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ABSTRACT 

Background 

The Anishinaabe people of the Grand Portage Band of Lake Superior Chippewa manage 

for subsistence moose (mooz; Alces alces) and white-tailed deer (waawaashkeshi; Odocoileus 

virginianus) harvests and conservation of gray wolves (ma’iingan; Canis lupus) within the 1854 

Ceded Territory in northeastern Minnesota, USA. Prey, such as moose and deer, vulnerability 

varies seasonally. Predators, such as wolves, may respond to increased prey vulnerability by 

shifting their space use to match prey via migratory coupling and ecological seasonality.  

Methods 

We assessed seasonal space use of gray wolves, moose, and white-tailed deer as well as 

seasonal mortality of moose and deer on and around GPIR. We analyzed GPS collar data 

collected by the Grand Portage Band and the National Park Service during 2008–2022. We used 

Brownian bridge movement models in Migration Mapper to estimate individual- and population-

level occurrence distributions and determine the status and timing of range shifts; we estimated 

the proportion of wolf utilization distributions overlapping moose and deer occurrence 

distributions. We used cluster and principal component analyses to estimate timing and drivers of 

seasonal changes in space use among populations, and we used weighted autocorrelated kernel 

density estimation for weighted resource selection functions to assess seasonal habitat selection 

for each population. Finally, we estimated mortality timing using time-to-event models informed 

by weather data and population-level species space use.



 
 

Results 

Our analyses identified a single migration corridor through which white-tailed deer 

synchronously departed GPIR. Gray wolf utilization distributions overlapped the deer migration 

corridor similarly across seasons, but wolves altered within-range space use seasonally in 

response to prey distributions. Seasonal space use shifts by wolves resulted in greater overlap 

with deer during fall migration and greater overlap with moose during summer. Space use shifts 

followed a two-season pattern with transitions between seasons coinciding with changing 

weather and deer migration. Moose mortality peaked during pre-parturition transitions between 

seasons and during the summer–winter transition. Deer mortality peaked during spring migration 

in late winter and during fall migration in late summer. 

Conclusions 

Gray wolves did not increase their use of the white-tailed deer migration corridor but 

shifted spatially within their territories in response to seasonal variations in prey distributions. 

Seasonal space use among all populations was likely due to deer migration. Our findings suggest 

ecological seasonality of predators is linked to prey via seasonal space use dynamics but was not 

associated with parturition. Our results indicate mortality timing coincided with transitions 

between seasonal space use states suggesting ungulates are at greater mortality risk during these 

periods. Our results can be used to improve management including sampling schedules, 

population modeling, and harvest regulations on GPIR under Anishinaabe principles of seventh-

generation conservation.
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RECOGNIZING PLACE 

 We conducted these studies in and around Gichi Onigaming (the great carrying place) on 

the ancestral and present homelands of the Anishinaabeg (the people). Also known as the Grand 

Portage Indian Reservation (GPIR), Minnesota, USA, Gichi Onigaming is the present home of 

the Grand Portage Band of Lake Superior Chippewa, a federally recognized sovereign nation 

within the United States. In 1854, the Lake Superior Chippewa signed a treaty ceding lands in 

northeastern Minnesota to the United States. Under the 1854 Treaty, members of the Grand 

Portage, Fond du Lac, and Bois Forte bands of Lake Superior Chippewa can exercise their 

usufructuary rights to hunt, fish, and gather throughout the 1854 Ceded Territory which spans 

northeastern Minnesota from Grand Portage to Moose Lake to Crane Lake (Thompson 2020; 

1854 Treaty Authority 2023). These practices cannot be regulated by Minnesota state law, but 

may be governed by United States federal law, such as the Endangered Species Act. Within 

Gichi Onigaming, resource harvest (e.g., wild fish and game, timber, and manoomin [wild rice; 

Zizania palustris]) is managed by the elected Tribal Council of the Grand Portage Band. 

Recently, Minong (the good place), also known as Isle Royale National Park, Michigan, USA, 

was recognized as a Traditional Cultural Property of the Grand Portage Band (National Park 

Service 2022). The Chapter 2 study area was expanded to include Minong. 

Our research emphasized three culturally important species to Anishinaabe seventh-

generation environmental stewardship: mooz (moose; Alces alces), waawaashkeshi (white-tailed 

deer; Odocoileus virginianus), and ma’iingan (gray wolf; Canis lupus). Mooz populations in 

northeastern Minnesota are declining (Severud et al. 2022). These declines are concerning 

because mooz remain a primary subsistence species for the Anishinaabe people. Waawaashkeshi 

are also an important subsistence species for the Anishinaabe people. Waawaashkeshi 
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populations are growing in northeastern Minnesota, but an increased presence of waawaashkeshi 

may negatively influence mooz populations (Oliveira-Santos et al. 2021; Severud et al. 2023). 

Ma’iingan are integral to the Anishinaabe creation story, which establishes ma’iingan as kin to 

Anishinaabe people (Gilbert et al. 2022). Gichi Onigaming is one of the only places in the 

conterminous United States where ma’iingan were never extirpated (Boitani 2003), and the 

Anishinaabe people were integral to the recent introduction of wolves to Minong (Romanski et 

al. 2020). Mooz and waawaashkeshi are primary prey of ma’iingan in Gichi Onigaming and 

Minong (Chenaux-Ibrahim 2015; Sovie et al. 2023). The Grand Portage Band conducts predator-

prey research to improve their understanding of ecosystem health, which set the context for this 

dissertation. 
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INTRODUCTION 

Observations of seasonally variable ecology predate formal scientific inquiry. Numerous 

modern examinations demonstrate this variability on large (e.g., wildebeest [Connochaetes 

taurinus] migrations [Hopcraft et al. 2014]) and small scales (e.g., roe deer [Capreolus 

capreolus] resource selection [Couriot et al. 2018]). Supported by these observations, ecological 

theory describes these patterns at broad scales. Migratory coupling describes the spatial 

adaptation of predators to seasonal availability of migratory prey as exhibited among grizzly 

bears (Ursus arctos) and cheetahs (Acinonyx jubatas) (Deacy et al. 2016; Furey et al. 2018; 

Broekhuis et al. 2021). Ecological seasonality describes seasons based on animal ecology 

influenced by community dynamics, such as seasonal responses of Hector’s dolphins 

(Cephalorhynchus hectori) and lions (Panthera leo) to prey habitat selection (Bräger et al. 2003; 

Basille et al. 2013; Schooler et al. 2022). Mortality seasons describe reoccurring annual peaks in 

mortality as exhibited among caribou (Rangifer tarandus) and hen harriers (Circus cyaneus) 

(Gurarie et al. 2020; Kelly 2020; Ewing et al. 2023). Migratory coupling, ecological seasonality, 

and mortality seasons are based on more established ecological concepts such as game theory, 

encounter theory, leapfrog effect, and resource dispersion (Macdonald 1984; Sih 1998; Mitchell 

and Lima 2002; Gurarie and Ovaskainen 2013). 

In this dissertation, we tested these newer ecological concepts (i.e., migratory coupling, 

ecological seasonality, mortality seasons) using gray wolves (Canis lupus), moose (Alces alces), 

and white-tailed deer (Odocoileus virginianus) as a model predator-prey system. We used GPS 

collar data collected from these species on and around the Grand Portage Indian Reservation 

(GPIR), Minnesota, USA from 2008–2022 (Oliveira-Santos et al. 2021). Wolf management in 

this region has been dynamic, with historical overharvest leading to wolves being listed on the 
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Endangered Species Act (ESA) of 1973 and thereafter intermittently removed from and relisted 

under the ESA following population increases and controversial harvests (Erb et al. 2018; Gilbert 

et al. 2022). Regional moose populations have recently declined resulting in efforts to conserve 

and restore moose and their habitats (Severud et al. 2022). Comparatively, deer populations are 

increasing, but their expansion increases the risk of disease transmission to moose (Oliveira-

Santos et al. 2021; Severud et al. 2023). 

In Chapter 1, we examined migratory coupling of gray wolves to white-tailed deer using 

seasonal wolf, moose, and deer movements. We used Brownian bridge movement models in 

Migration Mapper to estimate individual- and population-level occurrence distributions and 

determine the status and timing of range shifts as corroborated by mechanistic range shift 

analyses (Nielson et al. 2013; Gurarie et al. 2017; Merkle et al. 2022; Michelot et al. 2023). We 

then estimated the proportion of wolf utilization distributions overlapping moose and deer 

occurrence distributions and tested for differences among seasons and populations. We identified 

a single migration corridor through which deer synchronously departed to (April) and returned 

from (October–November) their summer ranges. Though wolves did not increase their use of the 

deer migration corridor seasonally, they shifted spatially within their territories in response to 

seasonal variations in prey distributions. This pattern was exhibited by 1.8–2.1 times greater wolf 

overlap with deer in fall and 1.6–2.7 times greater wolf overlap with moose in summer. Potential 

drivers of these increases included summer moose calf vulnerability, summer co-occurrence with 

American beaver (Castor canadensis), and seasonal variation in deer abundance associated with 

migration. 

In Chapter 2, we examined ecological seasonality of gray wolves, moose, and white-

tailed deer by comparing seasonal space use between communities with and without deer by 
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using Isle Royale National Park (IRNP), Michigan, USA as a simplified system to compare 

against GPIR. We used cluster and principal component analyses (PCA) to estimate timing and 

drivers of seasonal space use states (Basille et al. 2013). We then used weighted autocorrelated 

kernel density estimation (wAKDE) for weighted resource selection functions (wRSFs) to assess 

habitat selection for each population within their respective seasonal space use states (Alston et 

al. 2022a). Mainland populations on and around GPIR generally exhibited two seasonal space 

use states with transitions between states coinciding with changing weather and white-tailed deer 

migration. Selection for landscape attributes varied among seasonal space use states for all 

mainland populations (e.g., increased use of south-facing slopes in winter). In contrast, island 

wolves and moose did not display seasonal space use states, and their resource selection differed 

from mainland populations. The occurrence and lack of seasonal space use states among 

mainland and island populations, respectively, was likely due to the migration of mainland deer. 

Our findings suggest ecological seasonality of predators is linked to prey via seasonal space use 

dynamics but was not associated with parturition.  

In Chapter 3, we estimated mortality seasons of moose and white-tailed deer using time-

to-event models informed by population-level space use metrics and weather data. Mean annual 

moose survival was 83.2% with mortality peaking during late winter (about 25 April) and during 

fall (about 8 October). In total, we recorded 42 moose mortalities including 17 health-related, 8 

predation, 4 harvest, and 13 unknown. Mean annual deer survival was 48.0% with increased 

winter severity predicting decreased survival. Deer mortality peaked during late winter (about 25 

March) and during fall (about 11 November). We recorded 49 total deer mortalities including 26 

predation, 13 harvest, 4 other, and 6 unknown. Our results indicate mortality timing coincided 

with transitions between seasonal space use states suggesting ungulates are at greater mortality 
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risk during these periods. Our moose and deer survival estimates were similar to prior work and 

support recent population estimates suggesting regional moose population declines (Hauge and 

Keith 1981; Nelson and Mech 1986; Brinkman et al. 2004; Severud et al. 2022). 

Wildlife biologists and managers require precise estimates of seasonal ecology including 

movement, space use, and mortality rates to effectively estimate and manage wildlife populations 

(Gurarie et al. 2020). Supporting these objectives, sampling schedules incorporating seasonal 

ecology can improve scientific insights and management applications (Basille et al. 2013). We 

demonstrated gray wolves responding to seasonal prey distributions in an area with white-tailed 

deer migration (Chapter 1). We furthered this observation by determining wolf and moose 

seasonal responses were altered in the presence of migratory deer (Chapter 2). Finally, we found 

that mortality of moose and deer coincided with transitions between these seasonal space use 

states (Chapter 3). Collectively, these results support the use of species-defined sampling 

schedules in ecological research. For example, if surveys of predation pressure (Chapter 1), 

habitat suitability (Chapter 2), or survival (Chapter 3) were scheduled during periods of relative 

ecological stability, researchers could minimize the interannual variability in their estimates. 

