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Abstract

Hunter harvest and aerial survey data suggest that some moose populations in Idaho
have been declining since the mid-1990s. However, longitudinal demographic data spanning
the range of moose in Idaho are lacking, making it difficult to explain observed trends. We
initiated a multi-year project in January 2020 to better understand population dynamics and
habitat use by moose in Idaho. During January-March 2020 and 2021, we fitted 148 adult
females and 17 9-month-old calves with GPS collars in 5 regions throughout Idaho, USA.
We monitored collared moose to document survival and to facilitate investigation of
mortalities. To document parturition rates and summer calf survival, we conducted ground
observations of parturient collared females during May-August 2020-2022. We also used
resource selection functions (RSF) to model and predict resource use by moose during a
critical timeframe in the life cycle of an important parasite of moose, the winter tick
(Dermacentor albipictus). Results from region specific RSFs were used to predict the relative
probability of tick occurrence on the landscape which we interpreted as the “the tick risk
landscape”. We then modeled the relationship between the tick risk landscape and relative
tick burden on moose assessed at the time of capture. Our results indicated that moose
populations were relatively stable during the study period. Furthermore, we found that
spatiotemporal variation in population growth was almost completely correlated with
spatiotemporal variation in adult female survival. This finding suggests that adult female
survival is primarily responsible for observed population growth and should be a target for
management action. We also found that as moose spent more time within the tick risk
landscape, they acquired more ticks. The tick risk landscape can be used in future research to

estimate tick load on moose and provide spatial boundaries for tick reduction efforts.
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Chapter 1: Spatiotemporal Variation of Demographic Parameters: Moose
Population Performance Across Idaho.

Abstract

Hunter harvest and aerial survey data suggest that some moose populations in Idaho
have been declining since the mid-1990s. However, longitudinal demographic data spanning
the range of moose in Idaho are lacking, making it difficult to explain observed trends. We
quantified spatiotemporal variation in demographic parameters for moose populations across
the range of habitats occupied by moose in Idaho during 2020-2022. We fitted 148 adult
females and 17 9-month-old calves with GPS collars in 5 study areas and used the resulting
data to estimate survival. To document calf production and calf survival through summer, we
observed parturient collared females during 15 May — 31 August. We used a hierarchal
Bayesian framework to estimate survival and reproductive rates. We then used a life stage
simulation analysis (LSA) to explore how these demographic parameters influenced growth
of moose populations. Elasticity values indicated that population growth was more sensitive
to changes in adult female survival than to all other vital rates combined. Results of the LSA
suggested that variation in survival of adult females strongly influenced observed trends in
moose populations across Idaho. These analyses provide the first statewide demographic
assessment for moose in Idaho, help to identify key life stages for future research and
management, and lay the foundation for evaluating the ecological factors contributing to
population declines. Results from this study can help guide moose management and research
in Idaho and contribute more broadly to an understanding of moose population dynamics

across changing landscapes in the western USA.



Introduction

Wildlife population dynamics are a product of complex interactions among multiple
demographic rates and a variety of extrinsic factors. Some demographic rates have a
disproportionate influence on population growth (A1) and understanding the relative
contributions of different vital rates to A is critical for optimizing population management
strategies (Gaillard et al. 2000, Becker et al. 2010, Johnson et al. 2010). In ungulates, prime-
aged adult females typically are the main contributors to population growth through
reproduction (Gaillard et al. 1998). Additionally, adult females are usually more resistant to
common mortality factors than young or senescent age classes (Loison et al. 1999, Gaillard
and Yoccoz 2003, Owen-Smith and Mason 2005), which commonly results in adult survival
being high and stable across time and space (Pfister 1998). Because adult survival has a
stronger influence on population growth, even small deviations in this vital rate can impact
populations to a much greater degree than other demographic rates (Oates et al. 2021).
Conversely, although juveniles contribute less to population growth via reproduction, they
often experience lower and more variable survival than adults (Gaillard et al. 2000,
Delgiudice et al. 2007, Horne et al. 2019). Consequently, variation in juvenile survival is
often a better predictor of annual changes in population abundance (Gaillard et al. 1998,
Raithel et al. 2007, Paterson et al. 2019).

Elasticity quantifies the proportional contribution of different demographic
parameters to population growth (de Kroon et al. 1986). However, one limitation to
interpreting elasticity is that the calculations ignore spatiotemporal variation in demographic
rates (Wisdom et al. 2000). If demographic rates vary across gradients of predator or parasite
densities, habitat quality, or severity in annual weather patterns, management actions can be

directed to improve those rates. Conversely, if those demographic rates are invariable across



those same spatiotemporal gradients, improving habitat quality or reducing predator and
parasite densities would do little to improve demographic performance. Combining measures
of elasticity and variability holds potential to help identify demographic rates that both
influence overall population size and those that management actions have the ability to
change (Wisdom et al. 2000).

In recent decades, declines in moose populations have been documented across the
southern extent of their range in North America (Wattles and DeStefano 2011, DeCesare et
al. 2012, Mech and Fieberg 2014, Nadeau et al. 2017). These declines have been attributed to
a suite of factors including predation, parasites, disease, and changes in habitat quality
(Severud et al. 2019, Ellingwood et al. 2020), all of which can affect reproduction and
survival of different age classes in diverse ways (Murray et al. 2006, Samuel 2007, Schrempp
et al. 2019). For example, in the northeastern USA, researchers estimated that winter tick
(Dermacentor albipictus) infestation was primarily responsible for overwinter calf mortality
rates of nearly 70% across multiple years (Jones et al. 2019). Meningeal worm
(Parelaphostrongylus tenuis) has also been identified as an important pathogen driving
population dynamics in Minnesota, but it only affects older age classes (Murray et al. 2006).
In Utah, researchers found that maternal fat stores were correlated with reproductive output
of multiple moose populations (Ruprecht et al. 2016), linking reproductive effort to habitat
quality. Moose populations across the southern periphery of their range in North America
experience numerous stressors that impact reproduction and survival. ldentifying these
stressors and understanding how they shape demographic performance and population
growth is a critical area of research for wildlife agencies attempting to understand and

manage declining populations.



The distribution of moose in Idaho spans a diversity of climate regimes and habitat
types that produce spatial heterogeneity in forage availability and quality, thermal regimes,
and densities of competitors, predators, and parasites. Moreover, variation in precipitation,
temperature, and anthropogenic or natural disturbances can contribute to a complex
landscape of risk for moose populations across the state. Understanding how such variation
influences demographic rates and population growth could help elucidate mechanisms
influencing performance of moose populations. Hunter harvest records and aerial survey data
suggest that moose have been declining across portions of their range in Idaho since the mid-
1990s (Nadeau et al. 2017, Schrempp et al. 2019, Idaho Department of Fish and Game 2020);
however, demographic data that span the range of moose in Idaho are lacking.

The goal of this study was to estimate demographic rates for moose populations
throughout Idaho and to incorporate spatial and temporal variation in demographic
parameters into models of population growth. We addressed two management-relevant
questions: (1) How do demographic rates of moose in Idaho compare to other populations in
North America? and (2) Which demographic rates account for the most variation in
population growth of moose populations in Idaho? We estimated survival and reproduction
of GPS collared moose during 2020-2022 within five study regions across Idaho. We then
used stochastic population modeling to evaluate spatial and temporal variation in
demographic parameters and population growth among study regions and years. We
predicted that population growth would be most sensitive to variation in adult female
survival. Furthermore, we predicted that variation in population growth would be strongly
influenced by annual calf recruitment across all study regions. Results from this study can

help guide moose management and research in Idaho and contribute more broadly to an



understanding of moose population dynamics across changing landscapes in the western

USA.

Methods
Study Regions — This study was conducted in 5 regions in Idaho, USA that were

selected to represent the majority of variation in moose habitat and harvest management
strategies within the state (Fig. 1.1). Our study area encompassed three major ecoregions that
are characterized by diverse habitat types, predator complexes, and densities of moose and
other ungulates.

The Selkirk region, which is contained within the Northern Rockies ecoregion, is
characterized by high topographic relief and elevations ranging from 450 to 2,300 m. This
area is dominated by mixed coniferous forest, with common tree species including grand fir
(Abies grandis), western red cedar (Thuja plicata), western hemlock (Tsuga heterophylla),
larch (Larix occidentalis), and white pine (Pinus strobus). This area experiences high annual
precipitation ranging from 56 to 140 cm per year, with mean monthly temperatures ranging
from -9 to 30 °C (NCDC 2020).

Also contained within the Northern Rockies ecoregion is the Clearwater region. The
topography of this region ranges from gently sloping hills to steep mountains, with elevations
of 450-2,000 m, annual precipitation from 61 to 165 cm, and mean monthly temperatures
ranging from -7 to 28 °C (NCDC 2020). Dominant tree species include western red cedar,
western hemlock, and white pine, with intensive logging occurring across much of the
region.

The Lost River region, located in the Middle Rockies ecoregion, is extremely
topographically diverse with low-elevation valley floors dominated by grass and shrubland

species and high-elevation alpine and montane environments dominated by western spruce



(Picea sitchensis), Douglas fir (Pseudotsuga menziesii), and lodgepole pine (Pinus contorta).
Elevations range from 1,158 to 3,859 m, mean annual precipitation ranges from 15 to 112
cm, and mean monthly temperatures range from -17 to 29 °C (NCDC 2020).

