356.0
536.0
539.3
158.8
464.8
204.8
430.5
409.3
468.1
266.7
371.5
532.7
194.4
476.0
244.3
211.0

1.03
1.09
0.92
1.59
12.50
0.95
1.49
0.75
0.97
3.08
0.79
1.31
1.19
1.72
1.41
1.04
1.47
0.75
1.82

climate change (Licht et al. 2015). We considered all terrestrial carnivore species found in Wisconsin to potentially be present in the study area, including American badger (Taxidea
taxus), American marten, black bear, bobcat (Lynx rufus),
coyote, fisher (Pekania pennant), gray fox (Urocyon cinereoargenteus), gray wolf (Canis lupus), raccoon (Procyon lotor), red fox, striped skunk (Mephitis mephitis), and weasels
[long-tailed weasel (Mustela frenata) and short-tailed weasel
(Mustela erminea) lumped due to difficulty of identifying
from photographs].
Field methods and design
Careful and deliberate camera trap placement is critical
for accurately and efficiently documenting carnivores and
estimating their distributions and abundance (Chandler and
Royle 2013, Burton et al. 2015, Allen et al. 2016b, Rich et al.
2017). Therefore, we systematically deployed camera traps
by placing camera traps near the center points of 1 km2 grids.
This creates relatively equal camera trap densities between
islands with the exception of islands smaller than a square
kilometer including Eagle Island. After locating the center
point of a grid cell, we walked in concentric circles from the
grid point until a suitable location was found. We explicitly
targeted fine-scale features, including camera trap height, orientation, distance to wildlife sign, and course woody debris
to maximize carnivore detection when placing camera traps.
We recorded the coordinates of each camera trap site with a
handheld GPS unit, but we did not place flagging or physically mark any of the sites.
Following this protocol, we placed 164 camera traps
(HC600 Hyperfire™ High Output Covert, PC 800 Hyperfire

Professional Semi-covert, and HC500 Hyperfire Semicovert cams; RECONYX, Inc., Holmen, WI, USA) on 19
of the islands (Table 2); however, 4 of the camera traps
malfunctioned, so we excluded them from our analyses. All
of the camera traps had an infrared flash, trigger speed of
1/5 sec, and a 1080p high definition image resolution. We
programmed camera traps to take a series of photographs
when triggered by an animal and to record the time, date,
temperature, and moon phase for each photograph. We also
programmed the camera traps to take a time-lapse picture at
11 am every day. These pictures allowed us to ensure that
the camera traps were functional on a daily scale. We initially programmed the camera traps on Stockton Island to
take 5 photographs and a 15 sec delay between events. We
then changed our programming to take 3 photographs, with
no refractory period between each event as we expanded our
camera trap grid to other islands. The difference in programming did not preclude comparison between islands because
we did not use the raw number of photos in our analysis.
Instead, we used detection versus no detection over a twenty-four hour period. We conducted camera trapping yearround to encompass seasonal changes in carnivore activity
and visual obstructions caused by changes in vegetation or
snow cover. We returned to each camera trap approximately
six months after initial deployment to replace the lithium
ion batteries and memory cards. Battery life was not an issue due to low levels of human recreation and low wildlife
detection rates.
On each island, we randomly assigned a lure treatment
to half of the camera trap sites. We used a commercial predator trapping scent lure (Caven’s Gusto, Minnesota Trapline
Products Inc.) and placed aerial call lures (at ~3-4 m high)
and local lures (on downed woody vegetation) to draw car-
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nivores into the camera trap’s core detection area. Caven’s
Gusto is used to attract a wide variety of carnivores and scavengers (e.g., fishers; Popescu et al. 2014, badgers; Harrison
2015, and red fox; Black et al. 2018). After approximately
6-months of deployment, we rotated sites so that all previously non-lured sites received lure during the second 6-month
deployment.

able (wβ) that iteratively dictates whether a term is included
within a model: when w = 0, the term is not included within
the model, and when w = 1, the term is included in the model
(i.e., logit (ψi,s) = β0,s + wi,1 * β1,sIslandSizeiw1,s). The posterior mean of any wβ is equivalent to the probability that the
model term should be included within the predictive model,
with values > 0.5 generally considered to be useful terms.
A full Bayesian analysis requires placing a prior on wβ, and
rather than selecting a scalar prior value (which implicitly
suggests a prior for how many terms should be included), we
specified a random variable inclusion prior for each species as
Uniform(0, 1) so that more or less variables would be included with the analysis for a given species depending upon how
well they explained the observations for that species (O’Hara
et al. 2009). As a posterior sample associated with specific
effect is simply drawing from the prior and has no explicit
effect when wβ = 0, we fixed these samples as equal to zero
when calculating uncertainty intervals.