Additionally, our results provide insights into ecological theory that may be used in the 

continued scientific understanding of predator-prey interactions in natural settings. Specifically, 

we suggest migratory coupling may only be possible among non-territorial predators (Chapter 1), 

ecological seasonality appears in part dependent on predator-prey community dynamics (Chapter 

2), and seasonal mortality is likely directly related to ecological seasonality (Chapter 3).  
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CHAPTER 1:  

SPATIAL OVERLAP OF GRAY WOLVES AND UNGULATE PREY CHANGES 

SEASONALLY CORRESPONDING TO PREY MIGRATION 

Abstract 

Background  

Prey are often more vulnerable during migration due to decreased familiarity with their 

surroundings and spatially concentrated movements. Predators may respond to increased prey 

vulnerability by shifting their ranges to match prey via migratory coupling. Moose (Alces alces) 

and white-tailed deer (Odocoileus virginianus) are primary prey of gray wolves (Canis lupus) 

and important subsistence species for Indigenous communities. We hypothesized wolves would 

increase use of ungulate migration corridors during migrations, and we predicted wolf 

distributions would overlap with primary available prey. 

Methods 

We examined seasonal movements of gray wolves, moose, and white-tailed deer on and 

near the Grand Portage Indian Reservation, Minnesota, USA. We analyzed GPS collar data 

during 2012–2021 using Brownian bridge movement models in Migration Mapper and 

mechanistic range shift analysis to estimate individual- and population-level occurrence 

distributions and determine the status and timing of range shifts. We estimated the proportion of 

wolf utilization distributions overlapping moose and deer occurrence distributions and tested for 

differences among seasons and populations. 

Results 

We identified a single migration corridor through which white-tailed deer synchronously 

departed their winter ranges in April and asynchronously returned from their summer ranges in 
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October–November. Gray wolf utilization distributions overlapped the deer migration corridor 

similarly across seasons, but wolves altered within-range distributions seasonally corresponding 

to prey distributions. Seasonal spatial shifts by wolves resulted in 1.8–2.1 times greater overlap 

with deer during fall migration (10 October–28 November) and 1.6–2.7 times greater overlap 

with moose during summer (3 May–9 October). 

Conclusions 

Gray wolves did not increase their use of the white-tailed deer migration corridor but 

shifted spatially within their territories in response to seasonal prey distributions. Greater overlap 

of wolves and deer in fall may be due to greater predation success facilitated by asynchronous 

deer movements during migration. Greater summer overlap between wolves and moose may be 

linked to moose calf vulnerability, co-occurrence with American beaver (Castor canadensis), 

and reduced deer abundance associated with seasonal migration. Our results suggest potential 

increases in predation pressure on deer in fall and moose in summer, which can be used to 

inform Indigenous conservation efforts. We observed seasonal plasticity of wolf spatial 

distributions suggestive of prey switching; that wolves did not exhibit migratory coupling was 

likely due to spatial constraints resulting from wolf territoriality. 

Background 

Recognizing place 

The Grand Portage Band of Lake Superior Chippewa is a federally recognized sovereign 

nation of Anishinaabe people with jurisdiction over the Grand Portage Indian Reservation (Gichi 

Onigaming), Minnesota, USA. The Grand Portage Band exercises its usufructuary rights to food 

sovereignty through subsistence hunting, fishing, and gathering throughout the 1854 Ceded 

Territory (Thompson 2020). Moose (mooz; Alces alces) and white-tailed deer (waawaashkeshi: 
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Odocoileus virginianus) are primary subsistence species of Anishinaabe people. Gray wolves 

(ma’iingan; Canis lupus) are culturally and environmentally important to their seventh-

generation planning philosophy of environmental stewardship (Grand Portage Band of Lake 

Superior Chippewa 2023). The Grand Portage Band conducts predator-prey research to improve 

their understanding of ecosystem health, which set the context for this study. 

Migratory coupling 

 A primary assumption of predator-prey movement modeling is that predators have good 

spatial memories, otherwise prey could remain in high quality patches indefinitely because 

predators would not concentrate space use in these areas (Sih 1998; Mitchell and Lima 2002). 

Prey are therefore less likely to be depredated if their movements among resource patches are 

unpredictable (Mitchell and Lima 2002). However, seasonal migrations can reduce variation in 

inter-individual movements, resulting in predictable population-level responses (Grigg 2007; 

White et al. 2010; Sawyer et al. 2019). When seasonal second-order habitat selection (i.e., home 

range selection [Johnson 1980]) by predators matches these predictable prey movements, 

migratory coupling occurs (Furey et al. 2018). Predator home range shifts considered migratory 

coupling can vary from fine-scale shifts (e.g., seasonal use of migratory bottlenecks or feeding 

grounds) to complete migration by predators to follow prey (Furey et al. 2018). These shifts 

generally lead to increased predation risk among migrating prey (Furey et al. 2018). 

 Evolutionarily, prey should not migrate if the costs outweigh the benefits (Avgar et al. 

2014). Two primary benefits of migration are increased forage opportunities and decreased 

seasonal predation risk (Fryxell and Sinclair 1988; Bergerud et al. 1990; Hebblewhite and 

Merrill 2009; Avgar et al. 2014). Migrating to match available forage is common across taxa 

(Avgar et al. 2014); olive ridley sea turtles (Lepidochelys olivacea) (Whiting et al. 2007), water 
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pythons (Liasis fuscus) (Madsen and Shine 1996), common eiders (Somateria mollissima) 

(Guillemette 2001), and bats (order Chiroptera) (Ahlén et al. 2009) demonstrate migratory 

behavior for foraging. Though more difficult to identify, migrating to reduce seasonal predation 

risk also occurs across taxa (e.g., common roach fish [Rutilus rutilus] [Brönmark et al. 2008], 

baleen whales [parvorder Mysticeti] [Corkeron and Connor 1999], and bighorn sheep [Ovis 

canadensis] [Festa-Bianchet 1988]) (Avgar et al. 2014). 

Despite the benefits, migration often increases predation risk for prey. Juvenile sockeye 

salmon (Onorhynchus nerka) exhibited poor survival during migration (< 70%) despite rapid 

downstream movements that overwhelmed predators (Furey et al. 2016). Predation risk of 

migrating wildebeest (Connochaetes taurinus) increased during migration due to foregoing 

predator avoidance in favor of high quality forage (Hopcraft et al. 2014), and pronghorn 

(Antilocapra americana) experienced increased predation risk from mountain lions (Puma 

concolor) when migrating through typically unused and narrow forest corridors (Barnowe-Meyer 

et al. 2009). Prey communities must respond to tradeoffs between predation risk and improved 

forage access to maintain the benefits of migration (Avgar et al. 2014). 

 Gray wolves are obligate carnivores (Newsome et al. 2016; Middleton et al. 2021) whose 

space use can alter predation risk and increase mortality of migrating prey. Caribou (Rangifer 

tarandus) predation by wolves in Finland increased during their migrations (Kojola et al. 2004). 

Migratory elk (Cervus canadensis) in Yellowstone National Park, USA decreased predation risk 

by migrating but were about 1.7 times more likely to be depredated during migration, and 63% 

of migratory elk deaths occurred during or immediately before or after migration (Hebblewhite 

2006; Hebblewhite and Merrill 2007). Non-territorial wolves in tundra ecosystems exhibited 

migratory coupling by following caribou populations during their seasonal migrations (Walton et 
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al. 2001; Musiani et al. 2007; Michelot et al. 2023). Wolves in boreal ecosystems maintain 

territories year-round (Mech and Boitani 2003; Musiani et al. 2007) but may alter second-order 

habitat selection in response to seasonal prey space use (Anderson 2014). 

Despite predation risk generally increasing during migration in the presence of territorial 

predators (Kojola et al. 2004; Robinson et al. 2010; White et al. 2014), the spatial response of 

territorial predators to prey migration remains less understood (Furey et al. 2018). Ungulates 

(i.e., moose and white-tailed deer) are primary gray wolf prey (Newsome et al. 2016) and 

invaluable subsistence species for Indigenous peoples. The Grand Portage Band of Lake 

Superior Chippewa has been conducting predator-prey research toward effective stewardship of 

subsistence resources (Oliveira-Santos et al. 2021; Wolf et al. 2021; Van de Vuurst et al. 2022). 

We furthered this research by investigating the response of a territorial predator, wolves, to 

migration and seasonally shifting spatial distributions of prey. We hypothesized wolves would 

shift their ranges to increase use of ungulate migration corridors during migrations as predicted 

by migratory coupling (Furey et al. 2018). We predicted seasonal wolf movements would 

overlap with primary available ungulate prey. 

Methods 

Study area 

The Grand Portage Indian Reservation is in northeastern Minnesota, USA (47.9614° N, 

89.7594° W). The reservation borders Lake Superior to the southeast, Ontario, Canada to the 

north, and U.S. federal, state, and private properties to the west. Our approximately 1,200 km2 

study area included the reservation and mainland areas within 30 km (Figure 1.1). Elevations are 

183–674 m above sea level with broad valleys between steep ridges (USGS 2020). The area 

contains 11% coniferous forest, 17% deciduous forest, 44% mixed forest, 9% shrubland, 7% 
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wetland, and 5% open water (CCRS et al. 2020). Temperatures within the study area (Cook 

County, Minnesota, USA) during 2009–2019 ranged from mean daily minima of -17.8 ± 3.5 C° 

(mean ± SD) in January to mean daily maxima of 23.3 ± 1.7 C° in July; annual precipitation 

included 281.9 ± 11.7 cm of rainfall and 351.6 ± 80.8 cm of snowfall (NOAA 2022). 

 The primary prey of gray wolves in the western Great Lakes region are white-tailed deer, 

moose, and American beaver (Castor canadensis) (Vucetich et al. 2012; Chenaux-Ibrahim 

2015). About 80–95% of the region’s deer migrate and exhibit winter and summer range fidelity 

(Nelson and Mech 1981; Mech and Barber-Meyer 2020). Moose in the region are semi-nomadic 

with about 20% migrating between summer and winter ranges while the remainder maintain a 

single year-round home range or shift among multiple ranges without clear patterns (Phillips et 

al. 1973). Wolves could be legally harvested in Ontario during the study period (OMNRF 2023), 

but legal harvest in Minnesota occurred only during 2012–2014 (Erb et al. 2018). Deer and 

moose could also be legally harvested, but after 2013, only Indigenous band members could 

harvest moose in Minnesota (1854 Treaty Authority 2023; MNDNR 2023a). Wolves were not 

harvested by Grand Portage Band members when legal. 
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Figure 1.1. Study area on and near the Grand Portage Indian Reservation, Minnesota, USA and 

adjacent portions of Ontario, Canada. Land cover data is from the Commission for 

Environmental Cooperation 30-m land cover map of North America (CCRS et al. 2020). 
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Analytical approach 

We tested our hypothesis that gray wolves would shift their ranges to increase use of 

migration corridors during migration and our prediction that wolves would concentrate 

movements on seasonally available prey in three stages. First, we determined home ranges, 

movement strategies, movement timing, seasonal population-level occurrence distributions, and 

locations of migration corridors using Brownian bridge movement models (BBMMs) in 

Migration Mapper (v3.0) (Merkle et al. 2022). Potential movement strategies included resident 

(single year-round home range), migratory (seasonally shifting between 2 or 3 home ranges), 

nomadic (shifting among ≥ 4 home ranges), or unknown (movement strategy could not be 

assessed). We recorded movement timing as the dates during which animals moved between 

seasonal home ranges. Population-level occurrence distributions are estimates of where a 

population is likely to be in a given time period based on individual-level occurrence 

distributions, but they do not represent home ranges (Alston et al. 2022b). Second, we reassessed 

whether wolves exhibited home range shifts and, if so, the timing and duration of those home 

range shifts using mechanistic range shift analysis (MRSA) to corroborate our Migration Mapper 

results (Gurarie et al. 2017). Third, we calculated individual-level utilization distributions (UDs) 

for wolves and overlap of these UDs with population-level occurrence distributions of prey and 

their migration corridors.  

We used GPS location data from gray wolves, moose (each monitored October 2012–

December 2021), and white-tailed deer (monitored March 2016–December 2021) collared during 

research conducted by the Grand Portage Band of Lake Superior Chippewa Department of 

Biology and Environment (Oliveira-Santos et al. 2021). Wolves were captured using foothold 

traps (Frame and Meier 2007), moose using aerial darting (Barros et al. 2018), and deer using 
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clover traps (VerCauteren et al. 1999). Capture and handling protocols were approved by the 

Grand Portage Band of Lake Superior Chippewa Tribal Council, Michigan State University 

institutional animal care and use committee (IACUC) (PROTO202200266), and State University 

of New York College of Environmental Science and Forestry IACUC (210702). Collar 

relocation data was obtained via satellite or, upon retrieval, downloaded from the collar. 