The Bannock region is located within the Northern Basin and Range ecoregion, with
elevations ranging from 900 to 2,700 m, mean annual precipitation from 20 to76 cm and
mean monthly temperatures from -13 to 29 °C (NCDC 2020). This region is dominated by
multiple tree species including western spruce, Douglas fir, lodgepole pine, and bigtooth
aspen (Populus grandidentata).

The Island Park region is also situated within the Middle Rockies ecoregion, with
dominant tree species including Douglas fir and lodgepole pine interspersed with shrub
steppe habitat dominated by sagebrush (Artemisia spp.). The Island Park region is located at
higher elevation (1,500-2,900 m) and experiences annual precipitation between 15 and 102
cm and mean temperatures ranging from -17 to 31 °C (NCDC 2020).

Animal Capture — We captured adult female moose and 9-month-old calves between
January and March of 2020 and 2021. All moose were darted from a helicopter and fitted
with global position system (GPS) collars (G5-2D Iridium, Advanced Telemetry Systems,
Isanti, MN, USA) that were programmed to drop off ~2 years after deployment for adults and
~6 months for calves. All collars were programmed to record a location every 4 hours,
transmit locations to a satellite twice per day, and send an email notification if stationary for
> 6 hours, signaling a mortality event. For all captured moose, we collected approximately 20
ml of blood via jugular venipuncture and collected standard morphological measurements
(i.e., chest girth, body length, hind foot length). Blood samples from adult females were later

centrifuged to separate serum and analyzed for protein-specific B (PSPB) by
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radioimmunoassay to detect pregnancy status. All capture and animal handling procedures
were conducted under the approval of the University of Idaho Institutional Animal Care and
Use Committee (IACUC protocol 2020-17) and in compliance with guidelines for use of
wild mammals in research (Sikes et al. 2016).

Monitoring parturition and neonate survival — Adult females were monitored during
May and June to document parturition events and the presence of neonates. GPS locations
and movement rates were analyzed daily using visual inspection to discern movements
associated with births such as an irregular, long distance movement followed by a
localization (Fig. 1.2). These movements were flagged as possible birth events and
investigated within 24-48 hours, either by an observer on foot using VHF telemetry or in a
fixed-wing plane using infrared technology, to locate the female and inspect the area for the
presence of neonates. Cow-calf pairs were relocated every 30 days until September using
ground-based methods to monitor survival of calves through summer. We assumed that
calves were dead if we relocated the dam but did not observe the calf or calves at heel. We
only recorded a calf death if we attained an unobstructed view of the dam and her
surrounding area. If a calf death was recorded, at least one additional attempt was made to
observe the female again before the end of the summer to confirm calf mortality. During
these subsequent observations (n=32), we never detected a calf-at-heel with the dam.

Mortality & Reproductive Models — We used a hierarchical Bayesian framework to
model mortality and reproduction across years and regions of our study (Lehman et al. 2018,
Horne et al. 2019).

Adult female mortality was estimated using a known fate approach with weekly time

steps from June 1 to May 31 of the following year. Although no moose were monitored



during calendar year 2019, study year 2019 spanned June 2019 — May 2020. We assumed

adult mortality was a Bernoulli random variable with weekly mortality probability, p ,,:
dt,y’s~Bern(pt,y‘s)

where d, , ¢= 1 if an individual died within week t, year y, and population s, and 0 otherwise.

We then assumed a logit-linear model for weekly mortality with a 3-knot cyclic spline

function to allow for intra-annual changes in mortality probability:

logit(pt,yjs) = splinet,y,s
splinegy s = Boy,s + b1 X X2 + B2 X X3,
We made the following assumptions about spatiotemporal variation in adult female
mortality:
ﬁo,y,s ~N ormal(,uy,s, ay)
Uy s~Normal(us, ay)
Us ~Normal(u, o)

Annual adult female survival (Sa) was then calculated as the product of 1 minus

weekly mortality rates:

Sq = 1_[(1 - pt,y,s)

Summer calf mortality was estimated from birth to 60-days post birth for each

individual. We assumed survival of calves during summer was a Bernoulli random variable:

Yi,c ~Bern (pi,c)

Where p; . represents the probability of death for each individual (i) during the interval from

tic-1 to tic. Where (c) represents the occasion when a calf was checked and (t) represents time



in days. Furthermore, Y; .= 0 if the calf is seen with the cow and 1 otherwise (indicating
mortality sometime between the last check and the current check.

Thus,

where S (t) is the probability of surviving to time t.

We further assumed a Weibull survival model (Carroll 2003) to allow for changes in the

probability of mortality with age using shape parameter a and scale parameter b.

Thus,

< {(4)]]

gEiE

For estimation, we reparametrized the Weibull distribution in terms of overall survival rate

for 60 days (S_60) using b = 60/(—(In(S_60)))"2. Thus, the probability of survival during a
time interval was a function of 2 parameters, the overall survival rate, S_60, and the shape of
the survival curve, a. Spatiotemporal variation in survival was assumed to affect the overall

survival rate while the shape parameter was assumed to be constant. Thus,

logit(S_60y,S) = p_calf, s
¢_calf; ~ Normal(0_calf,o_calf_s)
p_calf, s ~ Normal(¢_calfs, o_calf_y)

Where logit™ (¢ _ calf, ) is the expected 60-day survival rate for each population s, and

o _calf _y measures the annual variation within a population. Furthermore,
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logit™ (& _calf ) is the expected 60-day survival rate across all populations, and o _calf _s

measures the spatial variation across populations.

We estimated adult female reproduction as a function of parturition rate (6_p, s;

number of parturient adult females per total adult females) and twinning rate
(6_t, s;probability twins are born per parturient adult female). The expected number of
calves born per adult female (Nc) is then

N.=0_p,sx(14+06_t,).
We modeled parturition and twinning using similar models and assumed these parameters
were Bernoulli random variables where Z,, ; = 1 if an individual adult female in population s
and year y gave birth, and 0 otherwise and C,, ¢ = 1 if a parturient adult female in population
s and year y gave birth to twins, and 0 otherwise. Thus,

Zy_S~Bern(9_py,S)
and

Cy,S~Bern(9_ty,s)
We then assumed a logit-linear model for parturition and twinning:

logit(@_ 'y,s) =U_ys

We made the following assumptions about spatiotemporal variation in parturition and
twinning:

U_ys ~Normal(p_-5,0.,)

U_*s ~N0rmal(u_ ’ 0_.5)

We fit all survival and reproductive models using Bayesian Markov Chain Monte

Carlo (MCMC) methods with model specific criteria provided in Table 1.2. We assumed
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vague prior distributions for all population-level mean and variance parameters. For all
models we ran 3 chains, using trace plots to determine sufficient burn-in and convergence (R
<1.1; Gelman et al. 2014). Models were fit in Program R version 4.2.2 (R Core Team, 2022)
using JAGS software (version 4.3.1; Plummer 2003) and the R package JagsUI (version
1.5.2; Kellner 2021).

Population Growth -- To estimate asymptotic population growth rates (1) and
covariate elasticities (E; proportional change in A resulting from a change in each
demographic rate), we inputted estimates of survival and reproduction into a post-birth,
female-based matrix model (Caswell 2001) that took the following form:

. 0_py,s* (0_tys + 1))

0 0 (S,
A= 2
Ses *Sew 0 0
0 Sy Sa

where S, and S,, are annual survival for adult females and yearlings, respectively. 8_p,, ; and
6_t, ; are the parturition rate and twinning rate for adult females (as females born per adult

female, assuming a 1:1 sex ratio), and S, and S, are calf survival during summer and
winter, respectively. Asymptotic population growth (1) was calculated as the dominant
eigenvalue of matrix A. Elasticity (E) of each demographic rate within matrix A was
calculated following Caswell (2001) and Morris & Doak (2002). Because we did not monitor
yearling survival, we estimated a yearling survival rate from the literature, which on average
was 7% below adult survival (Oates et al. 2021).

To estimate variation in population growth, we randomly drew 10,000 sets of

demographic rates from the models described above. Specifically, we estimated the effect of
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spatial (s), temporal (y), and spatiotemporal (sy) variance on each demographic rate (D) by
simulating 3 distributions for each rate, using corresponding mean and variance components:
Ds~Normal(f, ;)
D,~Normal(f, 6,)
Dsy~Normal(DS, 6y)
where f1 is the estimate for each of the statewide demographic rates (calculated as the mode
of the posterior of p in the models described above), and 65 and &, are the estimates for

spatial and annual variance for each of the statewide demographic rates (calculated as the

mode of the posteriors of g5 and a,, in the models described above). With each set of

demographic rates, we created a matrix replicate of the form (Ar), from which we calculated
A, and Er. For each matrix replicate, yearling survival was calculated as: Sy, = Sa, — 0.07,
and over-winter calf survival was held at a constant 0.52.

