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ABSTRACT: Efficiently and accurately estimating moose (A4/ces alces) abundance in geographically
isolated ecosystems like Isle Royale National Park (IRNP), Michigan, USA, is important for planning
management actions. To estimate the population size of moose in IRNP, we flew a Robinson R44
helicopter to apply distance sampling in February 2022. We surveyed the entirety of IRNP with 149
transects that were 500-m wide and 0.16—13.36 km long depending on island width. We observed 439
moose in 253 groups, and fitted eight competing distance sampling models using two distance key
functions (half-normal and hazard-rate), each with four covariate models: a null model, a univariate
model for canopy size, a univariate model for group size, and a model with both canopy and group
size. We used a Horvitz-Thompson-like estimator with the best model to calculate moose abundance
on IRNP with 90 and 95% confidence intervals. The top model included a hazard-rate key function
and the group size covariate. The estimated moose population was 1039 (90% CI 835-1293, 95% CI
800-1349). To test how sampling effort affected our estimates of moose abundance, we systematically
removed 1/3 or 2/3 of transects from the dataset and repeated the analyses. The estimated abundance
was similar (each 95% CI contained all 3 point estimates) when using all, 2/3, or 1/3 of transects, with
the most precise estimate derived from the full dataset. Our population estimate was within the histor-
ical range of moose population estimates in IRNP and similar to a concurrent Gasaway-type estimate.
While our survey covered the entirety of IRNP, we found that reducing effort by 1/3 provided a similar
abundance estimate and precision. We concluded that distance sampling is a reasonable and efficient
method to estimate moose density in IRNP. Monitoring how moose abundance varies in response to
predator restoration efforts and climate change will help inform long-term management and planning
in IRNP.
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Accurately estimating the abundance and (Mclnnes et al. 1992). Despite logistical and
growth rate of wildlife populations is import-  financial challenges, monitoring moose pop-
ant for their management and conservation. ulations in remote areas like Isle Royale
Specifically, monitoring moose (4lces alces) National Park (IRNP) is as important as in
populations is important due to their social more accessible mainland areas.

and economic value (Timmermann and Managing ecosystem-level impacts of
Rodgers 2005), sensitivity to climate change  moose is particularly challenging in a popu-
(Weiskopf et al. 2019), and the effects of their  lation with limited emigration and sources of
herbivory on forest succession and structure  mortality. Moose arrived on Isle Royale
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sometime in the early 1900s, followed by
wolves in the 1940s (Mech 1966). For much
of the 20% century, moose populations
fluctuated with biotic and abiotic factors,
including predation which influenced their
survival, recruitment, and population growth
rate (McLaren and Peterson 1994). IRNP
has consistently supported high moose den-
sities, with the population reaching as many
as 2400 (~4.5 moose/km?) and as few as 500
individuals (~0.93 moose/km?) (Hoy et al.
2023). Moose browsing has constrained tree
recruitment and altered the prevalence of
selected food sources on Isle Royle (Mclnnes
et al. 1992). Their browsing influences the
abundance and growth rate of palatable tree
species (Sanders and Kirschbaum 2023); for
example, the density of mountain ash
declined while that of white spruce increased
following the establishment of moose
(Snyder and Janke 1976). After a decade
(2008-2018) of declining wolf (Canis lupus)
numbers and predation and increasing
moose abundance, the National Park Service
and its partners initiated a reintroduction
program in 2018 (National Park Service
2018). During 2018-2019, 19 wolves were
released to restore predation and help regu-
late the moose population (Romanski et al.
2020). Monitoring how moose abundance
responds to the introduction of wolves is
necessary to best guide resource manage-
ment and planning in IRNP (National Park
Service 2018). Future management options
may include additional wolf releases or
increasing the size and number of moose
exclosures to protect sensitive plant
communities.

Various methods are used to survey
moose populations but cost, accuracy, and
precision vary substantially depending on
context (Ronnegérd et al. 2008, Moll et al.
2022). In summer and fall when high canopy
cover obscures moose during aerial counts,
methods include pellet surveys (Harkonen
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and Heikkild 1999), remote cameras (Pfeffer
et al. 2018), and harvest surveys (Boyce
et al. 2012). Aerial surveys are used most in
winter when canopy cover is lowest and the
high contrast between snow and moose facil-
itates animal observation (Timmermann
1993, Moll et al. 2022). However, moose
tend to select for early successional or dense
coniferous habitats in winter that reduce
their visibility from the air (Montgomery et
al. 2013), increasing the probability of unde-
tectable animals in raw aerial counts. Failing
to account for unobserved animals can lead
to biased population estimates and incorrect
conclusions about habitat use (Gu and
Swihart 2003).