Minimum relocation intervals of wolf, moose, and deer collars were 3.25–4.5 h (depending on 

estimated collar longevity), 0.25–4 h (depending on time of year), and 4 h, respectively. We 

resampled moose locations to 4-h intervals using the R package padr (Theon 2022) to make 

them similar to wolf and deer relocation intervals. We excluded from analyses individuals that 

dispersed from the study area. 

Migration Mapper 

Migration Mapper is a software application that allows users to analyze GPS location 

data using six modules in a web browser interface while underlying calculations occur in the R 

statistical platform (Merkle et al. 2022; R Core Team 2023). We used Migration Mapper to 

determine home ranges, movement strategies, and timing as well as population-level occurrence 

distributions and migration corridors for gray wolves, moose, and white-tailed deer. We used 

default settings unless otherwise stated.  

In Module 1, we censored aberrant locations from our dataset. Migration Mapper 

identified potentially aberrant locations using movement distances < 50 m in 48 hours as these 

locations were considered post-mortem. However, we retained these locations because we 

censored post-mortem locations before data were imported to Migration Mapper. We censored 

locations identified as aberrant due to movement speeds > 10.8 km/h between consecutive 4-h 

relocations as we considered these locations implausible. We manually inspected remaining 
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locations using first passage time (i.e., the time an animal requires to cross a circle of defined 

radius, which describes the relative use of an area [Fauchald and Tveraa 2003]) and relative 

turning angle, and we censored locations exhibiting small first passage time values (< 1, 

indicating rare usage [Fauchald and Tveraa 2003]) and tight turning angles (179–181°, indicating 

direct routes to and from the location) because these locations were likely anomalous. 

In Module 2, we visually identified home ranges, migratory movements between them, 

and migration timing using maps of locations and temporal graphs of net squared displacement 

and movement speed. We set the beginning of the ecological year to 13 February (the earliest 

capture date for white-tailed deer); if an individual was monitored for more than one year, its 

movement status was aggregated across all monitored years. When individuals moved between 

winter and summer ranges multiple times, we considered individuals to have migrated during the 

movement period associated with the longest transitional occurrence in either range. We assessed 

migratory status following examples from Migration Mapper (Merkle et al. 2022). We 

considered stopover events (i.e., animals stopping in a single concentrated area along their 

migration route for < 1 month) part of the migration event, and we considered individuals 

nomadic, but not migratory, if they moved among ≥ 4 distinct home ranges at irregular intervals. 

If an individual was not monitored long enough (the duration of one migration season for 

individuals with typical movements) to visually assess its movement status due to collar failure 

or mortality, we considered its movement status unknown. If an individual was migratory, we 

recorded the displacement (i.e., Euclidian distance) between the arithmetic centroids of its winter 

and summer home ranges; if an individual did not exhibit range fidelity, we averaged its 

displacement measures. 
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In Module 3, we categorized location data into seasons using animal movements. We 

considered spring and fall migration to occur from the first quartile date migratory white-tailed 

deer departed for their new seasonal range to the third quartile date migratory deer arrived in 

their new seasonal range (Table 1.1). We defined summer and winter as the periods between 

spring and fall migration. We used the same seasons (winter, spring migration, summer, and fall 

migration) for all species to compare population-level occurrence distributions. We used deer 

migrations to define seasons because gray wolves and moose did not exhibit seasonally-defined 

movements (see results). 

In Module 4, we used BBMMs from the R package BBMM (Nielson et al. 2013) to 

generate individual-level occurrence distributions for compilation into population-level 

occurrence distributions for each season in Module 5. We allowed BBMM to calculate movement 

variance instead of manually selecting a movement variance value. We specified a 50-m 

resolution for distributions estimated by BBMM (default = 500-m resolution) to enhance 

occurrence distribution resolutions, and we increased the maximum lag time (i.e., the time 

interval between relocations) to 9 h to allow for a single missed relocation. 

In Module 5, we merged individual-level occurrence distributions to form seasonal 

population-level occurrence distributions. We compiled a model for each season for gray wolves, 

moose, and three subsets of white-tailed deer: migratory individuals only, resident individuals 

only, and all individuals combined (the composite population). This hierarchical process 

produced 20 population-level seasonal occurrence distributions representing the four seasons and 

five populations. We produced population-level distributions by (1) calculating mean 

distributions of individuals during given seasons by merging their individual-level distributions 

from Module 4, (2) calculating mean annual population distributions by merging mean 
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distributions of all individuals monitored each year, and (3) calculating final population-level 

occurrence distributions by merging mean annual distributions from all monitoring years. We 

generated one additional model to represent the deer migration corridor by (1) calculating mean 

distributions of individuals during spring or fall migration by merging their individual-level 

distributions from Module 4 during their migration movements, (2) calculating mean spring and 

fall migration distributions by merging the mean distributions of all migratory individuals 

monitored during the respective migration periods, and (3) calculating the final population-level 

migration corridor occurrence distribution by merging the mean spring and fall migration 

distributions. We merged the spring and fall migration corridors as they were highly similar 

(93.5% overlap; calculated following Cardillo and Warren [2016]). Unlike seasonal population-

level distributions, we treated the migration corridor distribution as a single distribution that did 

not change seasonally. Finally, we exported the 21 resultant 95% population-level occurrence 

distributions from Migration Mapper as shapefiles. We used Module 6 for data visualization 

throughout the process.
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Table 1.1. Timing of annual migrations by white-tailed deer (Odocoileus virginianus) on and near the Grand Portage Indian 

Reservation, Minnesota, USA, 2016–2021.  

Migration event 5% start 

migrating 

25% start 

migrating 

Average 

migration start 

Average 

migration finish 

75% finish 

migrating 

95% finish 

migrating 

Spring 2 April 4 April 19 April 28 April 2 May 2 June 

Fall 11 August 10 October 28 October 8 November 28 November 13 January 
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Mechanistic range shift analysis (MRSA) 

We tested if gray wolves shifted their home ranges using MRSA in the marcher package 

(Gurarie et al. 2017; Gurarie and Cheraghi 2017) in R (v4.2.1) (R Core Team 2023) to 

corroborate results from Migration Mapper. The utility of MRSA is the statistical validation of 

the occurrence of range shift behaviors. We visually searched the movements of each wolf for 

temporal differences in latitude and longitude and applied a 3-cluster means process including 

three of the four seasons observed to identify potential home range shifts (Gurarie et al. 2017; 

Gurarie and Cheraghi 2017). We then fit a migratory white noise range shift model using 

maximum likelihood and tested for statistical significance (p < 0.05) (Gurarie et al. 2017; 

Gurarie and Cheraghi 2017). If a model identified a home range shift, we recorded the estimates 

of range shift timing and duration with 95% confidence intervals (CI). 

Overlap calculations 

We assessed whether gray wolves switched prey seasonally by calculating spatial overlap 

of wolves with prey. We calculated wolf utilization distributions using kernel BBMMs (Horne et 

al. 2007). We excluded wolves if < 5% of recorded locations were within the 95% white-tailed 

deer migration corridor occurrence distribution boundary due to territorial boundaries of adjacent 

packs or dispersal. We subset remaining wolf locations into the four seasons defined using 

Migration Mapper (winter, spring migration, summer, and fall migration). We removed wolf-

seasons with < 50 locations, which represented one week of monitoring and the approximate 

minimum time required by wolves to traverse their home ranges several times as determined 

visually using variograms in the R package ctmm (Fleming and Calabrese 2022b; Fleming and 

Calabrese 2022a). We calculated the outer boundary of 95% kernel BBMM UDs for each wolf-

season in the R package adehabitatHR (Calenge 2006; Michelot et al. 2023). We calculated the 
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percentage of the area within those boundaries overlapping the corresponding population-level 

seasonal prey occurrence distributions and the deer migration corridor (hereafter, percent 

overlap) in the R package sf (Pebesma 2018; Michelot et al. 2023). Finally, we calculated the 

mean and 95% CI of percent overlap of wolf-seasons. Because percent overlap was not normally 

distributed, we used nonparametric Kruskal-Wallis tests to identify populations with differences 

in percent overlap between seasons and Dunn tests to identify specific seasons with greater 

overlap (Potvin and Roff 1993; Dinno 2015). We used Mann-Whitney tests to identify 

differences in percent overlap with wolves between populations during given seasons (Potvin 

and Roff 1993). 

We repeated the above steps for Migration Mapper and overlap calculations using 50% 

UDs and 50% occurrence distributions to represent the core areas of spatial distributions and 

determine if seasonal patterns in percent overlap varied between spatial scales. 

Results 

Movement Status 

We obtained location data from 45 gray wolves (median = 623 locations per individual; 

range = 7–2,721), 135 moose (median = 2,541; range = 6–16,042), and 72 white-tailed deer 

(median = 1,363; range = 6–8,497). Of these, we assessed seasonal movement status of 35 

wolves, 106 moose, and 63 deer. We monitored 3 wolves for 2 years, 85 moose for 2–10 years, 

and 35 deer for 2–5 years. We did not assess the movement status of 9 wolves, 29 moose, and 9 

deer that dispersed from the study area or were not monitored long enough to assess movement 

status due to mortality or collar failure.  

No wolves exhibited range shifts or were migratory. Among moose, 58 (54.7%) were 

nomadic, 11 (10.4%) migrated, and 37 (34.9%) maintained a single home range. Median 
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displacement between migratory moose winter and summer home ranges was 5.0 km (range = 

1.5–20.0 km), but we did not identify a moose migration corridor. Among white-tailed deer, 42 

(66.7%) migrated and 21 (33.3%) maintained a single home range. We identified 62 spring and 

46 fall deer migration events from 42 individuals including 15 individuals monitored for 2–5 

years exhibiting migration each year. Spring migration by deer primarily occurred synchronously 

in April, and fall migration primarily occurred asynchronously during October–November (Table 

1.1; Figure A.1; Figure A.2). Migratory deer followed a single migration corridor between their 

winter and summer ranges (Figure 1.2). Median displacement between migratory deer winter and 

summer home ranges was 16.8 km (range = 3.5–33.0 km). 
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Figure 1.2. White-tailed deer (Odocoileus virginianus) migration corridor on and near the Grand 

Portage Indian Reservation, Minnesota, USA, 2016–2021. Blue and green polygons represent 

95% occurrence distributions of the migratory deer population during winter and summer, 

respectively; gray-scale overlapping polygons represent the proportion of migratory deer using a 

given area during their spring and fall migration movements. 
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Seasonal overlap 

We calculated population-level occurrence distributions for moose-seasons and white-

tailed deer-seasons as well as separate distributions for migratory and resident deer during winter 

(214 moose, 45 deer [32 migratory, 13 resident]), spring migration (268 moose, 104 deer [69 

migratory, 35 resident]), summer (256 moose, 96 deer [67 migratory, 29 resident]), and fall 

migration (213 moose, 73 deer [55 migratory, 18 resident]). We calculated individual-season 

models for gray wolves during winter (n = 33), spring migration (n = 11), summer (n = 25), and 

fall migration (n = 32). We excluded from our individual-season models 3 wolves with too few 

locations and 7 wolves because < 5% of their total recorded locations were within the deer 

migration corridor of which 6 dispersed from the study area. 

Here, we present results from calculating percent overlap of gray wolf 95% UDs with 

prey 95% occurrence distributions (Figure 1.3; Table 1.2; Table 1.3), which were similar to 

respective calculations of percent overlap of wolf 50% UDs with prey 50% occurrence 

distributions (Figure A.3; Tables A.1–A.4). Percent overlap of wolf UDs and the white-tailed 

deer migration corridor differed marginally among seasons (ꭓ2 = 7.81, p = 0.05), with overlap 

greater during fall migration than spring migration (Z = 2.72, p = 0.04). Overlap of wolf UDs 

with moose distributions differed among seasons and was 1.6–2.7 times greater during summer. 