Life Stage Simulation Analysis- We used a life-stage simulation analysis (LSA,
Wisdom et al. 2000) to identify demographic rates that caused spatiotemporal variation in
population growth by regressing A on each demographic rate. Because yearling survival was
estimated from the literature and over-winter calf survival was held at a constant value, we
do not report values for these parameters from this LSA. However, because over-winter calf
survival is typically highly variable, we ran an additional LSA where we simulated an
unrealistically high amount of variation for overwinter calf survival which is outside of
reported values from other studies on ungulates in North America. The additional LSA was
conducted to compensate for our lack of overwinter calf survival data and will illustrate the
effect of this parameter on population trends even if it was beyond the normal bounds of

variation.
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Results
We captured 148 adult female moose during 2020-2021 (Table 1.1). A subset of

collars fitted on adult females failed within one year after deployment (n = 32; average days
online = 195), and we right censored those individuals before the end of the study period. We
assumed that collar failure was independent of mortality and that the fate of right-censored
individuals was representative of the parameter estimate for adult female mortality.

Annual mortality of adult females in our study was low and relatively consistent
across regions and years. We modeled mortality of adult females using 23 mortalities from
148 individuals (390 moose-years), and the resulting estimate was 0.09 (95% credible
interval = 0.05-0.19). Weekly mortality of adult females peaked in late April and was lowest
during the summer and fall months (Fig. 1.3). Cause-specific mortality of collared adult
females was attributed to diverse proximate factors: vehicle collision (n = 3), train collision
(n =1), winter tick/emaciation (n = 5), bacterial infection (n = 5), carotid artery worm (n =
3), fall (n = 1), and unknown (n =5) (Fig. 1.3).

Calf mortality varied across the annual cycle. Summer calf mortality (0-60 days
postpartum) was modeled using 54 mortalities from 186 calves, and the resulting estimate
was 0.35 (95% credible interval = 0.28-0.43). In contrast, estimated mortality of calves
during winter was moderate (0.47). This rate, however, was estimated from a relatively small
sample size of animals collared at 9-10 months of age (n = 17). We were not able to estimate
spatiotemporal variation in winter calf mortality because calves were collared only for one
year and across only 3 of the 5 study regions. Most mortalities (5 of 8) occurred between
mid-April and early May, and proximate causes included winter tick/emaciation (n = 5),

vehicle collision (n = 1), wolf predation (n = 1), and bacterial infection (n = 1).
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Reproduction of adult females was relatively high and consistent among years (Fig.
1.8). The annual pregnancy rate during 2020 and 2021 was 89%. The majority (87%) of
calves were born between May 17 and June 1 of each year (Fig. 1.4) and using movements of
collared females to detect parturition events, we were able to locate and observe >75% of
calves within 24-48 hours after birth (based on mobility of the calf and/or timing of
localization of the dam). During parturition observations, we commonly found evidence of a
birth site, including a larger than normal bed-site (~2x2 m area with matted down vegetation
or disturbed soil, amniotic fluid, blood, and placental tissue; Fig. 1.11). We also found 3
calves dead at the birth site.

We modeled parturition and twinning rates using 160 births from 140 adult females
(235 moose-years; Table 1.4), which resulted in 186 total calves and 26 sets of twins. The
parturition rate was 0.85 (95% credible interval = 0.76-0.92) and the twinning rate was 0.14
(95% credible interval = 0.06-0.24). Both reproductive parameters differed more among
regions than between years (Fig. 1.9). We also noted a difference in parturition rates between
moose that were captured within 6 months prior to the parturition window (~May — June) and
those that were not (Fig. 1.5). Based on pregnancy determination at the time of capture, 33%
(40/121) of pregnant females were never observed with a calf in the subsequent spring. We
accounted for the potential effect of capture year on parturition by adding an interaction term
between capture year and probability of parturition into our reproductive model. The
relatively high overall estimate of reproduction suggests that any effects of capture were
unlikely to have influenced estimates of population growth.

Necropsies from 2 of the 3 calves found dead at their birth site revealed that

complications during birth may have been the reason for mortality. Furthermore, three adult
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cows were observed with a retained placenta after parturition, and one subsequently died
from internal hemorrhaging and infection. Collectively, these results suggest that
reproductive challenges associated with parturition may have influenced the rates of survival
and reproduction documented in this study.

Simulating combinations of demographic rates within our projection matrix resulted
in an asymptotic population growth rate of 1.05 (10 and 90% quantile = 0.90-1.08). Based on
the three separate models of variation (spatial, temporal, and spatiotemporal), population
growth was most influenced by the combined effects of spatial and temporal variation (Fig.
1.6). As expected, elasticity values indicated that population growth was more sensitive to
changes in adult female survival (E = 0.83, 10 and 90% quantile = 0.80-0.87) than to all
other demographic rates combined (E = 0.35, 10 and 90% quantile = 0.28-0.42; Table 1.3).

The life stage simulation analysis (LSA) indicated that observed variation in
population growth could be explained almost entirely by variation in adult female survival
(R?=0.95) relative to all other demographic rates combined (R? = 0.05). LSA values differed
slightly among the 3 variance models, but adult female survival remained highly correlated
with population growth in all 3 models (Appendix; Fig. 1.12-1.13). Furthermore, the
additional LSA indicated even if overwinter calf survival was more variable than values
reported elsewhere, adult female survival would still explain the majority of variation in
population growth (Appendix; Fig. 1.13-1.14).

Discussion

Our results indicate that statewide, the moose population in Idaho was relatively
stable during the study period. However, among regions and years, annual population growth
fluctuated around 1.0 (mean=1.05, 10 and 90% quantiles = 0.90-1.08). Although the overall

annual mortality estimate for adult females was low (0.09), spatiotemporal variation in adult
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mortality was primarily responsible for variation in population growth across space and time.
In contrast, reproduction and annual calf recruitment did not influence population growth as
strongly as adult survival, although both parameters still contributed to the observed
spatiotemporal variation in population growth. Adults and calves experienced diverse
mortality factors, with winter tick infestation and associated emaciation being relatively
common among GPS-collared individuals of both age classes. Expanding understanding of
factors influencing spatiotemporal variation in adult female mortality, as well as the
combined influence of other demographic rates, will improve our understanding of moose
population dynamics in Idaho and other populations across the southern extent of their range
in North America.

Although modest in magnitude, variation in adult female mortality among regions and
years contributed to observed mortality rates for adult females, which strongly influenced our
estimates of population growth. Fluctuations in annual weather patterns likely influence
mortality of ungulates indirectly through effects on forage, diseases, and predators, and
directly through energy costs associated with thermoregulation or locomotion in deep snow.
Weather also likely influences survival of moose due to annual responses of winter ticks to
summer temperatures (Hoy et al. 2021) and variation in precipitation during summer and late
winter (Drew and Samuel 1986, Samuel 2007, Debow et al. 2021). Similarly, mortality of
adult female elk increased with winter precipitation specifically in areas of high predator
densities, through malnutrition and poor ability to evade predators (Brodie et al. 2013).
Nutritional condition and annual and late winter precipitation have also been tied to mortality
of adult female mule deer (Bender et al. 2007). These studies suggest that although proximate

causes of mortality for adult female ungulates may be diverse, the underlying driver is often



17

seasonal and annual weather cycles that decrease fitness and make animals more vulnerable
to predation, disease, and malnutrition. Furthermore, across our study regions, moose
experience variable habitat types and densities of predators, parasites and other ungulates
creating a spatially heterogeneous landscape of risk. Predicting responses of adult females to
both spatial and annual variation in mortality factors will be critical for assessing future
population trends of moose in Idaho.

Mortality of calves over summer was more strongly influenced by annual variation
than spatial variation, suggesting that annual changes in environmental factors may be
influencing survival of calves. High infestation levels of winter ticks within populations can
reduce survival of offspring during the year following an epizootic (Jones et al. 2017). This is
likely a result of highly infested adult females experiencing reduced nutritional condition
during late gestation, giving birth to smaller calves, and having less endogenous resources to
pass on to their young through lactation and maternal care (Jones et al. 2017). We assumed
that predator densities did not differ markedly among the years of our study, and instead
hypothesize that annual changes in weather patterns, forage quality and winter tick
infestations created cascading effects on population dynamics, which manifested in the
temporally variable summer calf survival rates documented in our study.

In contrast to calf survival, both parturition and twinning were affected more by
spatial variation than annual variation, suggesting that regional differences in habitat quality
and/or population density could be influencing reproduction more than annual fluctuations in
environmental factors. Although the LSA indicated that spatiotemporal variation in

reproduction did not strongly affect population growth, understanding factors influencing
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reproduction across our study regions could contribute to knowledge of population trends
observed in the state.