Statistical analyses
We used program R version 3.4.4 (R Core Team 2018)
for all statistical analyses. We used occupancy models
(MacKenzie et al. 2006) to estimate the occurrence of each
carnivore species we observed across islands. Succinctly, occupancy models assume that an animal’s presence at a specific site i (zi), follows a Bernoulli distribution (ψ) and that
observed presence or absence at specific sites over j repeated
intervals (yi,j) follows a Bernoulli distribution (zi × p), where
p is the probability of detecting a present species. Both occupancy probability (ψ) and detection probability may vary
as a function of site-specific or site and interval-specific covariates—e.g.: logit(ψi) = β0 + β1X1,I. If no temporal variation
in p is considered within a model, yi,j can be reformulated
as a Binomial count—e.g., yi ~ Binomial (zi × p, k)—for increased computational efficiency (MacKenzie et al. 2006).
We used this Binomial formulation, summing the number of
24 h periods sampled by all cameras on each island and calculating the number of 24 h periods in which each of our focal species were detected. In other words, we pooled specific
camera encounter histories within islands and estimated the
occupancy state of each species upon each island, or the degree to which a given species collective space-use overlapped
with specific camera locations (Efford and Dawson 2012).
Given the survey intensity associated with most islands, we
believe there is little practical difference between the two for
most species of interest. As we were specifically interested
in relating species’ occurrence to metrics associated with island biogeography, we modeled the occurrence of species s
on island i as logit(ψi,s) = β0,s + β1,sSizei + β2,sInter-Islandi +
β3,sMainlandi, where Size indicates the area/size of the given
island, Inter-Island indicates the nearest inter-island distance,
and Mainland indicates the distance from the given island to
mainland Wisconsin.
We were further interested in identifying seasonal periods during which subsequent monitoring efforts might be
most effective. We assigned all survey effort into two detection periods: summer (May through October) and winter
(November through April). We then modeled species-specific detection probabilities on separate islands (pi,s) as logit
(pi,s) = α0,s + α 1,sWinter + εp,i; the last term represents unmodeled sources of variation as error normally distributed
on the logit-scale across species and island combinations
such that εp,i~N(0, σp).
Given the small number of islands, we expected the full
model to be over-parameterized, and we used indicator variable selection (Kuo and Mallick 1998) to select suitable and
parsimonious models for each species. Indicator variable selection associates each coefficient with a binary random vari-

We fit models using Markov chain Monte Carlo (MCMC)
simulation using JAGS (Plummer 2003) through the jagsUI
(Kellner et al. 2015) library for R and used appropriately
balanced priors for beta coefficients with scaled predictors
within logistic models (Gelman et al. 2008) and uniform (0,
1) priors for probability parameters. We considered models to
have converged if trace plots exhibited adequate mixing and
if point estimates of the Gelman-Rubin convergence statistic
were less than 1.1 (Gelman and Rubin 1992).
We used posterior samples from the fitted model to derive
several additional metrics of interest. First, we report finitesample occupancy estimates for each carnivore on each
island (i.e., the posterior mean of zˆspecies,island). We further
derived finite-sample estimates of the proportion of islands
in which each species was present (PAO) and island-specific estimates of carnivore richness based upon the mode of
the posterior distribution, and report associated uncertainty
intervals. Because estimated detection probability per trapnight was small for each species, we report derived detection probabilities for each season per 100 trap-nights (a
more realistic unit of monitoring effort).