Overlap of wolf UDs with composite deer distributions changed seasonally and was 1.7–2.1 

times greater during fall migration. Overlap of wolf UDs with composite deer distributions was 

greater than that of wolves with moose during fall migration. Percent overlap of wolf UDs with 

only migratory deer occurrence distributions changed seasonally and was 1.7–2.1 times greater 

during fall migration. Overlap of wolves with only resident deer distributions did not change 
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seasonally. Overlap of wolves with only migratory deer was greater than overlap with only 

resident deer during summer, fall migration, and winter. 
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Figure 1.3. Seasonal percent overlap of gray wolves (Canis lupus) with prey on and near the 

Grand Portage Indian Reservation, Minnesota, USA, 2012–2021. Percent overlap was calculated 

using 95% wolf UDs and 95% occurrence distributions of moose (Alces alces), migratory white-

tailed deer (Odocoileus virginianus), and resident deer. Points represent means with 95% CI. 

Spring and fall represent the deer migration period. 
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Table 1.2. Kruskal-Wallis tests for differences in seasonal percent overlap of gray wolves (Canis 

lupus) with prey on and near the Grand Portage Indian Reservation, Minnesota, USA, 2012–

2021. Comparisons of percent overlap of individual-level wolf 95% UDs with population-level 

95% occurrence distributions of moose (Alces alces), the white-tailed deer (Odocoileus 

virginianus) migration corridor, the composite deer population, migratory deer only, or resident 

deer only are presented. A significant test (p < 0.05) indicates percent overlap of wolves with the 

indicated population changed seasonally. Dunn tests identify seasons during which overlap 

differed. 

Population ꭓ2 p-value Dunn test 

Moose 20.09 < 0.01 Table S3 

Deer migration corridor 7.81 0.05 N/A 

Composite deer 12.88 < 0.01 Table S4 

Migratory deer 14.22 < 0.01 Table S4 

Resident deer 3.50 0.32 N/A 
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Table 1.3. Mann-Whitney tests for differences in percent overlap of gray wolves (Canis lupus) with prey on and near the Grand 

Portage Indian Reservation, Minnesota, USA, 2012–2021. Population comparisons represent percent overlap of individual-level wolf 

95% UDs (n) with population-level 95% occurrence distributions of moose- (Alces alces) seasons (N) and resident-, migratory-, and 

composite- white-tailed deer (Odocoileus virginianus) seasons (N). A significant test (p < 0.05) indicates percent overlap of wolves 

with specified populations differed during the specified season; the population with greater overlap is designated in the final column. 

n (wolves) Population 1 (N) Population 2 (N) Season W p-value Greater overlap 

33 Composite deer (45) Moose (214) Winter 673 0.10 N/A 

11 Composite deer (104) Moose (268) Spring 64 0.84 N/A 

25 Composite deer (96) Moose (256) Summer 217 0.06 N/A 

32 Composite deer (73) Moose (213) Fall 743 < 0.01 Composite deer 

33 Resident deer (13) Migratory deer (32) Winter 794 < 0.01 Migratory deer 

11 Resident deer (35) Migratory deer (69) Spring 76 0.32 N/A 

25 Resident deer (29) Migratory deer (67) Summer 431 0.02 Migratory deer 

32 Resident deer (18) Migratory deer (55) Fall 795 < 0.01 Migratory deer 
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Discussion 

We did not find support for our hypothesis that gray wolves would increase their use of 

migration corridors during white-tailed deer migration. Wolves in our study also did not exhibit 

home range shifts or migratory coupling (Gurarie et al. 2017; Furey et al. 2018), though this 

phenomena has occurred among non-territorial migratory wolves pursuing migratory caribou 

(Ballard et al. 1997; Musiani et al. 2007; Michelot et al. 2023). Non-migratory wolves, like those 

in our study, are territorial and defend their home ranges year-round (Mech and Boitani 2003; 

Musiani et al. 2007). Spatial constraints due to intra-specific territoriality likely explain why 

wolves in our study did not shift their ranges seasonally (Figure A.4). Migratory coupling has 

only been reported among non-territorial (e.g., grizzly bear [Ursus arctos] [Servheen 1983; 

Deacy et al. 2016]), semi-territorial (e.g., cheetah [Acinonyx jubatus] [Melzheimer et al. 2018; 

Broekhuis et al. 2021]), or seasonally territorial (e.g., red knot [Calidris canutus] [Reneerkens et 

al. 2002; Buehler and Piersma 2008]) predators (Furey et al. 2018). This pattern indicates 

territorial predators may not exhibit migratory coupling as proposed by Furey et al. (2018). An 

exception may occur among territorial wolves whose ranges were seasonally limited by 

elevation-mediated snow depths (Anderson 2014), but this requires further examination. 

In contrast to our hypothesis, gray wolf distributions overlapped the migration corridor 

similarly year-round. Migratory corridors typically follow least-cost paths that facilitate animal 

movement (Nuñez et al. 2022), and wolves select for least-cost paths to increase prey encounters 

(Kittle et al. 2017; Clare et al. 2023). Though we did not assess landscape resistance, wolves 

could be using the corridor year-round to optimize foraging. Alternatively, resource dispersion 

hypothesis posits predators should defend the minimum amount of territory necessary to support 

themselves when prey are least available, which may include maintaining access to migration 

corridors even when prey are not migrating (Macdonald 1984). Wolves, cheetahs, and African 
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lions (Panthera leo) exhibited such behavior despite territorial limitations (Brandell et al. 2021; 

Broekhuis et al. 2021). Wolves may therefore maintain access to the migration corridor year-

round to access increased prey availability during migrations (Macdonald 1984) or to facilitate 

improved mobility in all seasons (Gurarie and Ovaskainen 2013; Kittle et al. 2017). 

Though we did not observe home range shifts or migratory coupling, our prediction that 

gray wolves would adapt to seasonal prey availability was supported as wolves altered their 

within-range spatial distributions in concert with seasonal prey distributions. This result contrasts 

assertions that wolves alter prey distributions rather than responding to them (Oliveira-Santos et 

al. 2021). A possible explanation is that both patterns occur simultaneously; we used prey to 

describe wolf movement whereas Oliveira-Santos et al. (2021) used wolves to describe prey 

movement. We observed greater overlap of wolves with migratory white-tailed deer during fall 

migration as well as with moose during summer. This outcome suggests a spatial response to 

memories of predation success and biased movements towards available prey in support of prey 

switching under alternative prey hypothesis (Lack 1954; Mitchell and Lima 2002; Tschanz et al. 

2007; Vijayan et al. 2019; Brandell et al. 2021). Seasonal prey switching in response to relative 

prey availability is common among predators (Tschanz et al. 2007; Xavier et al. 2018; 

Moorhouse‐Gann et al. 2020). In our study area, migratory deer were present in winter while 

moose were present year-round. Further, fall migration by deer is protracted and asynchronous 

while spring migration is brief and synchronous. Analogous to prey switching, wolves should 

concentrate their spatial distributions on the more functionally available deer in fall and winter 

then switch to the best alternatives in summer when deer are less abundant (Tschanz et al. 2007). 

This pattern is supported by the greater proportions of deer in wolves’ winter diets and of beaver 

and moose calves in summer diets in this region (Chenaux-Ibrahim 2015; Severud et al. 2019b; 



31 
 

Sovie et al. 2023) as well as increased deer mortality during fall migration due to wolf predation 

(Chapter 3). 

Migratory white-tailed deer in our study experienced the greatest overlap with gray 

wolves during fall migration. Prey migration is risky due to decreased vigilance and lessened 

familiarity with areas traversed (Hebblewhite and Merrill 2007; Hopcraft et al. 2014; Forrester et 

al. 2015; Gehr et al. 2020); however, migration to reduce predation risk or seek better forage is 

common (Avgar et al. 2014). Though overlap may not equate to risk (Hebblewhite et al. 2005; 

Suraci et al. 2022), deer in our study are likely most vulnerable during fall migration because 

their asynchronous and predictable movements could facilitate higher predation success 

(Mitchell and Lima 2002; Vijayan et al. 2019). Deer may also exhibit reduced predator 

avoidance behaviors (e.g., more diurnal activity) during the rut, which coincides with fall 

migration (Nelson and Mech 1981; Clare et al. 2023), though male ungulates may exhibit greater 

vigilance during this period (Quenette 1990). Comparatively, spring deer migration was 

synchronous, which may have limited wolves’ ability to respond to spring migration movements 

(Nelson and Mech 1991). Wolves also reduce movements during denning and parturition, which 

occurred during spring deer migration (Fuller 1989; Benson et al. 2015) potentially explaining 

marginally lower overlap of wolves with the migration corridor during this period. We suggest 

increased overlap of wolves with migratory deer during fall is a consequence of increased 

predation success due to greater deer vulnerability and increased availability of deer carcass 

remains from hunter harvest. Supporting our conclusions, deer and caribou experienced greater 

mortality during fall migration than during spring migration (Nelson and Mech 1991; Kojola et 

al. 2004; Chapter 3), and wolves used anthropogenic sources of carrion (Gable et al. 2018; 

Petroelje et al. 2019). Our models, however, may not have identified complete patterns as wolves 
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could have pursued unmonitored deer whose fall migrations were not examined or corridor 

distributions may have been too coarse due to the 4–8-h relocation intervals used in our analyses 

(Merkle et al. 2022). 

Compared to fall migration, white-tailed deer exhibited lower overlap with gray wolves 

during winter suggesting potential predator avoidance when they are in poorest condition (Kautz 

et al. 2020; Vindenes et al. 2023). The corresponding lower overlap of wolves and deer during 

summer relative to winter, however, is likely an artefact of monitored migratory deer leaving the 

ranges of monitored wolves and entering the ranges of unmonitored wolves. Migratory deer also 

experienced greater overlap with wolves year-round than resident deer. Migratory barnacle geese 

(Branta leucopsis) foraged for longer durations than residents (Boom et al. 2023), and migratory 

elk increased predation risk to obtain greater summer forage while resident elk exhibited the 

opposite (Hebblewhite and Merrill 2009; Hebblewhite and Merrill 2011). Migratory deer in our 

study may do the same and exhibit increased predator avoidance in winter and forage seeking in 

summer (Avgar et al. 2014; Clare et al. 2023). Resident deer in our study remained closer to 

Lake Superior shoreline habitats that receive less snowfall and have greater human activity 

(Sanderson et al. 2002; MNDNR 2023b). These factors may reduce risk through increased deer 

mobility and human shield effect (Pearson et al. 1995; Berger 2007) and may explain why a 

lower percentage of deer in our study were migratory than in nearby inland populations (Nelson 

and Mech 1981; Mech and Barber-Meyer 2020). 

We observed an increase in gray wolf and moose overlap during summer despite the 

relative year-round range stability of these species. There are several possible explanations for 

this response. First, many white-tailed deer, which are wolves’ primary prey (Latham et al. 2013; 

Chenaux-Ibrahim 2015), are absent from the core of our study area during summer. Second, 
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moose calves are spatially concentrated in predictable landscape-level patterns during summer, 

more vulnerable to depredation, and have high mortality rates due largely to wolf depredation 

(Severud et al. 2015; Severud et al. 2019b; Van de Vuurst et al. 2022). Third, American beaver 

account for up to one third of summer wolf biomass consumption (Latham et al. 2013; Chenaux-

Ibrahim 2015), and resource selection by wolves suggests selection for beaver habitat (Latham et 

al. 2013; Benson et al. 2015). Finally, wolves select for flatter slopes in mid- to late summer 

when pups are immature and less mobile (Anderson 2014; Benson et al. 2015). This combination 

of decreased deer availability, high moose calf vulnerability, increased beaver availability, and 

limited wolf pup mobility likely explains the greater spatial overlap of wolves and moose in 

summer. 

Management implications 

Moose populations are declining throughout their southern range including the 1854 

Ceded Territory (Ruprecht et al. 2016; Severud et al. 2022). The Grand Portage Band desires to 

increase moose abundance and conducts management to limit population declines. For example, 

implementing spring black bear (Ursus americanus) harvests appear to have improved moose 

recruitment (Grand Portage Band of Lake Superior Chippewa, unpublished data). Our results 

and previous work indicate moose likely experience greater gray wolf predation pressure during 

summer when calves are more vulnerable (Severud et al. 2015; Wolf et al. 2021). If management 

goals include further increases in moose calf recruitment, management actions to reduce wolf 

predation of calves could be implemented (Hayes et al. 2003; Adams et al. 2019), though 

Indigenous constituents’ opinions should also be considered (Gilbert et al. 2022).  
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Conclusions 

 Our work is among the first to use season-specific population-level occurrence 

distributions for analysis of predator-prey interactions (Alston et al. 2022b; Michelot et al. 2023). 