Imperfect detection is addressed differ-
ently across methodologies (Timmermann
1993, Moll et al. 2022). Some methods
adjust raw counts post-hoc using detectabil-
ity corrections derived from subsampling or
expert opinion, such as the Gasaway method
(Gasaway et al. 1986) and sightability mod-
els (Harris et al. 2015). These approaches
can yield estimates sensitive to the correc-
tion factors used and assume no spatial or
temporal variation in the detection process
(Vander Wal et al. 2011).

In contrast, alternative methods incorpo-
rate imperfect detection directly into the sur-
vey and modeling process (Peters et al. 2014,
Oyster et al. 2018). Examples include
mark-recapture  techniques (Wald and
Nielson 2014, Oyster et al. 2018) and dis-
tance sampling (Dalton 1990, Peters et al.
2022). Mark-recapture methods may involve
multiple observers or marking moose before
the survey. Distance sampling entails observ-
ing unmarked animals from a fixed point or
along a transect and measuring the distance
from the point or transect to each animal.
These distances are used to estimate a detec-
tion function, denoted as g(x), which models
changes in detection probability with dis-
tance from the observation point or transect.
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Distance sampling also allows for the con-
sideration of behavioral, habitat, and sam-
pling factors that influence detectability
(Dalton 1990). Distance sampling can pro-
vide reliable moose abundance estimates
with less flight effort compared to post-hoc
detectability correction methods (Peters
et al. 2014). Like all estimation methods,
distance sampling requires that certain sur-
vey assumptions are not violated. Key
assumptions include 1) objects on the survey
line are perfectly detected, 2) animals are
detected at their initial locations, and 3) dis-
tance measurements are accurate.

While a promising method to survey
moose in IRNP, distance sampling has not
been attempted in this remote wilderness
archipelago. Our objective was to assess if
distance sampling produces moose abun-
dance estimates that are biologically
reasonable and meet managerial needs for
precision.

STUDY AREA
IRNP is a wilderness archipelago in Lake
Superior, USA, and also known as Minong
or “the good place”, the ancestral home and
recognized as a Traditional Cultural Property
of the Grand Portage Band of Lake Superior
Chippewa. The main island supports most of
the moose population and is 72-km long and
14-km wide (about 535 km?). Separated 22
km from the nearest mainland (Ontario,
Canada), IRNP hosts a unique subset of tem-
perate and boreal flora (Sanders and
Grochowski 2013). Elevations are 0-245 m
above Lake Superior (180—425 m above sea
level). Boreal forests of white spruce (Picea
glauca), balsam fir (4bies balsamea), and
aspen (Populus spp.) are prevalent in lower
elevation areas near Lake Superior and con-
stitute about 75% of the park’s terrestrial
area (The Nature Conservancy 1999).
Hardwood forests dominated by sugar maple
(Acer saccharum) and yellow birch (Betula
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alleghaniensis) occur inland and at higher
elevations, especially in the southwestern
portionoftheisland (The Nature Conservancy
1999). Mean daily high temperatures are 21
°C in summer (June—August) and 3 °C in
winter (December—February) (Environment
Canada 2021). IRNP receives an average of
734mm in annual precipitation. In 2022,
snow depth ranged from 60 to 80 cm, with
the snowpack density index (Ramsonde
hardness value, Bader et al. 1939) increasing
from 4 to 10 across the survey period (Hoy
et al. 2022).

METHODS

We estimated moose population size using
distance sampling (Dalton 1990, Oyster
et al. 2018) during 14-17, 19, 23 February
and 1 March 2022. Weather and logistics
impeded continuous surveys, but we
attempted to survey adjacent transects as
quickly as possible. Moose may have crossed
survey lines during the sampling window;
however, we assume these movements are
random and not in response to the survey
itself or an underlying migration-like pro-
cess. Thus, the influence of violating the clo-
sure assumption is negligible; i.e., we are as
likely to double count a moose as to have a
moose move from an unsurveyed transect to
a surveyed transect. We generated 149 linear
transects at 500-m intervals oriented NW to
SE along the length of the park (Fig. 1); this
bearing ran perpendicular to the length of
Isle Royale. Survey transects had a total
length of 1127 km, ranging from 0.16—13.36
km per transect.

We flew each transect in a Robinson
R44 helicopter at 75 km/h, 150 m above the
ground. The helicopter contained four
observers including the pilot, and all observ-
ers looked for moose on the side of the heli-
copter they sat. When a moose was sighted
by any observer, the pilot flew from the tran-
sect to the location of the observation.
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Fig. 1. Study area in Isle Royale National Park, Michigan, USA located in Lake Superior. Lines depict
the 149 transects used to observe moose (red dots) and estimate abundance using distance sampling

models.