Our study spanned multiple ecoregions and encompassed broad environmental
gradients, which likely contributed to spatial variability in demographic rates. For example,
the Clearwater region consistently had lower mortality rates and higher reproductive rates
across most years than other regions. (Fig. 1.8). This disparity could stem from several
factors, but most notably this region experiences more extensive logging than all other
regions. The regeneration of early successional growth following timber harvest can improve
forage availability and quality (Visscher and Merrill 2009, Schrempp et al. 2019) and may
even buffer moose from predators and parasites (Collins and Schwartz 1998). The Selkirk
region has similar habitat composition, predator communities, and climate regimes, but we
documented lower reproductive rates and higher mortality rates there than in the Clearwater.
However, moose in the Selkirk region tend to exhibit seasonal movements that could
influence access to forage during late winter and also increase transmission of parasites and
diseases, especially winter ticks (Chapter 2, Proffitt et al. 2016). Wolves also occur in the
Selkirk region, and although predation was not a major determinant of adult mortality in our
study, the risk of predation could push moose into sub-optimal habitats, with decreased
forage quality and thermoregulatory properties (Kie 1999, Becker et al. 2010). Our data
suggest that reproduction and survival were at or below average in the Bannock region,
which experiences lower summer precipitation than the other regions, and this more xeric
environment could result in lower forage quality or quantity relative to the other regions in

our study. Documenting spatial variation in predator densities, forage quality, and seasonal
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ranges could help identify region-specific management practices to improve moose
populations throughout the state.

The mean demographic rates we documented for moose in Idaho were at or above
those reported for other moose populations across the southern extent of their range in North
America. Our estimates of adult female survival and reproduction were generally higher, and
survival of calves comparable, to rates in other published studies (Table 1.5). These high
demographic rates combined to produce a relatively stable population growth rate.
Nevertheless, modest variation in adult female survival still led to variation in predicted
population growth among regions and years.

Because adult female survival was a highly elastic parameter, even slight deviations
from the mean value impacted population growth markedly more than other demographic
rates. The results of our LSA are likely a product of highly elastic and slightly variable
annual survival of adult females and low spatiotemporal variation in the remaining
demographic rates. A recent study conducted in Wyoming also reported that adult female
survival was the demographic rate that most influenced population growth (Oates et al.
2021). This may indicate that Shiras moose in general experience more variable adult female
survival compared to other subspecies across North America, resulting in a relatively high
impact on population growth. Understanding the factors driving adult female survival across
moose populations in the western USA could inform strategies for reversing negative
population trends.

Elasticity analyses conducted on other ungulate populations similarly identified that
adult female survival was the most elastic or important demographic rate (Raithel et al. 2007,

Johnson et al. 2010, DeCesare et al. 2012, Lehman et al. 2018). In contrast to our results,
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these same studies also commonly reported that calf or juvenile recruitment was the
parameter most strongly correlated with population growth (Raithel et al. 2007, DeCesare et
al. 2012, Lehman et al. 2018). This disparity could stem from several factors. First, our
dataset lacked the necessary sample size to attain accurate parameter estimates and variances
for overwinter calf survival. Because overwinter survival of moose calves was more variable
than summer calf survival in other populations (Jones et al. 2017, 2019), we likely
underestimated the amount of spatiotemporal variation in annual calf recruitment. However,
the additional LSA indicated that even if overwinter calf survival was more variable than
values reported elsewhere, adult female survival would still be a stronger predictor of
variation in population growth compared to all other demographic rates. Second, we
estimated an annual survival rate for yearling females from the literature and allowed it to
track adult female survival within each matrix replicate (Sy-=Sa--0.07). However, if mean
annual survival for yearlings in Idaho is different from other study areas or does not closely
track adult survival, then it is possible yearling survival also could affect the results of our
LSA.

We observed that reproduction appeared to be lower for adult females captured within
6 months of parturition. Because our overall mean parturition rate was high, we assumed that
this difference did not affect our overall estimate of parturition. Field observations of dead
calves within birth sites and retained placentas for adult females not in their capture year
suggest that environmental stressors may influence reproduction in addition to capture.
However, our results still suggest that effects of capture (e.g., immobilization, drug use,
stress) could influence reproduction by moose. Vartanian (2012) reported similar results for

moose captured and monitored in Wyoming, USA, observing a difference in parturition rates
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relative to being ‘handled’ or not within a given calendar year. Our results suggest that
research investigating whether and how capture of moose could affect reproduction will be

important for the continued monitoring of moose across their range.

Management Implications
Because moose population performance was primarily driven by mortality of adult

females, management actions that focus on decreasing mortality of adult females would be
most effective for improving population trends across Idaho. However, causes of adult
female mortality in our study were diverse, and consequently, it may be difficult to
implement management actions that address such a broad set of mortality factors.

Nonetheless, parasites and disease accounted for the largest portion of adult mortality
during this study, and focusing on understanding and mitigating these pathogens through
land management practices could reduce severity of infections and infestations. In addition,
improving habitat within core areas of moose range could decrease annual variation in
mortality of adult females. For example, in Idaho and the intermountain west, recent interest
in the use of beaver dam analogs (BDA) and the translocation of beavers (Castor canadensis)
to manipulate and improve habitat may provide a solution to moose populations limited by
availability of riparian habitats (Weber et al. 2017). Directing the use of BDAs and beaver
translocations within areas where moose are having to travel long distances to acquire the
benefits from these habitats could be valuable.

Spatiotemporal variation in annual calf recruitment strongly influences population
growth in other ungulate systems (e.g., Lehman et al. 2018, Debow et al. 2021). Expanding
our knowledge about variation and causes of winter calf mortality will support a more robust
examination of the role of calf recruitment in driving population dynamics of moose in

Idaho. Furthermore, investigating the effects of habitat, disease, and parasites, specifically
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winter ticks, on moose demography in Idaho, could reveal mechanisms that affect both
survival and reproduction of moose, and provide managers with a foundation for developing

plans to mitigate their effects on moose populations.
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Table 1.1. Numbers of adult female moose (>1 year of age) and calves (9-10 months of age) fitted with GPS collars across 5

regions in Idaho, USA, 2020-2022.
Region Adults Calves
Selkirk 28 4
Clearwater 49 3
Lost River 8 0
Bannock 51 5
Island Park 12 5
Total 148 17

Table 1.2. Criteria used to specify models of mortality and reproduction for moose in Idaho, USA, during 2020-2022.

Parameter Prior Distribution Number of Burn-in Adaptive
Iterations phase

Adult Mortality — p~Normal (-0.3,3) T(,-4) 200,000 10,000 2,000

Neonate Calf p~Normal (-0.3,3) T(,-3.3) 1,000,000 10,000 5,000

Mortality

Winter Calf p~Normal (-0.3,3) T(,-1.9) 800,000 10,000 2,000

Mortality

Parturition p~Normal (-0.3,1.9) T(,-1.4) 200,000 10,000 5,000

Twinning p~Normal (0,1.7) 200,000 10,000 5,000

Table 1.3. Proportional contribution of demographic parameters (elasticity) to proportional changes in population growth of

moose in Idaho, USA,

2020-2022.

Rate Mean 10% quantile  90% gquantile
Adult female survival 0.830 0.797 0.865
Yearling survival 0.085 0.067 0.101
Summer calf survival 0.085 0.067 0.101
Winter calf survival 0.085 0.067 0.101
Parturition 0.085 0.067 0.101
Twinning 0.011 0.007 0.016
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Table 1.4. Sample sizes used to estimate adult female mortality and reproduction of moose within 5 regions in Idaho, USA,
2020-2022.

Region
Study Adult Adult Births Sets of
Year Mortality  Reproduction Observed  Twins
Selkirk
2019 17 - - -
2020 25 13 7 1
2021 23 22 13 1
2022 10 10 7 2
Clearwater
2019 38 - - -
2020 48 37 24 4
2021 37 36 29 5
2022 16 15 14 6
Lost River
2019 8 - - -
2020 8 8 8 0
2021 3 3 2 0
2022 1 1 1 0
Bannock
2019 31 - - -
2020 49 27 14 2
2021 31 31 17 2
2022 18 18 13 3
Island Park
2019 8 - - -
2020 10 6 4 0
2021 6 5 4 0
2022 3 3 3 0

Total 390 235 160 26
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Table 1.5. Mean demographic rates reported for moose populations across the southern extent of their range in North

America, 1992-2022.