Gray wolves seasonally altered their within-range spatial distributions supporting prey switching. 

We also demonstrate spatial plasticity of predators in response to spatially dynamic prey, which 

is well-studied among non-territorial predator populations (Furey et al. 2018) but warrants 

further consideration among territorial and semi-territorial species (Brandell et al. 2021; 

Broekhuis et al. 2021). Wolves in our study did not, however, exhibit home range shifts or 

migratory coupling in response to white-tailed deer migration. Because wolves in the western 

Great Lakes region are territorial with little available space between packs (Mech 1977; Mech 

and Boitani 2003), even subtle range shifts between seasons may be inhibited. We suggest 

territorial predator populations can exhibit within-territory shifts in spatial distributions but not 

migratory coupling as originally postulated by Furey et al. (2018), though an exception may 

occur among territorial predators whose ranges are seasonally limited by weather conditions 

(e.g., snow depth) (Anderson 2014). 
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CHAPTER 2: 

GRAY WOLVES ALTER SPACE USE SEASONALLY IN RESPONSE TO 

MIGRATORY PREY 

Abstract 

Ecological seasonality describes the dynamic adaptation of species to changes in the 

biotic community of their environment and suggests predators will alter space use synchronously 

with seasonal prey availability. We assessed ecological seasonality using seasonal space use 

states (i.e., periods of similar movement and resource use). We compared seasonal space use of 

mainland gray wolves (Canis lupus), moose (Alces alces), and white-tailed deer (Odocoileus 

virginianus) on and near the Grand Portage Indian Reservation, Minnesota, USA against island 

populations of wolves and moose on nearby Isle Royale National Park, Michigan, USA. We 

hypothesized mainland wolves would alter their seasonal space use states in response to 

variations in prey availability corresponding to seasonal migration but island wolves would not 

because primary prey are non-migratory. We also hypothesized that reproduction would 

influence seasonal space use states in both systems. We used GPS collar locations from mainland 

wolves (beginning in 2008), moose (2010), and deer (2016) plus island wolves (2018) and moose 

(2019) recorded through 2021. We used cluster and principal component analyses (PCA) to 

temporally define seasonal space use states among populations. We used weighted autocorrelated 

kernel density estimation (wAKDE) for weighted resource selection functions (wRSFs) to assess 

habitat selection during seasonal space use states for each population. Mainland populations 

generally exhibited two seasonal space use states with transitions between seasons coinciding 

with changing weather and deer migration. Selection for landscape attributes varied among 

seasonal space use states for all mainland populations (e.g., increased use of south-facing slopes 
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in winter). In contrast, island wolves and moose did not alter their space use states seasonally, 

and their resource selection differed from mainland populations. The occurrence and lack of 

seasonal space use states exhibited by mainland and island populations, respectively, was likely 

due to the migration of mainland deer. Our findings suggest ecological seasonality of predators is 

linked to prey via seasonal space use dynamics, but seasonal space use states were not associated 

with parturition.  

Context 

The Grand Portage Band of Lake Superior Chippewa is a federally recognized sovereign 

nation of Anishinaabe people whose home is on the Grand Portage Indian Reservation, 

Minnesota, USA (Gichi Onigaming). Band members exercise their usufructuary rights to food 

sovereignty through subsistence hunting, fishing, and gathering in the 1854 Ceded Territory 

(Thompson 2020). Recently, Isle Royale National Park, Michigan, USA (Minong) was 

recognized as a Traditional Cultural Property of the Grand Portage Band (National Park Service 

2022). Moose (mooz; Alces alces) and white-tailed deer (waawaashkeshi; Odocoileus 

virginianus) are primary subsistence species of Anishinaabe people in the 1854 Ceded Territory. 

Gray wolves (ma’iingan; Canis lupus) are kin to the Anishinaabe people and environmentally 

important to their seventh-generation approach to ecosystem stewardship (Gilbert et al. 2022; 

Grand Portage Band of Lake Superior Chippewa 2023). Predator-prey research is conducted by 

the Grand Portage Band to improve their understanding of ecosystem health, which set the 

context for this study. 

Introduction 

Habitat selection is ultimately influenced by cost–benefit tradeoffs that maximize fitness 

(Mayor et al. 2009). For predators, optimal habitat selection depends on matching prey habitat 
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selection across space and time (Mitchell and Lima 2002). Predator adaptations may therefore 

correspond to seasonal variability in prey abundance following optimal foraging theory and 

alternative prey hypothesis (Lack 1954; Werner and Hall 1974; Tschanz et al. 2007). Gentoo 

penguins (Pygoscelis papua), for example, switch between zooplankton (Themisto gaudichaudii) 

and krill (Euphausia superba) when krill abundance increases during late winter (Xavier et al. 

2018), and Eurasian otters (Lutra lutra) consume more amphibians in winter when density is 

greater (Moorhouse‐Gann et al. 2020).  

Ecological seasonality is based on animal ecology and can be influenced by biotic (e.g., 

available forage or reproductive cycles) or abiotic (e.g., weather) factors, as opposed to calendar-

derived seasons of fixed duration such as solstices or seasons determined using a single variable 

such as migration timing (Basille et al. 2013). Combined with existing predator-prey theory 

(Lack 1954; Werner and Hall 1974; Mitchell and Lima 2002), predators should alter space use 

across ecological seasons corresponding with extrinsic changes in the prey community (Furey et 

al. 2018). Basking sharks (Cetorhinus maximus) (Sims et al. 2003) and Hector’s dolphins 

(Cephalorhynchus hectori) (Bräger et al. 2003) demonstrate seasonal changes in space use by 

using shallower habitats in summer and deeper habitats in winter when shallow-water prey are 

scarce. Lions (Panthera leo) alter space use between wet and dry seasons in response to spatial 

concentrations of prey around water sources (Kittle et al. 2016; Schooler et al. 2022).  

Though optimal space use by predators is primarily determined by prey consumption, 

reproduction also influences space use. Male bottlenose dolphins (Tursiops aduncus) select prey-

rich offshore embankments except when females enter estrus; male dolphins then switch to 

sheltered habitats used by females forfeiting higher prey abundances (O'Brien et al. 2020). 

Steller sea lion (Eumetopias jubatas) (Sinclair and Zeppelin 2002) and mountain lion (Puma 
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concolor) (Smereka et al. 2020) females select habitats that decrease predation of their dependent 

young in lieu of habitats with higher prey concentrations, thereby conceding prey encounters. 

These space use changes suggest a balance between food consumption and sexual reproduction. 

Gray wolf (Canis lupus) space use is influenced by prey availability and reproduction. 

Where wolves’ primary prey are migratory, they alter space use to match prey distributions. 

Wolves migrated between winter and summer ranges following caribou (Rangifer tarandus) 

migrations (Walton et al. 2001) and followed elevation-mediated ungulate habitat selection 

associated with decreased snow-depths and increased forage (Anderson 2014). In contrast, 

wolves pursuing non-migratory ungulates did not alter space use seasonally (Roffler et al. 2018). 

Wolves also switch between prey seasonally according to relative availability, such as 

consuming more American beaver (Castor canadensis) and caribou in summer when these 

species are more vulnerable (Latham et al. 2013). Reproduction also influences wolf space use; 

wolves contract their space use to remain closer to den sites and pups following parturition 

(Walton et al. 2001; Benson et al. 2015; Roffler and Gregovich 2018). 

Defined in the context of ecological seasonality, seasonal space use states are time 

periods identified by population-level space use patterns (i.e., movements and resource selection) 

resulting from species-specific responses to changing biotic and abiotic conditions (e.g., 

available forage, reproductive activities, snowfall). We examined how annual reproduction and 

prey availability affected gray wolf space use by assessing wolves’ seasonal space use states in 

two environmentally similar systems with disparate prey communities. We hypothesized space 

use by wolves would differ temporally in the presence of migratory prey due to altered prey 

availability but remain largely unchanged where prey were non-migratory and present year 

round. We hypothesized wolf space use would be defined by spatial limitations during 



39 
 

parturition but would otherwise reflect habitats used by primary available prey regardless of prey 

migration. 

Material and methods 

Study area 

 We conducted our study on and near the Grand Portage Indian Reservation (GPIR), 

Minnesota, USA (47.9614° N, 89.7594° W) and Isle Royale National Park (IRNP), Michigan, 

USA (47.9959° N, 88.9093° W) (Figure 2.1). The GPIR study area comprised about 1,200 km2 

including GPIR and mainland areas ≤ 30 km from GPIR (i.e., areas within the migratory range of 

our study species [Chapter 1]) including portions of Ontario, Canada to the north and U.S. 

federal, state, and private land within the 1854 Ceded Territory to the west. This mainland study 

area is characterized by steep ridges and broad valleys with elevations 183–674 m above sea 

level (USGS 2020). The mainland area contains 44% mixed forest, 17% deciduous forest, 11% 

coniferous forest, 9% shrubland, 7% wetland, and 5% open water (CCRS et al. 2020). Mean 

daily temperatures during 2009–2019 ranged from minima of -17.8 ± 3.5 C° (mean ± SD) in 

January to maxima of 23.3 ± 1.7 C° in July, with 281.9 ± 11.7 cm of rainfall and 351.6 ± 80.8 cm 

of snowfall annually (NOAA 2022). Gray wolves could be legally harvested in Ontario during 

our study, but legal harvest in Minnesota occurred only during 2012–2014 (Erb et al. 2018). 

Migratory white-tailed deer (Odocoileus virginianus), non-migratory moose (Alces alces), and 

beaver are the primary prey of wolves in the area (Chenaux-Ibrahim 2015; Chapter 1). Deer and 

moose could be harvested throughout Ontario and Minnesota, but after 2012, only indigenous 

band members could harvest moose in Minnesota (1854 Treaty Authority 2023). 

An approximately 534 km2 archipelago of over 450 islands, IRNP is a United Nations 

Educational, Scientific and Cultural Organization (UNESCO) World Biosphere Reserve with no 
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roads in northwestern Lake Superior about 22 km from mainland Minnesota and Ontario. This 

island study area contains elevations 183–429 m above sea level with rocky terrain, steep parallel 

ridges, and low-lying areas containing inland lakes (USGS 2020). Land cover of IRNP is 49% 

mixed forest, 23% wetland, 9% deciduous forest, 8% coniferous forest, 8% open water, and 2% 

shrubland (CCRS et al. 2020). During 2009–2019, IRNP had mean January daily minima of -

13.4 ± 3.1 C° and mean July daily maxima of 24.2 ± 1.8 C° (NOAA 2022). Non-migratory 

moose are the only ungulate on IRNP and the principal prey of gray wolves along with beaver 

(Tischler et al. 2022; Sovie et al. 2023). Harvest of moose and wolves in IRNP is prohibited.
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Figure 2.1. Study area including areas on and near the Grand Portage Indian Reservation, Minnesota, USA and Isle Royale National 

Park, Michigan, USA. Land cover data was obtained from the Commission for Environmental Cooperation 30-m land cover map of 

North America (CCRS et al. 2020).
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Data collection 

We used data collected by the Grand Portage Band of Lake Superior Chippewa and 

National Park Service (NPS) through 31 December 2021. Mainland gray wolves (beginning in 

2008), moose (2010), and white-tailed deer (2016) were captured and affixed with GPS collars 

each year. Capture methods included foothold traps for wolves (Frame and Meier 2007), aerial 

darting for moose (Barros et al. 2018), and clover traps for deer (VerCauteren et al. 1999). 

Capture and handling protocols were approved by the Grand Portage Band of Lake Superior 

Chippewa Tribal Council, Michigan State University institutional animal care and use committee 

(IACUC) (PROTO202200266), and State University of New York College of Environmental 

Science and Forestry IACUC (210702),  

From September 2018 to September 2019, 19 gray wolves were captured, fitted with GPS 

collars, and introduced to the island where two wolves were already present (Romanski et al. 

2020). Five additional wolves born on the island were captured using foothold traps in May 2021 

(Hoy et al. 2022). Moose on the island were captured in February 2019 and March 2020 using 

aerial darting (Barros et al. 2018). All suitable captured individuals were affixed with GPS 

collars following methods approved by the NPS IACUC 

(MWR_ISRO_Romanski_Wolves_2018.A3; MWR_ISRO_Hoy_Moose_2018.A3). 