︠︡

Results
Summary statistics
We collected data using 160 camera traps on 19 islands
within the archipelago. We had a mean 7.68 (±1.87 SE) functioning camera traps per island (range 1-30) (Table 2). Our
camera trap density on islands averaged 1.89 (±0.60 SE,
range 0.75-12.50) functioning camera traps/km2 (Table 2).
We collected 203,385 photographs (including time-lapse
photographs) across 49,280 trap nights, and documented 7,291
wildlife events, including 1,970 carnivore events. We detected
21 unique species and 6 other groups of species (raptors, small
rodents, songbirds, squirrels, waterfowl, weasels), including 10
terrestrial carnivores and two semi-aquatic carnivores (mink,
Neovison vison, and river otter, Lontra canadensis).
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Table 3. Estimates of detection parameters for carnivores on 19 islands in APIS (Table 3) by season (summer and winter). We report
ˆ over a 100 trap-night effort with 95% credible intervals (CrI).
detection probability (p)
Summer parameter

Winter parameter

pˆ

95% CrI

pˆ

95% CrI

American marten

0.29

0.03 — 0.56

0.26

0.02 — 0.52

Black bear

0.59

0.15 — 0.84

0.16

0.03 — 0.30

Bobcat

0.15

0.00 — 0.39

0.10

0.00 — 0.28

Coyote

0.23

0.04 — 0.43

0.39

0.07 — 0.66

Fisher

0.15

0.00 — 0.36

0.11

0.00 — 0.28

Gray fox

0.15

0.00 — 0.40

0.09

0.00 — 0.25

Gray wolf

0.20

0.00 — 0.55

0.03

0.00 — 0.12

Raccoon

0.05

0.00 — 0.013

0.04

0.00 — 0.11

Red fox

0.11

0.01 — 0.24

0.14

0.02 — 0.30

Weasel

0.04

0.00 — 0.14

0.01

0.00 — 0.05

Species

Table 4. Standardized coefficients for the island biogeography variables that we considered as possible explanations of carnivore occupancy in the Apostle Islands, where larger coefficients indicate a stronger effect. We include the marginal mean for each variable and
the mean of the coefficients for each species.
Variable
Island size
Mainland
distance
Neighbor
distance
Mean

American
marten

Black
bear

Bobcat

Coyote

Fisher

Gray
fox

Gray
wolf

Raccoon

Red
fox

Weasel

Marginal
mean

0.61

0.74

0.78

0.86

0.68

0.77

0.62

0.57

0.45

0.46

0.66

0.66

0.47

0.70

0.84

0.57

0.69

0.49

0.49

0.61

0.47

0.59

0.57

0.55

0.62

0.67

0.56

0.61

0.53

0.51

0.51

0.48

0.56

0.61

0.59

0.70

0.79

0.60

0.69

0.55

0.52

0.53

0.47

Carnivore occupancy and detection rates
ˆ for 100
Our summer detection probability estimates (p)
trap nights of effort at an island ranged from 0.04 (95% CrI
0.00—0.13) for weasels and 0.05 (95% CrI 0.00—0.13) for
raccoons to 0.59 (95% CrI 0.15—0.84) for black bear (Table
3). Our winter pˆ ranged from 0.01 (95% CrI 0.00—0.05) for
weasels to 0.392 (95% CrI 0.07—0.66) for coyote (Table 3).
The uncertainty associated with these estimates directly reflects island-specific variability in detection rates. For most
species, detection probability was lower during winter and
winter had a negative effect, with the exception of red foxes
and coyotes (Table 3). The only specific effects estimated
with high confidence, however, were that black bears were
more likely to be detected in summer and coyotes were more
likely to be detected during winter (Table 3).
Of the three explanatory variables for carnivore occupancy considered, island size appeared to be the most important (across species, average wβ = 0.65, Table 4) followed
by distance to the mainland, and then inter-island distance.
However, the importance of these variables varied widely
across species: it appeared that the optimal predictive model
for coyotes included all three terms, while black bear occurrence was primarily impacted by island size and inter-island

distance, and none of the predictive terms appeared to greatly
affect weasel occurrence. Similarly, estimated effects also
varied inter-specifically: although individual species appeared either more likely or neutrally likely to occur on larger
islands, there was some indication that smaller carnivores
(weasels, American marten) were more likely to occur on islands farther from the mainland, while other species exhibited
little response (Table 4.)
Finite-sample occupancy estimates for carnivores varied
across islands (Table 5). Mean estimated occupancy across
islands varied from a high of 0.73 (± 0.09 SE) for black bears
to a low of 0.21 (± 0.04 SE) for gray wolves. Our estimated
richness for terrestrial carnivore species varied across species from 1 (CI =1—13) island for gray wolves to 13 (CI =
12—17) islands for black bears. Estimated carnivore richness
across islands also varied substantively from 1 (CI = 0—4)
species on Michigan Island to 10 (all observed) species on
Stockton Island (Figure 1).