Adult Summer Calf Winter Calf Adult
Source Location Year(s) Survival Survival Survival Pregnancy  Twinning
This Study D 2020-2022 0.92 0.69 0.53 0.89 0.14
Lenarz et al. 2010 MN 2010 0.79
Boer et al. 1992 *NA 1992 0.84 0.33
Debow 2020 VT 2017-2019 0.90,0.84.0.86 0.65 0.60,0.50,0.37 0.67
Ellingwood et al. 2020 NH 2002-2005 0.87 0.76 0.34 0.75
Ellingwood et al. 2020 NH 2014-2018 0.8 0.76 0.69 0.78
Harris et al. 2021 WA 2013-2018 0.8 0.7,0.93
Ruprecht et al. 2016 UT 2013-2015 0.74 0.03
Severud et al. 2019 MN 2013-2016 0.58-0.34%%*
Musante et al. 2010 NH 2002-2005 0.74,0.87,0.91 0.71 0.67 0.11
Jones et al. 2017 NH/ME  2014-2016 0.77.0.94 0.78.0.88
Jones et al. 2019 NH/ME  2014-2016 0.30
Oates 2011 WY 2005-2010 0.84 0.89 0.74%%* 0.69 0.04
Becker 2008 wY 2004-2006 0.83 0.62 0.92 0.07
Kufeld 1996 Cco 1992-1995 0.96
Murray et al. 2006 MN 1995-2000 0.79

*Rates estimated throughout North America
**Survival at 30 days — 120 days
***Survival only monitored through February
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Figure 1.2. Example of a parturition movement from a GPS collared female moose. A) Speed of movement (m/hr)
estimated from the distance between GPS locations recorded at 4-hr intervals across 6 days in May. A birth event signified
by the sharp increase in speed (~May 20™) followed by a substantial decrease in movements (~May 21%). B) The same birth
movement sequence illustrated across the landscape with lines connecting consecutive GPS locations.
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Figure 1.3. Weekly mortality rates of adult female moose (curved line), relative to calendar date in Idaho, USA, 2020-2023.
Symbols represent proximate causes of mortality.
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Figure 1.4. Histogram of dates of calving by adult female moose collared in Idaho, USA, 2020-2022.
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Figure 1.5. Mean parturition rate (+ 95% credible interval) for adult female moose captured or not within 6 months prior to
the parturition window (~15 May - 15 June). Parturition was modeled separately for individuals in capture year and non-
capture year.
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Figure 1.6. Frequency plots of modeled population growth rates for moose in Idaho, USA, based on three variance models:

spatial (black), temporal (red), and spatiotemporal (blue) models. Data represent statewide population growth based on
demographic rates estimated in 5 regions across 3 years. Also, within each panel, the mode, 10%, and 90% quantiles, are

specified for each of the three variance models as follows: 2= mode [10% quantile, 90% quantile].
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Figure 1.7. Results of Life Stage Simulation Analysis (LSA) for moose populations in Idaho, USA. Plot is subset into four

panels, corresponding to the four demographic rates estimated during the study (parturition rate, adult female survival,
twinning rate, summer calf survival. Within each panel, black dots represent the relationship between the parameter value
and the corresponding population growth rate. Also, within each panel is the R? value (LSA value) for each demographic

rate.
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Figure 1.11. Birth sites from collared female moose in Idaho, USA. Photographs show a GPS collared adult female with a

newborn calf (A), expelled placenta within a birth site, (B) and typical birth site with matted down vegetation and soil with

amniotic fluid (C).
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Figure 1.13. Results of Life Stage Simulation Analysis (LSA) from the spatial model. Plot is subset into four panels,
corresponding to the four demographic rates estimated during the study (parturition rate, adult female survival, twinning
rate, summer calf survival. Within each panel, black dots represent the relationship between the parameter value and the
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Figure 1.15. Life Stage Simulation Analysis (LSA) results for moose populations in Idaho, USA. Plot is subset into five
panels, corresponding to the five demographic rates estimated during the study (parturition rate, adult female survival,
twinning rate, summer calf survival, and winter calf survival). Within each panel, black dots represent the relationship
between the parameter value and the corresponding population growth rate. Also, within each panel is the R? value (LSA
value) for each demographic rate. Winter calf survival was simulated to represent an unrealistically high amount of variation
for this parameter.
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Chapter 2: Elevated Winter Tick Burdens: Potential Cost of Seasonal Site
Fidelity by Moose.

Introduction

For many temperate ungulates, variation in seasonal availability of resources results
in differential space use throughout the annual cycle. Seasonal habitat selection often results
in use of summer ranges that provide high quality and/or abundant forage and winter ranges
that reduce energy expenditure as a consequence of less severe temperatures and relatively
shallower snow depths (Boyce 1991, Berg et al. 2019, Laforge et al. 2020, Kauffman et al.
2021). Consequently, individuals often exhibit site fidelity to seasonal ranges and migratory
strategies that benefit survival and reproduction (e.g., Wiseman et al. 2006, Fullman et al.
2021, Garfelt-Paulsen et al. 2021, Merkle et al. 2022). However, in the face of climate
change and increased anthropogenic disturbance, this once adaptive pattern may have
negative consequences when habitat quality is impaired (Knick and Rotenberry 2000,
Robertson and Hutto 2006, Merkle et al. 2022). Additionally, parasites also may be adapting
to target hosts using the same sites and resources in successive years (Teitelbaum et al.
2018). This may be especially important for pathogens and parasites with shorter generation
times than long-lived ungulate species, allowing for quicker adaptations to climatic or
environmental changes (Chenery et al. 2023).

Winter ticks (Dermacentor albipictus) are a single-host parasite that can impose
severe metabolic consequences on their hosts. Larval ticks search for hosts during the autumn
through an act called ‘questing’, during which tens or hundreds of individual ticks ascend
vegetation and aggregate in clumps, waiting for a host to pass by (Lankester and Samuel

2007). After being picked up by a host, winter ticks molt through multiple stages (larvae,
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nymph, adult) and mate on the same host after which gravid females detach in early spring to
lay their eggs on the ground (Drew 1984, Lankester and Samuel 2007). While on-host,
individual ticks take multiple blood meals, with peak feeding occurring as adults and just
before detachment in early spring (Samuel and Welch 1991). Throughout all life stages,
winter ticks are relatively immobile. Therefore, locations where gravid adult females are
dropped from their host in the spring are where larval ticks will be questing in the fall.

The effects of winter tick parasitism are more pronounced in moose compared with
other ungulates sharing similar ranges. Blood loss from ticks alone can induce anemia and
increase energy expenditure (due to blood replacement), and ultimately decrease survival of
moose (Musante et al. 2007). Moose with high tick burdens also expend more energy
grooming (i.e., removing ticks through scratching, rubbing, or biting) resulting in hair loss
and increased rates of weight loss (Glines and Samuel 1989, Samuel 2004). Furthermore,
moose are capital breeders that rely heavily on endogenous fat reserves acquired during the
growing season for survival and gestation through late winter (Ruprecht et al. 2016) and loss
of blood and fat reserves as a consequence of winter tick infestation compounds energy loss
during a nutritionally stressful time (Renecker and Hudson 1989). Research suggests that
moose, compared to other ungulate hosts, sustain higher levels of tick infestation throughout
the winter, potentially due to their relatively poor ability to groom and behavioral response to
irritation from tick infestation (Mooring and Samuel 1998, Welch et al. 2011). If this
hypothesis is true, then moose should be the primary hosts propagating winter tick
populations across the landscape (Mooring and Samuel 1998, Welch et al. 2011).

In recent decades, declines in populations of moose have been documented across the

southern extent of their range in North America (Wattles and DeStefano 2011, DeCesare et
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al. 2012, Mech and Fieberg 2014, Nadeau et al. 2017). Although multiple factors likely
interact to influence populations, disease-causing parasites including winter ticks (Samuel
2004), carotid artery worms (Elaeophora schneideri; Henningsen et al. 2012), and meningeal
worms (Parelaphostrongylus tenuis; Nagy 2004), can contribute to population declines. In
particular, the winter tick appears to be expanding its range northward, threatening the
stronghold of moose in North America (Chenery et al. 2023). This concern is well warranted
with recent research suggesting that ticks can have population-level effects on moose in the
northeastern USA (Musante et al. 2010, Jones et al. 2019). During epizootic years, winter
tick infestation substantially decreased annual calf recruitment, and although survival of adult
females is rarely affected by such epizootics, reproduction and survival of young can be
reduced during the following year (Jones et al. 2017, Pekins 2020).

Winter tick distribution across the landscape can be defined by a combination of three
factors: the density of hosts, suitability of environmental conditions for off-host survival and
reproduction, and spatial overlap between host ranges during the period when gravid females
are dropping off in the spring and when larvae are questing for hosts in the fall. Because
adult female ticks are relatively immobile and typically lay their eggs within a meter from
where they drop off their host (Drew and Samuel 1986), locations where gravid female ticks
are dropped in the spring is where larval ticks will be picked up by new hosts in the fall.
Therefore, the risk of picking up larval ticks in the fall should be related to the distribution of
resources used by hosts during the spring drop-off period (Healy et al. 2018, Blouin et al.
2021).

The goal of this study was to relate the relative winter tick burden on moose to

resource use during the spring drop-off and fall questing periods. We first created resource
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selection functions (RSFs) for moose within 6 study regions in Idaho, USA, during the spring
drop-off period for winter ticks (15 March — 15 May). We then used the RSFs to predict the
relative probability of use by moose during the spring drop-off period across each region,
which we interpreted as the “tick risk landscape”. Finally, we overlayed locations of moose
during the fall questing period onto the tick risk landscape. We hypothesized that time spent
by moose in risky areas during the fall questing period would increase exposure to winter
ticks, and we predicted that individuals that made relatively greater use of risky areas would
experience higher tick loads. Findings from this study contribute to understanding the
relationship between winter ticks and moose, and could help to identify areas on the
landscape as well as habitat conditions that are important for transmission of ticks, thereby
providing a foundation for developing management strategies to mitigate the influence of

winter ticks on moose populations.

Methods
Study Regions — This study was conducted within 5 regions in Idaho, USA, selected

to represent most of the range and hunting opportunity for moose within the State (Fig. 2.1).
The study regions encompass broad ecological variation extending from the northern to the
southern borders of the State, and they represent three major ecoregions that are
characterized by various habitat types, predator complexes, and densities of moose and other
ungulates.