In both study areas, most collar data was obtained via satellite when collars were active; 

remaining data were downloaded directly from the hardware upon retrieval. Minimum relocation 

intervals of gray wolf and white-tailed deer collars were 3.25–4.5 h (based on intended collar 

longevity), and minimum relocation intervals of moose collars were 0.25–4 h (based on time of 

year). We excluded location data within seven days of capture or mortality to account for capture 

myopathy and our inability to determine exact mortality dates (Northrup et al. 2014). 
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We produced raster maps of aspect, slope, distance to Lake Superior, distance to roads 

(mainland only), distance to trails (island only), and land cover using ArcGIS Pro (v3.0.3, Esri, 

Redlands, California, USA). We derived aspect and slope from the United States Geological 

Survey (USGS) 1 arc-second (about 30-m resolution) digital elevation models (USGS 2020). We 

used the Euclidian distance tool to calculate the nearest distance from each 30-m cell to Lake 

Superior as defined by the National Oceanic and Atmospheric Administration (NOAA) digital 

shoreline (NOAA 2000), to roads demarcated by the United States Census Bureau (USCB) or 

Ontario Road Network (USCB 2021; OMNRF 2022), and to trails using a NPS database (Isle 

Royale National Park, unpublished data). We used the Commission for Environmental 

Cooperation (CEC) 30-m resolution land cover map of North America to determine land cover 

(CCRS et al. 2020). We considered agriculture and grassland part of the shrubland category for 

our analyses because these three categories were frequently misidentified as one another as 

determined during qualitative field assessments and because agriculture and grassland each 

composed < 2% of land cover. 

We obtained weather data from the NOAA Climate Data Online tool as the daily average 

of data recorded from weather stations in Cook County, Minnesota, USA during 2008–2021 

(NOAA 2022). We calculated average daily change in growing degree days (ΔGDD) from mean 

daily temperatures using a latitudinal correction (van Wijk et al. 2012). 

Seasonal space use states 

To test our hypothesis that space use would change temporally, we first determined the 

occurrence and timing of seasonal space use states for each population (i.e., mainland gray 

wolves, moose, and white-tailed deer; island wolves and moose) using cluster analyses in R 

(v4.2.1) with the R packages clusterSim and fpc (Basille et al. 2013; Hennig 2020; Walesiak and 
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Dudek 2021; R Core Team 2023). Cluster analyses are used to group data points with similar 

characteristics and can be applied to any vector of measurements describing a study object (i.e., 

daily space use) (Frades and Matthiesen 2010; Basille et al. 2013). We ran cluster analyses using 

year-round data and did not limit resultant clusters to any specific timeframes.   

To determine daily space use, we resampled collar locations to 12 ± 2 h relocation 

intervals to reduce biases resulting from relocation intervals varying across individuals and 

seasons using R package amt (Signer et al. 2019). We calculated step-length and turning angle of 

GPS collar movement data for each location. Step-length was the distance between the prior and 

current locations, and turning angle was the angle formed by the prior, current, and subsequent 

locations. We extracted landscape covariate values for each location then calculated the daily 

population average for each landscape covariate from all available locations for each ordinal day. 

We assessed normality of daily averages using quantile–quantile plots and made square root or 

center and scale transformations as necessary (Fox 2015; Kassambra 2023). We checked daily 

averages of landscape covariates for multicollinearity using Pearson’s product-moment 

correlation coefficient (r), assumed influential when |r| ≥ 0.70 (Dormann et al. 2013). The output 

of these steps was a matrix of daily space use averages for each population comprised of 

individual movements and habitat use (hereafter, daily space use matrix). We also generated 

daily space use matrices for subsets of island gray wolves monitored before and after the first 

denning event by introduced wolves (considered 15 April 2019) to account for potential 

variability in pack stability following introduction (Romanski et al. 2020). 

We used the daily space use matrices to conduct cluster analyses. We first generated 

heuristic identification of noisy variables (HINoV) models in R package clusterSim to determine 

the inclusion and exclusion of space use metrics (Carmone Jr. et al. 1999; Walesiak and Dudek 
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2021). The HINoV process assesses which variables contain little clustering information so they 

can be removed from analyses to reduce the production of misleading results (Carmone Jr. et al. 

1999). We used one-way analysis of variance (ANOVA) to identify variables whose 

distributions differed (α < 0.05) and removed those variables (Carmone Jr. et al. 1999). We 

determined the number of clusters (k) to be considered using the elbow method in R package 

factoextra (Kassambra and Mundt 2020) and the silhouette method via manual programming (de 

Amorim and Hennig 2015). The elbow and silhouette methods allow for visual determination of 

the appropriate number of clusters (de Amorim and Hennig 2015; Kassambra and Mundt 2020).  

We used a k-means cluster analysis to determine cluster assignments for each day in our 

daily space use matrices. The k-means process assigned each day to a cluster while minimizing 

the mean squared distance from each day’s space use vector to the center of k clusters in the 

model. We completed our cluster analysis in R package fpc with 5,000 bootstrap replicates for 

each of ten random number seeds for the range of the number of clusters considered (k) (Hennig 

2020). To improve robustness of inference, if clusters from any of the ten seeds were unstable 

per Jaccard similarity index (γ < 0.75), we considered cluster formation not possible (Hennig 

2007). If all ten clusters were stable, we assigned the cluster values from the first seed to each 

day and transposed daily cluster assignments as the mode of a 5-day moving window centered on 

each ordinal day (Basille et al. 2013). We calculated transition dates between seasonal space use 

states (i.e., clusters) as the average date between eight consecutive days of cluster assignments 

occurring in a newly assigned category chronologically and reverse-chronologically rounded to 

the nearest day. We used this approach to overcome selection biases resulting from moving 

windows and to account for daily cluster assignments occurring outside final assigned seasonal 

space use states (Basille et al. 2013). Using the assigned dates and daily space use matrices, we 
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applied principal component analyses (PCA) to visualize and identify differences between 

clusters (Frades and Matthiesen 2010). 

Resource selection 

To assess space use differences between seasonal space use states, we used weighted 

autocorrelated kernel density estimation (wAKDE) for weighted resource selection functions 

(wRSFs) to characterize habitat use for each population within each seasonal space use state 

delineated by the cluster analyses (Alston et al. 2022a). Using wAKDE accounts for spatial and 

temporal auto-correlation when generating home range estimates, and using wRSFs accounts for 

model fits across individuals to generate population-level estimates (Alston et al. 2022a). This 

hierarchical approach accounts for pseudoreplication across individuals generally present in 

traditional resource selection functions and typically generates broader confidence intervals, 

which produces more robust results (Alston et al. 2022a). 

We standardized relocation intervals across populations and seasonal space use states by 

resampling moose collar data at 4-h intervals using R package padr (Theon 2022). We used 

smaller relocation intervals for our wRSFs than our cluster analyses because the hierarchical 

approach allowed for increased resolution without inducing biases due to relocation interval 

frequency (Alston et al. 2022a). We subset location data by population, individual, seasonal 

space use state, and year resulting in individual-space use states as our sample units. If an 

individual was monitored during the same seasonal space use state across multiple years, we 

considered the individual-space use states separately. We excluded location data collected within 

two weeks of a transition date to help account for the presence of daily cluster assignments 

occurring outside assigned seasonal space use states (Basille et al. 2013). We excluded 

individual-space use states with < 50 locations, a threshold representing the approximate 
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minimum time required by gray wolves to traverse their home ranges several times as 

determined visually using variograms in R package ctmm (Fleming and Calabrese 2022b; 

Fleming and Calabrese 2022a). 

For each individual-space use state, we generated a wAKDE utilization distribution (UD) 

using ctmm (Fleming et al. 2015; Alston et al. 2022a; Fleming and Calabrese 2022a). We fit a 

wRSF for each individual-space use state at core (50% UD) and home range (95% UD) levels 

(Alston et al. 2022a). Finally, we estimated population-level models weighted using Akaike 

information criterion for small samples (AICc) (Alston et al. 2022a), which weighted each 

individual-space use state’s resource selection parameters by the model AICc then calculated the 

arithmetic mean of the parameters. We used landscape variables (i.e., aspect, slope, distance to 

Lake Superior, distance to roads [mainland only], distance to trails [island only], and land cover 

[with open water as the reference category]) as predictors. We determined continuous variables 

had statistically significant effects on habitat selection if the 95% confidence intervals of the 

associated parameters did not overlap zero. 

Results 

Mainland populations 

 We obtained data from 45 mainland gray wolves (35,670 total locations), but six 

dispersed from the study area and were excluded from analyses. Per our cluster analysis, wolves 

formed seasonal space use state clusters during summer (10 April–7 November) and winter (8 

November–9 April). The first two principal components of these clusters described 30.6% of 

variation between seasons with winter defined by shorter step-lengths and more locations nearer 

Lake Superior, on south-facing slopes, and in coniferous forests compared to summer (Figure 

2.2; Table 2.1). We analyzed 40 mainland wolf-summers and 35 mainland wolf-winters using 
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wRSFs. Our results indicated wolves selected for wetlands, shrublands, and deciduous forests 

during summer and for south-facing slopes during winter at the home range level (Figure 2.3). 

Landscape variables did not predict patterns of core range resource selection, and step-lengths 

did not vary seasonally. 

 We obtained data from 135 mainland moose (2,179,502 locations). Cluster analysis 

indicated two space use clusters for moose resulting in four seasonal space use states: summer (7 

May–17 October), winter (18 October–10 March), spring shift (11 March–13 April), and pre-

parturition shift (14 April–6 May). The first two principal components accounted for 36.4% of 

variation, and moose exhibited shorter step-lengths, tighter turning angles, more locations nearer 

to Lake Superior and in coniferous forests, and fewer locations in shrublands during winter 

compared to other seasons (Figure 2.2; Table 2.1). Moose used deciduous forests more during 

spring and pre-parturition shifts and used mixed forests less during summer and winter. We 

analyzed 263 moose-summers and 228 moose-winters using wRSFs; we did not analyze resource 

use during spring or pre-parturition shifts because too few locations were available for analysis. 

Moose selected for flatter slopes in core ranges year round and in summer home ranges (Figure 

2.3). Within winter core ranges, moose selected for shrublands, nearer to roads, farther from 

Lake Superior, and south-facing slopes as well as having shorter step-lengths. 

 We obtained data from 74 mainland white-tailed deer (139,634 locations), but we 

excluded two deer that dispersed from the study area. Deer formed summer (24 April–18 

November) and winter (19 November–23 April) seasonal space use states as determined by 

cluster analysis. The first two principal components described 41.2% of variation between 

clusters. Summer was defined by longer step-lengths, more northerly-facing and steeper slopes, 

distances farther from Lake Superior, and greater use of deciduous forests and shrublands 
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compared to winter (Figure 2.2; Table 2.1). We analyzed 90 deer-summers and 100 deer-winters 

using wRSFs; results indicated deer selected for shrublands in summer core ranges and 

deciduous forests in summer home ranges. Deer also selected for steeper slopes in winter home 

ranges and had shorter step-lengths (Figure 2.3). Landscape variables did not predict patterns of 

winter core range resource selection. 

Transitions from winter to spring or summer for all mainland populations coincided with 

the onset of GDD accumulation and snow melt (ΔGDD and snow depth were negatively 

correlated [t = -33.33, p < 0.01]), white-tailed deer migration, and parturition timing of 

respective species (Figure 2.4). The gray wolf transition from summer to winter occurred 20 days 

after moose and 12 days before deer; the wolf transition from winter to summer occurred 14 days 

before deer. Because of their two additional transitional seasons in spring, the moose transition 

from winter to summer was offset from wolves and deer but encompassed wolf and deer 

seasonal transitions. Deer transitions between ecological seasons occurred near the ends of their 

seasonal migrations. 
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Figure 2.2. Two-dimensional representation of daily space use variation across seasonal space 

use states for mainland gray wolves (Canis lupus), moose (Alces alces), and white-tailed deer  
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Figure 2.2 (cont’d) 

(Odocoileus virginianus) on and near the Grand Portage Indian Reservation, Minnesota, USA, 

2010–2021. Points represent population-level space use for each ordinal date, and shaded 

polygons represent population-level space use of all ordinal dates comprising a space use state. 