Discussion
Carnivores have wide-ranging effects on ecological
communities (Cederholm et al. 2011, Estes and Palmisano
1974, McLaren and Peterson 1994, Estes 1996, Allen et al.
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Table 5. Finite-sample occupancy estimates across surveyed islands within APIS by carnivore species 2014-2017. Islands where a
carnivore species was actually observed have perfect occupancy (1.00, noted by boldface), and the derived finite-sample estimates of
the proportion of islands in which each species was present (PAO).

︠︡

Basswood
Bear
Cat
Devils
Eagle
Hermit
Ironwood
Manitou
Michigan
North Twin
Oak
Otter
Outer
Raspberry
Rocky
Sand
South Twin
Stockton
York

︠︡

PAO

American
marten
0.13
1.00
1.00
0.20
0.09
0.12
0.40
1.00
0.19
0.34
0.10
1.00
1.00
0.12
1.00
0.08
0.43
1.00
0.12

Black
bear
1.00
1.00
1.00
0.20
0.15
1.00
1.00
1.00
0.18
0.24
1.00
1.00
1.00
0.25
1.00
1.00
0.47
1.00
0.31

0.49

0.73

1.00
0.11
0.10
0.10
0.09
0.22
0.28
0.26
0.07
0.12
1.00
0.27
0.07
0.18
1.00
0.16
0.32
1.00
0.18

Gray
fox
1.00
0.12
0.09
0.10
0.18
0.19
0.17
0.18
0.10
0.09
1.00
0.17
0.11
0.20
0.15
0.25
0.17
1.00
0.23

Gray
wolf
0.19
0.12
0.14
0.15
0.20
0.14
0.18
0.16
0.18
0.15
0.17
0.15
0.20
0.16
0.15
0.20
0.18
1.00
0.19

0.34

0.29

0.21

Bobcat

Coyote

Fisher

1.00
0.11
0.08
0.10
0.18
0.19
0.16
0.17
0.10
0.09
1.00
0.16
0.11
0.19
0.14
0.24
0.16
1.00
0.23

1.00
1.00
0.06
0.15
0.44
1.00
0.10
1.00
0.14
0.07
1.00
0.09
1.00
1.00
0.06
1.00
0.08
1.00
0.45

0.28

0.56

Raccoon

Red fox

Weasel

0.48
0.34
1.00
0.35
0.35
0.43
0.46
0.45
0.33
0.36
1.00
1.00
0.32
0.42
0.41
1.00
0.46
1.00
0.42

0.52
1.00
0.17
0.19
0.15
1.00
0.51
1.00
0.10
0.22
1.00
1.00
0.04
1.00
0.50
0.26
1.00
1.00
0.37

0.35
0.32
0.38
1.00
0.46
0.32
0.37
0.32
0.47
0.40
0.31
0.30
0.46
0.36
0.30
0.41
0.34
1.00
0.40

0.56

0.58

0.43

Figure 1. Map depicting the estimated carnivore species richness for
each island within the
Apostle Islands National
Lakeshore.

2014), but can be difficult to rigorously monitor due to their
low population densities and cryptic behaviors (Harmsen et
al. 2010, Krofel et al. 2012, Allen et al. 2016a). Because of
this, there was little known about the carnivore guild in the
Apostle Islands, but knowledge of the carnivore guild is important in preserved areas as carnivores are among the most
charismatic wildlife species (Kellert 1997, Ray et al. 2013),
and many visitors are interested in viewing them (Okello et
al. 2008). We used a systematic grid of camera traps to monitor cryptic carnivore species in the Apostle Islands archipelago, which includes the Apostle Islands National Lakeshore,
to investigate multiple aspects of their ecology and acquire

background knowledge to inform management decisions.
Although we could not identify weasel detections to species,
the 10 terrestrial carnivores we were able to identify to species represent all but two of the native terrestrial carnivores
present in Wisconsin (exceptions: American Badgers and
striped skunks). Our study fills knowledge gaps in the presence and distribution of carnivores in the archipelago and
provides a foundation for understanding the carnivore community dynamics.
The distribution and number of islands occupied by carnivores varied, but over half of the carnivores had a mean
estimated occupancy value greater than 0.40. Some species,