For each observation, we recorded the
observer(s), GPS location, and number and
sex of moose. We also visually estimated
and recorded the percentage canopy cover at
the location of each moose sighting. After
each observation, the helicopter returned to
the original transect and continued the sur-
vey. Following the survey, we ensured the
flight GPS track aligned with the pre-deter-
mined transect and calculated the straight-
line distance from the transect to each moose
observation.

We expected it would be difficult to
detect moose directly below the helicopter
(typical for aerial surveys; e.g., Oyster et al.
2018), so we left-truncated data 0-25 m
from the transect line. We chose this distance
based on expert opinion and the distribution
of detection distances, which indicated a
substantial decline in detections at distances
<25 m. We right truncated the data at 250 m
to avoid overlap with adjacent transects.
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Perfect detection probability at the tran-
sect line (g(0)) is a key assumption of dis-
tance sampling, which is often tested using
data from multiple observers and application
of mark-recapture distance sampling (MRDS;
Borchers et al. 1998). Though we had multi-
ple observers, the data were not collected in a
way that allowed for use of MRDS models
due to non-independence between observers
in the same helicopter. We expected that
under the sampling conditions, detection
probability at the transect would be close to
but below 1. Thus, our approach should
slightly underestimate abundance and den-
sity (Buckland et al. 1993).

We fit standard distance sampling mod-
els in program R version 4.3.1 (R Core Team
2023) using package Distance (Miller et al.
2016). We fit eight competing distance sam-
pling models. Each model was a combina-
tion of a distance key function and a set of
covariates. We compared two distance key
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functions: the half-normal and the haz-
ard-rate. Distance key functions represent
the shape of the distance — detection proba-
bility relationship, with detection probability
expected to decline with increasing distance
(Fig. 2A). The half-normal and hazard rate
functions have similar shapes. The haz-
ard-rate function requires estimating an
additional parameter, but this allows for
more flexibility in fitting the observed detec-
tion data (Miller et al., 2019). We combined
each distance function with four covariate
models: a null model, a univariate model for
canopy size, a univariate model for group
size, and a model with both canopy and
group size. For null models, we allowed the
Distance package to select an optimal num-
ber of additional cosine adjustment terms
(Miller et al. 2019). We ranked candidate
models using Akaike’s Information Criterion
(AIC) (Burnham and Anderson 2004) and
assessed goodness-of-fit of each model
using Cramér-von Mises tests (Miller et al.
2019). If the Cramér-von Mises test was
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non-significant (p > 0.05), we failed to reject
the null hypothesis that the model fit the
data. We considered models within 2 AIC
units of the top model to have similar sup-
port, and, if there were competing models,
we selected the model with the fewest
covariates as the top model for further
analysis.

We used a Horvitz-Thompson-like esti-
mator with the top model to calculate moose
abundance with 95% and 90% confidence
intervals (Miller et al. 2019). Within the area
covered by the aerial survey (C), we esti-
mated the total abundance N as

i=1

where s, is one of n observed group sizes
and p(z;) is the corresponding detection
probability with a vector of detection
covariates z, (Miller et al., 2019). In the
(unrealistic) case where detection was per-
fect (#» = 1), then the estimated abundance

Average detection probability and 95% Cl
|
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---- Average group size
T T T T T T
2 4 6 8 10 12

Group size

Fig. 2. Results from the top-ranked distance sampling model for moose in Isle Royale National Park,
Michigan, USA, 2022. Panel A shows the fitted top-ranked detection model (black line) overlaid on
the raw detection data (shaded bars). Panel B shows the relationship between group size and

detection probability in the top-ranked model.
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in the surveyed area would simply be the
sum of the group sizes. When p<1, the
observed group sizes are “weighted”
upwards to account for undetected animals
in the estimate of N .. Because the surveyed
area C did not cover the entire Isle Royale
study area, the estimate N, was scaled up to
get the total population size estimate N :

. A
N=ZK
aC

Here % is the ratio of the total study area to
the surveyed area (Miller et al. 2019).

We calculated moose density by divid-
ing the estimated abundance by the total area
surveyed (535 km?). We calculated a preci-
sion index (PI) of each estimate using the
equation:

)

@jﬁ

P

where p is the model derived population
abundance and u is the upper value of the
90% confidence interval. This precision
metric is like a coefficient of variation with
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0.25 as a benchmark for management deci-
sions (Gasaway et al. 1986, Timmermann
1993, Peters et al. 2014). To test how sam-
pling effort affected our estimates of moose
abundance, we systematically removed one
of every three transects (retaining 2/3 of the
total transects) or two of every three tran-
sects (retaining 1/3 of the total transects)
from the dataset, and repeated the analyses
described above. If any of these abundance
estimates fell within the 95% CI of the abun-
dance estimate derived with the full dataset,
we considered them statistically similar.