Component percentages of variation described are included parenthetically. Wolf components 

were influenced by step-length, distance to Lake Superior, aspect, and coniferous forests (Table 

2.1). Moose components were influenced by step-length, turning angle, distance to Lake 

Superior, coniferous forests, and shrublands. Deer components were influenced by step-length, 

aspect, slope, distance to Lake Superior, deciduous forests, and shrublands.
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Table 2.1. Principle component analysis (PCA) loadings describing daily space use variation across seasonal space use states for 

mainland gray wolves (Canis lupus), moose (Alces alces), and white-tailed deer (Odocoileus virginianus) on and near the Grand 

Portage Indian Reservation, Minnesota, USA, 2010–2021. Loadings represent the direction and strength of a covariate’s influence on 

space use in two dimensions (Component 1, Component 2). Differences between seasonal space use were best described by 

components 1 and 2 combined for wolves and component 1 only for moose or deer (Figure 2.2). 

 Wolves Moose Deer 

Covariate 
Component 1 

(16.7%) 

Component 2 

(13.8%) 

Component 1 

(21.5%) 

Component 2 

(14.9%) 

Component 1 

(28.2%) 

Component 2 

(13.0%) 

Step-length 0.143 0.160 0.304 0.348 0.452 - 

Turning angle - - -0.287 -0.131 - -0.254 

Aspect 0.400 0.317 0.276 -0.136 0.298 - 

Slope -0.508 - -0.361 0.432 -0.116 -0.410 

Distance to Lake  

Superior 
0.226 0.462 -0.140 -0.516 0.493 - 

Distance to roads - - 0.304 -0.275 0.251 -0.425 

Coniferous forest -0.366 -0.248 0.236 0.385 -0.468 0.125 

Deciduous forest 0.231 -0.424 - 0.211 0.321 0.224 

Mixed forest -0.326 0.587 -0.243 - - -0.571 

Shrubland 0.108 - -0.428 -0.192 0.226 - 

Wetland 0.441 -0.212 0.457 0.285 - 0.414 
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Figure 2.3. Effect size mean with 95% confidence intervals for predictor variables used in weighted resource selection functions for 

mainland gray wolves (Canis lupus), moose (Alces alces), and white-tailed deer (Odocoileus virginianus) on and near the Grand  
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Figure 2.3 (cont’d) 

Portage Indian Reservation (GPIR), Minnesota, USA, 2010–2021 and island wolves and moose on Isle Royale National Park (IRNP), 

Michigan, USA, 2018–2021. The left panel column represents land cover as a categorical variable where open water was the reference 

category. The right panel column represents continuous predictor variables aspect (negative values represent south), slope, distance to 

nearest trail (island only) or road (mainland only), and distance to Lake Superior. The top three panel rows display seasonal selection, 

and the bottom panel row displays annual selection.  
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Figure 2.4. Timing of seasonal space use states for mainland gray wolves (Canis lupus), moose (Alces alces), and white-tailed deer 

(Odocoileus virginianus) on and near the Grand Portage Indian Reservation, Minnesota, USA, 2010–2021. The orange line represents 

the average daily change in growing degree days (ΔGDD). Seasonal space use states are denoted by color where blue represents 

winter, green represents summer, gray represents spring shift, and yellow represents pre-parturition shift. Black dashed lines represent 

median annual parturition dates; black diagonal lines represent the spring and fall migration periods. 
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Island populations 

 We obtained data from 24 island gray wolves (32,044 locations) and 44 island moose 

(959,498 locations). One wolf dispersed to the mainland and was not analyzed. Wolves and 

moose did not form stable seasonal space use state clusters, and we were unable to test if wolves 

formed clusters after dens were established on the island due to insufficient data. Consequently, 

we analyzed wolf and moose resource selection year round with wRSFs using 27 wolf-years and 

86 moose-years of data. Wolves did not select for any specific resource at the home range-level 

but selected for south-facing slopes and coniferous forests as well as against deciduous forests 

within their core ranges (Figure 2.3). Moose selected for south-facing slopes, shrublands, and 

coniferous forests as well as against wetlands and mixed forests at the home range-level. Within 

core ranges, moose selected for south-facing slopes and against deciduous forests. 

Discussion 

 We found support for our hypothesis that gray wolf space use differs temporally when 

primary prey are migratory but not when primary prey are non-migratory. To our knowledge, we 

are the first to evaluate this space use pattern for a carnivore species with migratory versus non-

migratory prey. Previous wolf studies suggested similar responses but did not compare between 

nearby areas with migratory or non-migratory prey (Walton et al. 2001; Anderson 2014; Roffler 

et al. 2018). Spotted hyenas (Crocuta crocuta) and grizzly bears (Ursus arctos) exhibited space 

use changes in the presence of migratory prey, but their responses were also not tested among 

non-migratory prey (Glenn and Miller 1980; Trinkel et al. 2004). Our results are further 

supported by the expectations of ecological seasonality and food web theory, which suggest 

predators should respond to seasonally changing prey availability or not respond if prey 

availability does not change (Basille et al. 2013; Furey et al. 2018; Peller et al. 2023). However, 
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application of our outcome to predators may not be universal. Mountain lions in Patagonia did 

not alter space use seasonally despite their primary prey being migratory (Gelin et al. 2017). This 

outcome may stem from migratory prey being sufficiently available year round to support their 

dietary needs (Gelin et al. 2017). 

 Seasonal changes in gray wolf space use were most likely driven by seasonal migrations 

of primary prey (i.e., mainland white-tailed deer) or the lack thereof (i.e., island moose). Deer, 

moose, and beaver are the primary prey of wolves in our study systems (Chenaux-Ibrahim 2015; 

Sovie et al. 2023), and despite beaver availability decreasing during winter due to seasonal 

freezing (Latham et al. 2013), we did not observe seasonal space use states in the absence of deer 

migration. Wolves whose primary prey were migratory caribou altered their space use seasonally 

(Walton et al. 2001; Basille et al. 2013) while those whose primary prey were non-migratory 

Sitka black-tailed deer (O. hemionus sitkensis) did not (Roffler et al. 2018). Further, mainland 

wolf space use in our study area changes synchronously with deer migration (Chapter 1). 

Our island and mainland study systems were ecologically similar excepting their 

mammalian communities (CCRS et al. 2020; USGS 2020; NOAA 2022; Wehr et al. 2023). 

However, besides primary prey migration, there are several alternative explanations for the lack 

of seasonality among island gray wolves. Alternatives include spatial movement constraints, 

pack instability, ability to depredate moose, and weather conditions. Island populations were 

spatially constrained by water barriers (Licht et al. 2019; Orning et al. 2020) as were other 

wolves not exhibiting seasonal space use change (Roffler et al. 2018). However, island wolf 

population density during our study was lower than historical maxima (Romanski et al. 2020), 

and five monitored wolves did not use the entire island, which suggests wolves were not entirely 

constrained spatially. Further, island wolves and moose exhibited similar seasonal movement 
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strategies, as assessed using Migration Mapper (Merkle et al. 2022), to mainland wolves and 

moose suggesting they were not spatially constrained (Isle Royale National Park, unpublished 

data; Chapter 1). 

We were unable to test the influence of pack instability, genetic rescue, and snow 

conditions on seasonal space use. Island wolves experienced interspecific strife immediately 

following introduction (Romanski et al. 2020). However, it is unlikely pack instability explains 

the lack of space use change because social carnivores rapidly overcome social tensions 

following reintroductions (Hayward et al. 2007), which was the case among introduced island 

wolves (Romanski et al. 2020). Ability of wolves to hunt moose has been correlated to their 

genetics (Hoy et al. 2023), but it is unlikely this relationship explains the lack of seasonal space 

use change because wolves introduced to IRNP rapidly began depredating moose (Romanski et 

al. 2020). Lack of snow data for the island precluded our ability to test its effects on seasonal 

space use. Though wolves may alter space use in response to snow depth and compaction (Fuller 

1991; Paquet et al. 2010), it is unlikely snow conditions would result in an absence of seasonality 

rather than altered seasonal timing as observed among other species (Oliver et al. 2020; Rickbeil 

et al. 2020). 

 Our second hypothesis that parturition would alter space use of predators received mixed 

support. Mainland gray wolves switched seasonal space use states immediately before 

parturition, but island wolves did not. Mainland wolves, however, also maintained similar space 

use patterns for > 6 months following parturition. Wolves elsewhere altered their space use and 

resource selection multiple times during denning and rendezvous periods by decreasing 

movements and selecting flatter slopes (Ciucci and Mech 1992; Basille et al. 2013; Benson et al. 

2015). In contrast to these studies, we did not use pre-defined seasons but instead used animal-
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defined seasons with longer thresholds (i.e., seasonal transition thresholds [8 days] greater than 

the duration of moving windows [5 days]). We also accounted for pseudoreplication across 

individual animals in our resource selection functions which necessarily increased uncertainty in 

our population-level parameter estimation resulting in fewer identified changes in wolf resource 

selection (Alston et al. 2022a). 

Ungulates, including moose and white-tailed deer, exhibit space use changes 

corresponding with parturition (Basille et al. 2013; Leech et al. 2017; Francis et al. 2021; 

Quinlan et al. 2022; Blum et al. 2023). Our mainland results corroborate these and other studies 

suggesting deer exhibit a single pre-parturition space use change (Petroelje et al. 2021; 

Darlington et al. 2022) and moose exhibit multiple spring space use changes (Basille et al. 2013; 

Severud et al. 2019a). However, we did not have sufficient data to assess resident and migratory 

deer space use separately, and mainland moose in our study exhibited these changes earlier than 

previously reported (Basille et al. 2013; Francis et al. 2021) while island moose exhibited no 

space use changes. A likely explanation is that prey space use is influenced by community 

dynamics similarly to predators. For example, the seasonal arrival of migratory insects can alter 

resident insect behavior when predators switch to consuming the more abundant migratory 

species (Satterfield et al. 2020). On the mainland, gray wolves increased their overlap with 

moose during summer when deer were less abundant due to migration (Chapter 1), which could 

result in a spatial moose response as suggested for moose co-occurring with migratory caribou 

(Basille et al. 2013). The absence of space use changes on the island could also be a consequence 

of the simpler predator-prey system as, unlike mainland wolves, island wolves do not compete 

with black bears (Ursus americanus), coyotes (C. latrans), and bobcats (Lynx rufus) for neonatal 

ungulates (Sih 1998; Kautz et al. 2019; Wehr et al. 2023) or because the high density of spatially 
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constrained island moose likely increases intraspecific resource competition relative to mainland 

moose (Messier 1994; Romanski et al. 2020). 

 Seasonal space use changes among our study populations were characterized by changes 

in resource selection. On the mainland, resource selection appeared to represent seasonal species-

specific forage and cover needs. Gray wolves selected for wetlands, shrublands, and deciduous 

forests in summer, primary foraging locations of their principal prey (Donkor and Fryxell 1999; 

Tremblay et al. 2005; Chenaux-Ibrahim 2015; Street et al. 2016), and for south-facing slopes in 

winter which support better ungulate forage (Pearson et al. 1995; Zweifel‐Schielly et al. 2009). 

Prey also selected for habitats with more forage and cover. Moose selected for flatter slopes 

nearer water in summer, needed for thermal refuge, escape terrain, and foraging (Stephens and 

Peterson 1984; McCann et al. 2016; Street et al. 2016), and for shrublands and near roads in 

winter, as observed elsewhere (Ball and Dahlgren 2002; Street et al. 2016). White-tailed deer 

selected for shrublands and deciduous forests in summer and steeper slopes in winter supporting 

foraging and mobility (Pearson et al. 1995; Tremblay et al. 2005; Zweifel‐Schielly et al. 2009). 

These results support aspects of optimal foraging theory and leapfrog effect by indicating 

predators select habitats with the best seasonally available prey forage (MacArthur and Pianka 

1966; Schoener 1974; Sih 1998). 

 Resource selection by island gray wolves and moose may also be explained by forage and 

cover seeking behaviors. Island wolves did not exhibit resource selection within their home 

ranges reflecting similar use of available space but did select for south-facing slopes and 

coniferous forests within core ranges, habitats with better moose forage (Pearson et al. 1995; 

Zweifel‐Schielly et al. 2009). Browse selection by island moose differs from mainland moose 

due to historic overbrowsing (Krefting 1974). Our results suggest island moose selected 
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resources within these constraints by selecting for coniferous forests and against wetlands and 

deciduous forests instead of selecting for wetlands and shrublands as mainland moose did, which 

might otherwise be expected on the island (Stephens and Peterson 1984). Decreased forage 

availability may also increase moose selection for coniferous forests because they provide cover 

and ease of movement during winter (Balsom et al. 1996). 