278								
such as black bears, had high archipelago-wide estimated
occupancy, with observations on most of the islands. Other
species, such as gray wolves, had low estimated occupancy
with observed detections on only one island. This disparity
could be due to life history traits of the individual species,
which may allow the black bears to persist more readily on
the islands than gray wolves. Gray wolves are highly social
and have a specialized diet typically consisting of ungulates
(Newsome et al 2016), while black bears are generally solitary in addition to having a generalist diet (Larivière 2001).
Low immigration rates for a species could result in individuals moving between islands, leading to a low abundance with
conflated estimated occupancy rates, which we believe is the
case with raccoons. Alternatively, low detection rates combined with a variable environment such as thick forest could
have resulted in high estimated occupancy values without actual observations.
Island biogeography (e.g., MacArthur and Wilson 1967,
Wilson 2009) appears to be an important explanation for
carnivore occupancy and distribution in the Apostle Islands.
Island size was the most important variable in occupancy estimates for each species, and occupancy also generally decreased with an island’s distance from the mainland, with the
exception of smaller carnivores. Size of an island likely dictates the diversity and abundance of resources, such as prey
and habitat that are available for carnivores. A larger diversity
of habitat also allows carnivores that compete for the same
resources to establish foraging or behavioral niches to partition resources (Lesmeister et al. 2015, Wang et al. 2015).
Populations of a given carnivore species on an island may
be dependent on periodic influxes of individuals, particularly
from the mainland to maintain their population, as the end of
the archipelago acts as a geographical limit to the dispersal
of young animals, or islands far from the mainland may act
as population sinks. As such, none of the islands in the archipelago are likely large enough to sustain populations of mammalian carnivores in the face of demographic stochasticity or
the genetic effects of small population size.
A key objective for developing our protocol was to obtain estimates of detection probabilities for each terrestrial
carnivore species to understand how long cameras need to
be deployed to ensure detection and to determine the season
of greatest detection probability. For most species, with the
exception of red foxes and coyotes, our detection rates were
higher in summer than in winter. Our low detection rates in
winter may be caused by low temperatures which diminish
battery performance. A key component of the methodology
we developed during the project was to program cameras to
take time-lapse photos each day, to determine if a camera was
functioning or not on a daily scale. One change that could be
made is to program the time-lapse photos to be taken during
the coldest part of the night (for example 2:00-3:00 am) to
ensure camera functionality at the times that their batteries
are most likely to be affected by cold temperatures.
Based on our results, we suspect the dynamics of the
mammalian carnivore community of the archipelago is representative of a metapopulation – and therefore critically dependent upon movement of individuals between the islands
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and the mainland and between the islands. In the Apostle
Islands, the movement of mammals between the islands and
into the archipelago occurs through either swimming or travel
across ice bridges in winter. Reports exist of some mammal
species swimming long distances between islands and the
mainland (Jackson 1920, Pauli 2005, Wilton et al. 2015), or
species could immigrate and emigrate from the archipelago
during winter, when ice forms connective bridges between
the islands and the mainland. Over the last 150 years, limnologists have documented declines in the duration of lake ice in
the northern hemisphere (Magnuson et al. 2000), suggesting
that if travel across the ice is the primary mode of recolonization, rates of recolonization may be affected by climate
change. This may in turn change the dynamics of the carnivore community in the Apostle Islands archipelago, as the
existence of some species on the islands may be dependent on
ice bridges to maintain stable metapopulation dynamics (e.g.,
wolves, coyotes and red foxes) while others may be more reliant on swimming between islands to maintain such dynamics
(e.g., black bears). Future work should attempt to assess the
effects of changes in connectivity associated with intermittent or persistent ice bridge formation between islands and the
mainland during the winter months. Greater understanding of
Apostle Islands ecology will require on-going monitoring of
carnivores to evaluate temporal dynamics as well as related
ecological evaluations (e.g., small mammal dynamics, plant
community dynamics) to understand trophic effects.
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