Two of the study regions (Selkirk and Clearwater) are located within the Northern
Rockies Ecoregion. The Selkirk region is characterized by high topographic relief with
elevations ranging from 450 to 2,300 m. This area is dominated by mixed coniferous forest
with common species including grand fir (Abies grandis), western red cedar (Thuja plicata),

western hemlock (Tsuga heterophylla), larch (Larix occidentalis), and white pine (Pinus
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strobus). The area experiences high annual precipitation ranging from 56 to 140 cm per year
with mean monthly temperatures ranging from -9 to 30 °C (NCDC 2020). The Clearwater
region is characterized by diverse topography ranging from gently sloping hills to steep
mountains with elevations of 450-2,000 m, annual precipitation from 61 t0165 cm, and mean
monthly temperatures ranging from -7 to 28 °C (NCDC 2020). Dominant tree species
include western red cedar, western hemlock, and white pine, with intensive logging occurring
across much of the region.

Two study regions (Lost River and the Island Park) are encompassed within the
Middle Rockies Ecoregion. Lost River is topographically diverse with low-elevation valley
floors dominated by grass and shrubland species and high-elevation alpine and montane
environments dominated by western spruce (Picea sitchensis), Douglas fir (Pseudotsuga
menziesii), and lodgepole pine (Pinus contorta). Elevations range from 1,158 to 3,859 m,
mean annual precipitation ranges from 15 to112 cm, and mean monthly temperatures range
from -17 to 29 °C (NCDC 2020). Within the Island Park region, dominant tree species
include Douglas fir and lodgepole pine, interspersed with shrub-steppe habitat dominated by
sagebrush (Artemisia spp.). Island Park, which is located at relatively high elevations (1,500-
2,900 m), receives between 15 and 102 cm of precipitation annually with mean monthly
temperatures ranging from -17 to 31 °C (NCDC 2020).

The Bannock-A and Bannock-B study regions are located within the Northern Basin
and Range Ecoregion with elevations spanning 900-2,700 m, mean annual precipitation from
20 to76 cm, and mean monthly temperatures ranging from -13 to 29 °C (NCDC 2020). These
regions are dominated by multiple tree species including western spruce, Douglas fir,

lodgepole pine, and bigtooth aspen (Populus grandidentata).


https://en.wikipedia.org/wiki/Populus_grandidentata
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Animal Capture — We captured adult female moose between January and March of
2020 and 2021. All moose were darted from a helicopter and fitted with global position
system (GPS) collars (G5-2D Iridium, Advanced Telemetry Systems, Isanti, MN, USA) that
were programmed to drop off ~2 years after deployment. All collars were programmed to
record a location every 4 hours, transmit locations to a satellite twice per day, and send an
email notification if stationary for > 6 hours, signaling a mortality event. For all captured
moose, we estimated relative tick load by counting winter ticks on the hindquarters of
immobilized individuals. During 2020, we counted the total number of ticks observed along a
10-cm transect centered on the hind quarter of the moose (Samuel 2004). We parted the hair
with a wide-toothed comb and counted winter ticks present, most of which were embedded in
the skin. During 2021, the total number of ticks was enumerated within a 10x10 cm patch,
centered in the same location, by using a comb to make successive parts in the hair across the
patch to survey the skin surface. Transects and patch counts are related, however, not directly
comparable (Sine et al. 2009). Therefore, we categorized relative tick burdens across
individuals within each year. All capture and animal handling procedures were approved by
the University of Idaho Institutional Animal Care and Use Committee (IACUC protocol
2020-17) and followed guidelines for use of wild mammals in research (Sikes et al. 2016).

Habitat selection — We modeled selection of habitats by moose during the spring tick
drop-off period within 6 regions across the State. We considered a total of 10 habitat
parameters (Table 2.1), including 5 continuous variables derived from the 2019 United States
Geological Survey (USGS) digital elevation model (DEM) and 5 categorical variables
derived from the 2019 National Land Cover Database (NLCD, Jin et al. 2019). Topographic

covariates included elevation, slope, topographic position index (TPI), sine of aspect, and
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cosine of aspect. We also included a squared term for slope, TPI, and elevation to allow for
non-linear relationships associated with these three variables. Vegetation categories included
evergreen forest, deciduous forest, mixed forest, shrub, and herbaceous (Table 2.1).

We used a 2-scale (broad and local) use versus availability framework to model
habitat selection, which evaluated the characteristics of the general area selected by moose as
well as fine-scale characteristics within general use areas. Used locations for both scales were
defined as GPS locations from collared adult females during 15 March-15 May. This
timeframe was chosen to represent habitats used by moose when gravid female winter ticks
are dropping off (Healy et al. 2018, Blouin et al. 2021). We selected one used location within
every 80 hours for each moose-year to reduce the total number of locations for computational
efficiency. At the broad scale, the extent of availability was quantified as a minimum convex
polygon (MCP) that included all moose GPS locations within each region. Available
locations were then generated by distributing 3000 points evenly across the entire MCP.
Covariate values for both used and available locations were extracted from each of the
covariate layers as the mean (or proportion for categorical variables) of cell values for that
variable within a 2.6 km circle centered on each location. At the local scale, the extent of
availability was quantified as a 2.6 km circle centered on each used location, and available
locations were then generated by distributing 300 points evenly throughout this circle. At the
local scale, covariate values for used and available locations were extracted from each of the
covariate layers as the cell value for that covariate at the location.

We then modeled the probability of use during the spring drop-off period as:

_ w(Xs B)as
BT T WX Bagdg




48

where i is the probability of selection at position s, X'is a vector of environmental variables
at position s, and £ is a vector of selection coefficients estimated using conditional logistic
regression. The denominator scales ps from O to 1 ensuring it remains a proper utilization
distribution, a represents the availability distribution and g represents either the MCP
boundary (broad-scale analysis) or the 2.6 km circle around each location (local-scale
analysis).

We created a set of region-specific models at both scales to evaluate resource selection.
Within each region, we excluded covariates that represented <3% of used locations, and we
did not use those that were correlated (r > 0.60) in the same region-scale model sets. The
baseline model for each region and scale included only vegetation cover covariates, and other
models included combinations of vegetation and topographic parameters. Elevation was
withheld from all local-scale models because selection for elevation was assumed to occur
primarily at the broad scale. Similarly, TPl was withheld from all broad-scale models
because selection for TP1 was assumed to occur primarily at the local scale. After fitting
scale-specific models for each region, we used Akaike Information Criteria (AIC) to evaluate
weight of evidence for models and identify the models that were best supported by the data.

Within each region, the top models from both the broad and local-scale analyses were
used to predict spring moose habitat across each region. Broad-scale resource use was

predicted as:

w(X(4s) Bs)
max [w(X (4s) Bs)]

Py(4s) =
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where (B,) is the vector of parameter estimates from the top broad scale model, X(4;) is a
vector of mean values of each covariate within the 2.6 km circle, and the denominator scales
(Pb) from 0 to 1 ensuring it remains a proper utilization distribution. Local-scale resource use

was the predicted as:

w(Xs, Bs)
max [w(X;, Bs)]

Pi(s) =

where (f,) is the vector of parameter estimates from the top local scale model, X; is a vector
of each covariate value position s, and the denominator scales (P;) from 0 to 1 ensuring it
remains a proper utilization distribution. We then calculated the relative probability of

selecting a used location conditional on having already selected the broad area as:

Pi(s)
mean([P;(4;)]

Ri(s) =
where mean[P; (As)] was the mean of P;(s) within the 2.6-km circle centered on position s.
By dividing the value of P;(s) by this expected value, R,;(s) provides a measure of the relative
increase or decrease in the probability that position s would be selected, given that a moose
chose to use 4s. We obtained the final prediction, by combing the relative local prediction

(Ri) and the broad scale prediction (Py) as:

Py (As) * Ri(s)
max[Pp(As) * Ry(s)]

P(s) =
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the final prediction (P(s)) represents the relative probability of use by moose during the spring
drop-off period across each region (i.e., the tick risk landscape). Final predictive models were
evaluated by constructing and visually inspecting receiver operating characteristic curves
(ROC) and estimating the area under the curve (AUC) for each regional model.

Fall Locations — We used GPS locations from collared moose during 15 September—
15 November of each calendar year to represent habitat use when moose are likely picking
up ticks during the fall questing period. We removed locations that were <4 hours apart and
additional outliers identified by visual inspection. We used data from each individual in each
year, and only used individual-years that had >300 locations (mean = 353) in their fall range.
Locations were overlayed onto the region-specific tick risk landscape, and the cell value was
extracted for each location. Cell values were then averaged within a given year for each
individual. Individual-year averages were then averaged again for each individual, resulting
in one estimate of exposure to winter ticks during the fall questing period for each individual
moose (i.e., “tick risk value”). Tick burden was assessed at the same time GPS collars were
deployed, and therefore, we do not have fall location data to estimate use of the tick risk
landscape at the time that the individual acquired the questing ticks. However, because
individuals tended to be faithful to their fall range within the tick risk landscape across years
(App. 2.6), we assumed that the average of tick risk values across years of available data
represent relative use of the tick risk landscape during the year in which the tick count was
conducted.