RESULTS
Total flight time was 18 h, and we included
detections 0f 439 moose in 253 groups (mean
group size = 1.74, range = 1-12) in our anal-
ysis after truncation. We left-truncated 21
moose in 17 groups, and right-truncated 11
moose in 6 groups. The top model included a
hazard-rate key function and the group size
covariate (Fig. 2, Table 1). Model goodness-
of-fit was adequate based on a Cramér-von
Mises test (CvM p-value = 0.70). Group size

Table 1. Distance sample model output used to estimate moose abundance, Isle Royale National Park,
Michigan, USA, February — March 2022. Models had half-normal (HN) or hazard-rate (HR) key
functions. Group size (group) and canopy cover (canopy) were covariates in some models. Null models
included an optimized number of cosine adjustment terms (0—5). Models were ranked using Akaike’s
Information Criterion (AIC). When multiple models had similar support (AAIC <2) we selected the
model with the fewest covariates for further analysis, indicated with *. We used Cramer-von Mises tests
(CvM) to check goodness-of-fit. A CvM p-value > 0.05 meant we failed to reject the null hypothesis that
the model fit the data. Nest is the model estimates of the number of moose on Isle Royale.

Model K logLik AIC AAIC Weight CvM p Nest

HR, canopy-+size 4 467.38 -926.76 0.00 0.39 0.76 1036.11
HR, size* 3 466.23 -926.46 0.29 0.34 0.70 1038.78
HR, canopy 3 465.54 -925.08 1.68 0.17 0.79 1126.72
HR, null 2 464.04 -924.09 2.67 0.10 0.87 1140.97
HN, null 2 460.14 -916.28 10.48 0.00 0.27 1484.07
HN, size 2 459.02 -914.04 12.72 0.00 0.08 1074.87
HN, canopy+size 3 460.01 -914.02 12.74 0.00 0.09 1082.16
HN, canopy 2 457.75 -911.49 15.26 0.00 0.09 1160.41
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Fig. 3. Moose population estimates and 95%
confidence intervals in Isle Royale National
Park, Michigan, USA, 2022. Estimates are
from the top models using three sample sizes
of transects in each of the two years. The full
dataset included 149  transects; we
systematically removed 1/3 and 2/3 of the
transects to yield sample sizes of 99 and 50
transects, respectively.

had a positive effect (B =0.17, 95% CI1 0.02—
0.31) on average group detection probability
(Fig. 2). Overall average group detection
probability was 0.40 (95% CI 0.33-0.47).
The top model yielded a total abundance
estimate of 1039 moose (95% CI 8001349,
90% CI 835-1293, P1=0.24, Table 1) with a
density of 1.94 moose/km? (95% CI 1.50—
2.52, 90% CI 1.56-2.42). Other candidate
models yielded similar abundance estimates
(Table 1). The estimated abundance was sim-
ilar (each 95% CI contained all 3 point esti-
mates) when using all, 2/3, or 1/3 of transects,
with the estimate derived from the full data-
set the most precise (Pl = 0.24 PI,,= 0.30,
PI,;=0.61, Fig. 3).

DISCUSSION
Distance sampling produced a biologically
reasonable and precise estimate of moose
abundance on IRNP. Our results are within
historic estimates of moose population size
derived from block sampling on IRNP since
1991, which ranged from 500 to 1500
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(Hoy et al. 2022). Our estimate using dis-
tance sampling was 23% less than the esti-
mate using a Gasaway-type method 1346
(90% CI = 925-1842) conducted concur-
rently on IRNP (Hoy et al. 2022). Though
confidence intervals of these two surveys
overlapped point estimates of abundance,
distance sampling had greater precision
(Plpigiance = 0.24 V8 Pl 0y = 0.37).

Cohort analysis conducted by Vucetich
and Peterson (2004) indicates the moose
population on Isle Royale has fluctuated
over the last 60 years from 500 to 2400 ani-
mals with a long-term average of 1052
moose (SD = 482). Moose abundance on
Isle Royale is influenced by predation for-
age availability, and abiotic factors
(McLaren and Peterson 1994). Prior to the
recent wolf restoration, the moose popula-
tion had grown steadily from an estimated
510 individuals in 2010 to 2060 in 2019
(Hoy et al. 2019). In contrast, the moose
population appears to have declined by
~20% annually after the restoration (Hoy et
al. 2020, 2022, 2023). The recent decline in
moose abundance is likely a result of
increasing predation pressure, decreased
forage availability, and increasing parasite
burdens (i.e., winter tick [Dermacentor
albipictus]).