Tick-risk analysis — We used ordinal logistic regression models to assess the
relationship between potential exposure to ticks during fall and tick burden during late

winter. We considered the tick risk value from fall habitat use as the predictor variable and
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tick count assessed at the time of capture as the response variable. Because tick counts were
conducted differently between capture years, we standardized tick counts among capture
years by setting the highest count in each year to a value of 1 and rescaling all counts from 0
to 1. We then developed a relative index of tick burden by binning tick count values into low
(<1/3 quantile), medium (>1/3 quantile to <2/3 quantile) and high (>2/3 quantile) tick counts
for each year. These bins were then used in the ordinal regression models, and we developed
a set of candidate models to assess factors influencing the relative tick burden that included
unique combinations of region, capture year, and animal ID (random intercept). We ran
ordinal regression models using the clm and cimm functions from the ordinal package in
program R, used Akaike Information Criteria (AIC) to evaluate support for the models, and

assessed goodness of fit using Nagelkerke's pseudo-R? (Nagelkerke 1991).

Results
We used 4,388 GPS locations from 136 adult female moose (229 individual-years)

for analyses of habitat selection during the spring winter tick drop-off period. Across all
regions, the majority of locations were in shrub (49%) and evergreen forest (37%) cover
types, however, proportions varied among regions (Tables 2.2). Another 9% of locations
were in deciduous forest (5%), herbaceous (2%), and mixed forest (2%) cover types. The
remaining 5% of locations were in various cover types (e.g., woody wetland, wetland,
developed, crop, water), however, none of the cover types represented >3% of locations
within a region. Therefore, these cover types were not used in analysis, and locations within
these habitats were assigned null values.

Both vegetation and topographic characteristics influenced habitat use by female
moose during the spring tick drop-off period. At the broad scale, the top ranked models

across all regions included evergreen forest, shrub, and all of the topographic covariates used
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in the broad-scale analysis (sine of aspect, cosine of aspect, elevation, elevation?, slope, and
slope?; Table 2.3). In addition, the broad-scale models across most regions also included
mixed forest and herbaceous cover types (Table 2.3, Fig. 2.3). At the local scale, the top
ranked models across all regions contained the categorical variable for vegetation type, sine
of aspect, cosine of aspect, slope, and slope? (Table 2.4). Also at the local scale, all regional
models except the Selkirk region contained TPI and TPI? (Table 2.4, Fig. 2.4). For a few
regional and local-scale model sets, competing models were identified (Tables 2.3-2.4),
however, the top models were well supported within each model set (model weights = 0.82 —
1.0 for broad scale and 0.68 — 1.0 for the local scale). Within each region we combined the
top model from each scale to predict the relative probability of use by moose during the
spring drop-off period. The final models for predicting habitat selection (Fig. 2.2-2.3) within
each region performed well in terms of specificity (probability of predicting habitat,
conditioned on moose being present at a location) and sensitivity (probability of not
predicting habitat conditioned on moose being absent at a location) (AUC=; 0.70-0.92; Fig.
2.4).

Model results suggested that exposure to the tick risk landscape was positively
associated with relative tick burden. We modeled the relationship between tick burden and
the tick risk landscape using 82 individual moose across the 6 study regions. We found
support for two models (AAIC < 4) in explaining the relationship between tick burden and
the tick risk landscape. The best supported model that carried 70% of the cumulative model
weight, included tick risk value and study region. The second-best model (AAIC = 2.63) only
included study region but had much less weight (oi = 19%). The top model indicated that as

moose spent more time within the tick risk landscape, the odds of acquiring more ticks
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increased (OR=6.49, 95% CI = 2.5 — 17.0). Predictions from the top model illustrate the
probability of acquiring a low, medium, or high tick load relative to use within the tick risk

landscape (Fig. 2.5)

Discussion
Our results suggest that individual seasonal site fidelity influenced interactions

between winter ticks and moose. Using predictive maps from our spring RSFs to create a tick
risk landscape and locations of moose during the fall tick questing period, we demonstrated
that the relative burden of winter ticks that a moose experienced can be attributed, in part, to
their use of similar resources during both seasons. The probability that a moose would
experience a high, medium, or low relative tick load during winter was associated with use of
risky habitats; our top model indicated that use of risky landscapes during the fall increased
the likelihood of picking up winter ticks. This work highlights an underappreciated cost of
site fidelity, specifically transmission of parasites and disease among individuals of the same
species. Winter tick infestations are especially costly for moose, and although moose are not
considered social, their seasonal site fidelity likely contributes to perpetuating the life cycle
of the winter tick and intensifying their impacts on moose.

Habitats varied widely among our study regions, yet similar relationships between
tick burden and the tick risk landscape were observed across regions. Regardless of broad
environmental variables, moose that showed similar patterns of habitat use between spring
and fall acquired more ticks. Other studies have also documented seasonal range fidelity in
moose, and it is likely that individuals are keying in on early successional habitats that
provide adequate shelter and forage during both the spring and fall months (Healy et al.
2018, Blouin et al. 2021). Furthermore, individual moose tended to use the same areas on the

tick risk landscape in successive years, resulting in similar exposure to winter ticks (App.
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Fig. 2.8), and likely contributing to variation among individuals in parasite burdens and
metabolic consequences.

Our estimate of the tick risk landscape was based only on the distribution of habitats
used by moose when gravid females detach from their hosts during spring. Other
environmental factors also likely affect tick burdens on moose (Drew and Samuel 1986). For
example, survival of ticks during the larval stage, varies due to fluctuations in temperature,
humidity, and precipitation (Holmes et al. 2018). These factors also influence the amount of
time larval ticks can spend questing during the fall, which is directly related to annual tick
infestation levels on moose (Healy et al. 2020). Additionally, habitat types can influence
larvae-to-host transmission. Specifically, dense, and heterogeneous vegetation such as brush
and shrubs, increases contact and consequently, transmission, between ticks and their hosts
(Drew and Samuel 1985a). Identifying resource and environmental variables important for
larval tick survival and ability to quest is critical for better understanding the winter tick life
cycle and subsequent moose infestation levels. Incorporating environmental factors that
influence survival of gravid adult female ticks during the spring and early summer, survival
of eggs during late summer, and survival and questing by larvae during fall would inform our
relatively coarse estimate of the tick risk landscape and more fully represent exposure to ticks
experienced by moose during autumn. Nonetheless, our results indicated that resource use by
moose during the spring and fall seasons alone can help to predict winter tick burden.

Likewise, our estimate of relative tick burden also was coarse, but demonstrated a
positive response to use of risky landscapes by moose. Patch and transect counts on moose
have been widely used to index relative tick burdens (Samuel 2004, Sine et al. 2009). Even

though the areas sampled are small and the numbers of ticks on moose can be extreme
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(>100,000; Samuel 2004), these indices have been evaluated and demonstrated to represent
relative total tick burdens (Sine et al. 2009). Additionally, because males typically exhibit
greater movements than females during the rut, which coincides with the tick pick-up period,
their tick burdens are expected to be higher than females. Our study only examined resource
use and overlap by adult females, and investigating movements by males and their influence
on transmission of winter ticks is needed to refine estimation of the tick risk landscape.

The relationship between moose and the tick risk landscape demonstrates a complex
interaction between host, parasite, and environment. Although winter ticks infest other
ungulates (e.g., white tailed deer, Odocoileus virginianus (MacHtinger et al. 2021); elk,
Cervus canadensis (Calvente et al. 2020), and caribou, Rangifer tarandus (Welch et al.
1990)), moose appear to serve as a primary host in the northern portions of the continental
USA (Welch et al. 2011). This relationship is perhaps a result of higher infestation rates on
moose relative to other mammals as well as sympatric seasonal range use by moose, both of
which could result in higher transmission rates among moose. Further exploring factors that
influence the winter tick-moose relationship could help reveal the underlying evolutionary
mechanisms perpetuating the annual life cycle of the winter tick and inform development of
strategies for mitigating their increasing impact on moose populations across North America.

For many species, faithfulness to sites, routes or landscapes across seasons, years, and
even generations has led to an increase in fitness and higher reproductive output for
individuals that exhibit site fidelity (Turner 1989, Bose et al. 2017). However, for some
species, climate change and increased anthropogonic disturbances could quickly reverse the
effects of these once beneficial behaviors (Forrester et al. 2015, Merkle et al. 2022).

Identifying the mechanisms that shaped the evolution of site fidelity can inform our
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understanding of why certain individuals exhibit fidelity, and also advance our ability to
predict when and how the consequences of continued fidelity might differ in rapidly

changing environments.

Management Implications

Winter ticks have been associated with population declines of moose across the
southern periphery of their range in North America. High infestation levels of winter ticks
can impose severe metabolic costs on moose and reduce survival of juveniles. High tick
infestations also result in lower reproductive rates and survival of offspring following
epizootic years (Pekins 2020). While numerous strategies to reduce winter tick numbers on
the landscape have been proposed, most have not been applied at a large enough scale to
yield population-level benefits. Recommended mitigation actions have included prescribed
fire (Drew and Samuel 1985b), introduction of a fungus known to kill winter ticks (Sullivan
et al. 2020), and reduction of moose densities (Ellingwood et al. 2020). Even if these
strategies can reduce the number of ticks on the landscape, it is unclear whether they can be
effective at reducing tick burdens and the metabolic and demographic consequences of the
parasite on moose populations. One challenge of off-host tick reduction efforts is the broad
extent of land that needs to be treated. However, applying the concept of the tick risk
landscape could help to focus land treatment and reduce the area over which habitat
manipulations would be required. Additional research that expands understanding of
environmental factors propagating tick populations and promoting transmission among
moose is needed to inform comprehensive strategies to reduce the impact of winter ticks on

moose populations in North America.
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Table 2.1. Descriptions of covariates used to model spring resource selection by moose in Idaho, USA, 2020-2022. Data
from both sources (National Land Cover Database, NLCD, and a digital elevation model, DEM) were at a 30 m resolution.

Source
Covariate Description
NLCD

Evergreen Areas dominated by trees generally >5 m tall, and >20% of total vegetation cover. More

Forest than 75% of the tree species maintain their leaves all year. Canopy is never without green
foliage.

Deciduous Areas dominated by trees generally >5 m tall, and >20% of total vegetation cover. More

Forest than 75% of the tree species shed foliage simultaneously in response to seasonal change.

Mixed Areas dominated by trees generally >5 m tall, and >20% of total vegetation cover. Neither

Forest deciduous nor evergreen species are >75% of total tree cover.

Herbaceous Areas dominated by graminoid or herbaceous vegetation, generally >80% of total
vegetation. These areas are not subject to intensive management such as tilling but can be
utilized for grazing.

Shrub Areas dominated by shrubs <5 m tall with shrub canopy typically >20% of total
vegetation. This class includes true shrubs, young trees in an early successional stage or
trees stunted from environmental conditions.

DEM
Slope Percent slope of topography

Aspect cosine
Aspect sine

Topographic
position

Elevation

Cosine of aspect (North-South)
Sine of aspect (East-West)

Values range from negative (valleys) to 0 (side slope) to positive (ridgelines).

Elevation above sea level (m)

Table 2.2. Numbers and proportions of GPS locations of adult female moose within each National Land Cover Database
(NLCD) cover type by study region, in Idaho, USA, during 15 March — 15 May of 2020-2022.

Proportion of locations in each cover type

Evergreen Mixed Deciduous

Region Locations Forest Shrub  Herbaceous  Forest Forest
Selkirk 834 0.70 0.23 0.03 0.01* <0.01*
Clearwater 1610 0.63 0.27 0.03 0.04 0.01*
Lost River 193 0.24 0.59 0.02* 0* 0*
Bannock-A 226 0.06 0.76 0.09 0.04 0.04
Bannock-B 1150 0.32 0.48 0.01~* 0.01* 0.15
Island Park 213 0.30 0.49 0.01* <0.01* 0.06

*Cover types containing <3% of locations within each region were not used in modeling.
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Table 2.3. Top models of spring resource selection by adult female moose at the broad scale for each of six regions in
Idaho, USA. Values are reported for number of model parameters (k), model weight (®i).and delta Akaike's Information

Criterion (AAIC).

Region

Model

(0]

AAIC

Selkirk
Evergreen Forest + Shrub + Herbaceous + Aspect Sine + Aspect Cosine + Elevation +
Elevation® + Slope + Slope?

Clearwater
Evergreen Forest + Shrub + Herbaceous + Mixed Forest+ Aspect Sine+ Aspect Cosine +
Elevation+ Elevation?+ Slope+ Slope?

Evergreen Forest + Shrub + Herbaceous + Mixed Forest+ Aspect Sine+ Aspect Cosine +
Elevation+ Elevation?

Lost River
Evergreen Forest + Shrub + Aspect Sine+ Aspect Cosine+ Elevation+ Elevation? + Slope+
Slope?

Bannock-A
Evergreen Forest + Shrub + Herbaceous + Mixed Forest+ Deciduous Forest + Aspect Sine +
Aspect Cosine + Elevation + Elevation? + Slope + Slope?

Bannock-B
Evergreen Forest + Shrub + Deciduous Forest + Aspect Sine+ Aspect Cosine + Elevation +
Elevation? + Slope + Slope?

Island Park
Evergreen Forest + Shrub + Deciduous Forest + Aspect Sine+ Aspect Cosine + Elevation +
Elevation?

Evergreen Forest + Shrub + Deciduous Forest + Aspect Sine+ Aspect Cosine + Elevation +
Elevation® + Slope + Slope?

10

11

0.82

0.18

0.86

0.13

2.97

3.72
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Table 2.4. Top models of spring resource selection by adult female moose at the local scale for each of six regions in Idaho,
USA. Values are reported for number of model parameters (k), model weight (i), and delta Akaike's Information Criterion
(AAIC).

Region

Model k (0} AAIC
Selkirk

NLCD type + Aspect Sine + Aspect Cosine + Slope+ Slope? 6 0.68 0

NLCD type + Aspect Sine + Aspect Cosine + TPI+ TPI?+ Slope+ Slope? 8 0.32 1.51
Clearwater

NLCD type + Aspect Sine + Aspect Cosine + TPI+ TPI?+ Slope+ Slope? 8 0.98 0
Lost River

NLCD type + Aspect Sine + Aspect Cosine + TPI+ TPI?+ Slope+ Slope? 8 1 0
Bannock-A

NLCD type + Aspect Sine + Aspect Cosine + TPI+ TPI12+ Slope+ Slope? 8 0.92 0
Bannock-B

NLCD type + Aspect Sine + Aspect Cosine + TPI+ TPI1%+ Slope+ Slope? 8 0.93 0
Island Park

NLCD type + Aspect Sine + Aspect Cosine + TPI+ TPI12+ Slope+ Slope? 8 0.86 0

NLCD type + Aspect Sine + Aspect Cosine + Slope+ Slope? 6 0.14 3.69

Table 2.5. Models predicting relative burden of winter ticks as a function of use of the tick risk landscape for moose in in 6
study regions across ldaho, USA, 2020-2022. Values are reported for maximized log-likelihood (log(L)), Akaike’s
Information Criterion (AlCc), Nagelkerke’s pseudo R?, delta AIC: (AAICc), and AIC weight (o).

Model log(L) AlC R? AAIC i

~ tick risk value + study region -78.95 173.91 0.26 - 0.70
~ study region -81.27 176.54 0.20 2.63 0.19
~ tick risk value -86.47 178.94 0.08 5.03 0.06
~ tick risk value + (1|study region) -85.77 179.54 0.10 5.63 0.04

~1 -89.48 182.96 0.00 9.05 0.01
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Table 2.6. Coefficient estimates and 90% confidence intervals from the top-ranked model for predicting relative tick burden
on moose as a function of use of the tick risk landscape in Idaho, USA, 2020-2023. Beta estimates (5) for tick count bins
(low, medium, high) can be interpreted as the log odds of moving from one bin to the next based on a one unit increase in
tick risk value.

Coefficient Estimate () 90% ClI

Low | medium 0.94 0.39-2.27
Medium | high 6.49 2.48-16.95
Tick risk value 1.03 1.01-1.06
Clearwater region 1.94 0.72-5.26
Lost River region 0.13 0.02-1.05
Bannock-A region 0.09 0.01-0.73
Bannock-B region 1.67 0.39-7.03

Island Park region 1.98 0.47-8.41
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Figure 2.1. Study regios (polygns) and GPS locations (circles used t
moose within each region in Idaho, USA, 2020-2022.
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Figure 2.2. Specificity vs. sensitivity plots of the final predictions of spring moose habitat (AUC=; 0.70-0.92) by study
region in Idaho, USA, 2020-2022.
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Figure 2.3. Parameter estimates (+ 95% CI) from the top broad-scale models of spring resource selection by adult female
moose in six regions of Idaho, USA, 2020-2022.
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Figure 2.4. Parameter estimates (+ 95% CI) from the top local-scale models of spring resource selection by adult female
moose in six regions of ldaho, USA, 2020-2022.
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igure 2.5. Tick risk landscapes estimated as the relative probability of use of habitat by adult female moose during the

spring winter tick drop-off period in six study regions in ldaho, USA, 2020-2022.
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Figure 2.6. Regional tick risk landscapes estimated as the relative elative probability of selection of habitat by adult female
moose during the spring winter tick drop-off period in six study regions in Idaho, USA, 2020-2022. Locations of GPS
collared females during the fall tick pick-up period are represented by circles.
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Figure 2.7. Predictions from the top model for predicting relative winter tick burden on moose as a function of use of the

tick risk landscape across 6 study regions in Idaho, USA, 2020-2022. Moose were more likely to acquire a high tick load

with increased exposure to the tick risk landscape.
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Figure 2.8. Annual estimated exposure of moose to the tick risk landscape in Idaho, USA, 2020-2022. Dots represent
individual tick risk values for 1-3 years for which data were available, with black lines connecting individuals across years
For individuals with 2-3 years of fall location data, the coefficient of variation (n = 50, mean = 0.05) did not differ
significantly from zero (p-value = 0.03), indicating comparable exposure to the winter tick risk landscape across years.
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