Our population density estimate of 1.94
moose/km? is much higher compared to other
populations in the Great Lakes region that
declined sharply between 2005 and 2011 and
subsequently stabilized (Timmerman and
Rodgers 2017, Severud et al. 2022). Moose
density in core range in the Upper Peninsula
of Michigan was only 0.11 moose/km? in
2023 (T. Petroelje, Michigan Department of
Natural Resources, pers. comm.) and ~ 0.20
moose/km? in core range in northeastern
Minnesota in 2020 (Severud et al. 2022).
The absence of human-caused mortality
(Ballenberghe and Ballard 1994) and lack of
meningeal worms  (Parelaphostrongylus
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tenuis; Lankester 2010) may contribute to
higher moose density in IRNP.

We observed high levels of grouping
behavior, with some groups reaching 12 ani-
mals. Groups larger than 10 animals are rare
in the southern limit of the moose range and
tend to occur from October to December
(Peek et al. 1974). Grouping behavior in
moose may be associated with high popula-
tion density, deep snow, location of palatable
forage, and predation risk (Peek 1974,
Molvar et al. 1994). While distance sam-
pling can accommodate grouped animals,
the high variance in group size we observed
mayincreaseuncertainty (Thomasetal.2010).
Nevertheless, distance sampling is likely
more useful in accommodating grouping
behavior than Gasaway-type estimators.
Post-hoc sightability methods assume indi-
vidual counts are independent and often rely
on correction factors derived from previous
surveys which do not account for pro-
cess-driven variability in detectability. In
addition, by systematically surveying the
island, distance sampling is more likely to
capture the variability of group sizes than the
stratified blocks used for Gasaway-type
estimators.

While distance sampling is a promising
method to apply in IRNP, we could not per-
fectly meet its assumptions. Although we
attempted to complete the survey as quickly
as possible, weather and logistical delays
forced our survey to extend over a two-week
period, during which moose may have moved
from their original transects. However,
moose on Isle Royale move relatively short
distances during the month of February
(unpublished NPS data), and any such move-
ments are likely in equilibrium — thus, violat-
ing the closure assumption likely did not
substantially alter our results. Secondly, we
could not validate if detection on the transect
line was 1; if detection was <1, our estimates
may be biased downwards.

106

ALCES VOL. 59, 2023

Reducing sample effort from 149 to 99
transects did not have a strong effect on the
moose abundance estimate but reduced pre-
cision. Including 2/3 of the transects resulted
in a 25% reduction in precision (PIg,,= 0.24
PI, ;= 0.30) and exceeded the suggested pre-
cision benchmark of 0.25 (Gasaway et al.
1986). However, our reduced effort estimate
was more precise than the moose abundance
estimate using the Gasaway-type approach
conducted concurrently (PL,; = 0.30 vs
Plguaway = 0.37). Reducing survey effort to
only 1/3 of the transects resulted in a large
confidence interval that exceeded the sug-
gested benchmark by 140%. Given this loss
of precision, we suggest future surveys in
INRP include at least 2/3 of the transects. It
is important to recognize that our study sys-
tem is unique in that our full data set of 149
transects covered nearly the entire area of
IRNP, a level of effort and coverage likely
unattainable in other systems.

Nevertheless, IRNP managers could
reduce our effort by 1/3 and produce ecolog-
ically plausible and precise estimates of
abundance. This reduction would require
only 12 h of flight time (140 transects
required 18 h) which can be accomplished in
two days during February. This flight time is
less than the 1821 h (unpublished NPS data
2023) required to complete a Gasaway-type
survey in IRNP without considering flight
time between plots. Increasing the spacing
between transects to 750 m could effectively
reduce the number of transects by 1/3, ensure
adequate coverage across the island, and
maintain flight efficiency. Winter weather in
IRNP is unpredictable and conditions appro-
priate for flying occur in limited time win-
dows. Using distance sampling affords park
managers greater flexibility in conducting
surveys to fit weather and logistical con-
straints. We recommend distance sampling
as a suitable method for estimating moose
abundance on IRNP, as found elsewhere
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(Peters et al. 2014, Oyster et al. 2018). Peek
et al. (1974) found that moose in Minnesota
had the smallest group size and lowest vari-
ance in February, thus we suggest that sur-
veys be conducted in mid-to-late- February
to reduce the variance associated with group-
ing behavior and increase moose detectabil-
ity (Peterson and Page 1993).
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