We observed intraspecific space use variation between populations of predators and prey 

inhabiting ecosystems with differing predator-prey communities but otherwise similar 

characteristics. Our results support species plasticity in adapting to site-specific community 

dynamics between trophic levels (Walton et al. 2001; Roffler et al. 2018; Roffler et al. 2021). 

Our insights into ecological seasonality were limited to space use dynamics; future studies could 

consider species-specific behaviors, such as mate-seeking or diet, to further improve temporal 

estimates of ecological seasons. When implementing models with improved behavioral data, we 

recommend use of cluster analyses when delineating ecological seasons as they provide less 

biased estimates of seasonal timing and improved insights into space use changes (Basille et al. 

2013; Leech et al. 2017; Francis et al. 2021). Finally, we recommend using population-level 

wAKDE with wRSFs because of their improved ability to account for pseudoreplication across 

animals in estimating habitat use and movement characteristics (Alston et al. 2022a). Our results 

also demonstrate the importance of aligning seasonal data collection (e.g., scat collection for diet 

analysis, remote camera surveys for behavior analysis) with ecological seasons to better describe 

differences in resource use and other behaviors. 
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CHAPTER 3: 

MOOSE AND WHITE-TAILED DEER MORTALITY PEAKS IN FALL AND LATE 

WINTER 

Abstract 

The Grand Portage Band of Lake Superior Chippewa manages for sustainable subsistence 

harvests of moose (mooz; Alces alces) and white-tailed deer (waawaashkeshi; Odocoileus 

virginianus). Large mammals, including moose and deer, exhibit seasonal behaviors such as 

altered space use and movement strategies. Predators (e.g., gray wolves [ma’iingan; Canis 

lupus]) and humans may adapt to seasonal prey space use resulting in seasonal mortality 

patterns. We assessed seasonal cause-specific mortality of adult moose (2010–2021) and deer 

(2016–2022) fitted with GPS collars on and around the Grand Portage Indian Reservation, 

Minnesota, USA (Gichi Onigaming; GPIR). We hypothesized survival would be influenced by 

species-specific space use patterns and weather. We estimated survival rates and mortality timing 

using time-to-event models. We recorded 42 moose mortalities (17 health-related, 8 predation, 4 

subsistence harvest, 13 unknown) and 49 deer mortalities (26 predation, 13 harvest, 4 other, 6 

unknown). Mean annual moose survival was 83.2% and peaked during late winter (about 25 

April) and fall (about 8 October). Mean annual deer survival was 48.0% peaking during late 

winter (about 25 March) and during their fall migration period (about 11 November). Mortality 

timing coincided with transitions between space use states (i.e., periods of spatial stability) 

suggesting ungulates are at greater risk during these transitional periods, though movement 

strategy (i.e., resident vs. migratory) did not influence survival. Further, increased winter severity 

corresponded with decreased deer survival. We observed similar temporal peaks in mortality 

when harvest mortalities were censored suggesting our observed seasonal mortality peaks occur 
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naturally despite harvest comprising most fall deer mortality. Our results can inform population 

surveys and harvest regulations by identifying periods of mortality risk and population instability 

in Gichi Onigaming under Anishinaabe principles of seventh-generation conservation planning. 

Introduction 

Background 

 We conducted this study in and around Gichi Onigaming (the great carrying place) on the 

ancestral and present homelands of the Anishinaabe people. Also known as the Grand Portage 

Indian Reservation (GPIR), Minnesota, USA, Gichi Onigaming is the present home of the Grand 

Portage Band of Lake Superior Chippewa, a federally recognized sovereign nation within the 

United States. In 1854, the Lake Superior Chippewa signed a treaty ceding lands in northeastern 

Minnesota to the United States. Under the 1854 Treaty, members of the Grand Portage, Fond du 

Lac, and Bois Forte bands of Lake Superior Chippewa can exercise their usufructuary rights to 

hunt, fish, and gather throughout the 1854 Ceded Territory which spans northeastern Minnesota 

from Grand Portage to Moose Lake to Crane Lake (Thompson 2020; 1854 Treaty Authority 

2023). These practices cannot be regulated by Minnesota state law, but may be governed by 

United States federal law, such as the Endangered Species Act (ESA) of 1973. Within Gichi 

Onigaming, resource harvest (e.g., wild fish and game, timber, and manoomin [wild rice; Zizania 

palustris]) is managed by the elected Tribal Council of the Grand Portage Band. 

Our research emphasized three culturally important species to the Anishinaabe seventh-

generation planning approach to environmental stewardship: mooz (moose; Alces alces), 

waawaashkeshi (white-tailed deer; Odocoileus virginianus), and ma’iingan (gray wolf; Canis 

lupus). Mooz populations in northeastern Minnesota are declining (Severud et al. 2022). These 

declines are concerning because mooz remain a primary subsistence species for the Anishinaabe 
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people. Waawaashkeshi are also an important subsistence species for the Anishinaabe people. 

Waawaashkeshi populations are growing in northeastern Minnesota, but an increased presence of 

waawaashkeshi may negatively influence mooz populations (Oliveira-Santos et al. 2021; 

Severud et al. 2023). Ma’iingan are integral to the Anishinaabe creation story, which establishes 

ma’iingan as kin to the Anishinaabe people (Gilbert et al. 2022). Gichi Onigaming is one of the 

only places in the conterminous United States where ma’iingan were never extirpated (Boitani 

2003). Mooz and waawaashkeshi are primary prey of ma’iingan in Gichi Onigaming (Chenaux-

Ibrahim 2015). 

Seasonal mortality 

 Seasonal mortality peaks are defined by reoccurring annual periods of greater mortality 

(Gurarie et al. 2020). Seasonal mortality is influenced by seasonal space use and species-specific 

movement strategies, which often change in response to shifting environmental conditions 

(Basille et al. 2013). Predator-prey interactions can vary seasonally in response to species-

specific space use within local communities via mechanisms such as migratory coupling (Furey 

et al. 2018). Improved understanding of seasonal predator-prey interactions may alter 

interpretations of ecological concepts including apparent competition and prey switching (Holt 

1977; Tschanz et al. 2007). 

  Prey often alter space and resource use seasonally to maximize energetic gain (Avgar et 

al. 2014). Wildebeest (Connochaetes taurinus) (Hopcraft et al. 2014) and caribou (Rangifer 

tarandus) (Couriot et al. 2023) exhibit large-scale space use changes via migration while roe 

deer (Capreolus capreolus) exhibit this pattern at smaller spatial extents by shifting their 

functional home ranges (Couriot et al. 2018). Resource selection by range-resident populations 

of sika deer (Cervus nippon) (Latham et al. 2015) and feral horses (Equus caballus) 
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(Schoenecker et al. 2023) also demonstrates seasonal changes in response to forage availability. 

However, space use change is often risky (Avgar et al. 2014; Forrester et al. 2015), and among 

partially migratory populations, migratory individuals generally incur greater mortality risk 

(Hebblewhite and Merrill 2007; Robinson et al. 2010). 

 Legal hunter harvest is a predominant source of anthropogenic large mammal mortality 

(Collins and Kays 2011; Hill et al. 2019). Wild boar (Sus scrofa) (Lagos et al. 2012), elk 

(Unsworth et al. 1993), and mule deer (Odocoileus hemionus) (Dellinger et al. 2018) mortality 

was greatest during legal hunting seasons. Hunting pressure may also influence natural mortality; 

Eurasian lynx (Lynx lynx) increased roe deer predation during hunting season as roe deer 

increased use of forests to avoid humans (Gehr et al. 2018). 

 Moose and white-tailed deer alter their space and resource use seasonally (Basille et al. 

2013; Severud et al. 2019a; Darlington et al. 2022). Moose exhibit behavioral changes in spring 

associated with parturition and forage availability (Basille et al. 2013; Francis et al. 2021) and in 

winter by reducing movement rates and selecting for snow depths and habitats that appear to 

optimize energetic requirements and predation risk (Dussault et al. 2005; Cunningham et al. 

2022). Deer alter their behavior during late winter switching from lower movement rates on 

south-facing slopes to higher movement rates in deciduous forests in response to forage 

availability and snow depth (Masse and Cote 2013; Darlington et al. 2022). Moose and deer 

mortality varies temporally, with greater natural mortality during winter than summer (Modafferi 

and Becker 1997; Musante et al. 2010; Vucetich et al. 2012; Dellinger et al. 2018).  

 Mortality studies generally use pre-defined or descriptive seasons, with few examining 

mortality in relation to seasonal space use or ecological seasons (Basille et al. 2013; Bastille-

Rousseau et al. 2016). Space use states are temporally delineated periods defined by relatively 
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stable seasonal population-level space use (i.e., movements and resource selection) resulting 

from species-specific responses to changing biotic and abiotic conditions (e.g., available forage, 

reproductive activities, snowfall) (Chapter 2). We examined seasonal moose and white-tailed 

deer mortality in a predominantly subsistence harvest system within the context of seasonal 

space use states and movement strategies. Moose in our study area exhibit four space use states 

(summer, winter, spring, and pre-parturition) and three movement strategies (resident, migratory, 

or nomadic) (Chapter 1; Chapter 2). Deer exhibit two space use states (summer and winter) and 

two movement strategies (resident or migratory) (Chapter 1; Chapter 2). 

We hypothesized moose and white-tailed deer survival would be influenced by 

movement strategies, space use states, and weather. We predicted moose and deer survival would 

be (1) similar among seasonal space use states because natural winter mortality and fall 

subsistence harvest would each contribute to their respective space use states, (2) lower among 

migratory individuals because of increased vulnerability during migration, (3) lower during 

winters and subsequent summers of greater winter severity as associated with cumulative 

malnutrition, and (4) higher during summers and subsequent winters with more growing degree-

days (GDD) as associated with greater forage availability. Additionally, we predicted (5) the 

removal of hunter harvest mortalities from our models would result in the winter space use state 

being the only period of greater mortality risk. 

Study Area 

 Our approximately 1,200 km2 study area included GPIR (47.9614° N, 89.7594° W) and 

the surrounding 30 km inclusive of the migratory range of our study populations (Chapter 1). 

This area includes portions of the 1854 Ceded Territory in Minnesota west of GPIR as well as 

Ontario, Canada north of GPIR and is bordered by Lake Superior to the southeast (Figure 3.1). 
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Elevations are 183–674 m above sea level (USGS 2020). The area contains 17% deciduous 

forest, 11% coniferous forest, 44% mixed forest, 9% shrubland, 7% wetland, and ≤ 5% each of 

other land covers (CCRS et al. 2020). Mean daily temperatures during 2009–2019 ranged from 

23.3 ± 1.7 C° (mean ± SD) in July to -17.8 ± 3.5 C° in January (NOAA 2022). Annual average 

rainfall was 281.9 ± 11.7 cm, and annual average snowfall was 351.6 ± 80.8 cm (NOAA 2022). 

Hunter harvest regulations are governed by multiple jurisdictions. In Minnesota, tribal 

band members can acquire moose harvest permits within the 1854 Ceded Territory (1854 Treaty 

Authority 2023), but moose may not be harvested by non-band members (MNDNR 2023a). In 

Ontario, permits to harvest moose are available to Ontario residents (OMNRF 2023). White-

tailed deer may be harvested by band members throughout the 1854 Ceded Territory (1854 

Treaty Authority 2023), and non-band members who are residents of GPIR may obtain permits 

to harvest deer on GPIR. The public may obtain permits to harvest deer throughout the study 

area excluding GPIR (MNDNR 2023a; OMNRF 2023). Though legal in Ontario (OMNRF 

2023), gray wolf harvest in Minnesota was legal only during 2012–2014 (Erb et al. 2018). 
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Figure 3.1. Study area on and near the Grand Portage Indian Reservation (GPIR), Minnesota, 

USA. Our study area included mainland areas near the coast of Lake Superior on GPIR, in the 

1854 Ceded Territory within Minnesota, and in Ontario, Canada. 
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Methods 

Data collection 

We used data collected by the Grand Portage Band of Lake Superior Chippewa 

Department of Biology and Environment. We included moose captured using aerial darting 

during February 2010–March 2020 and white-tailed deer captured using clover traps during 

March 2016–April 2021 (VerCauteren et al. 1999; Barros et al. 2018; Oliveira-Santos et al. 

2021). Moose and deer were monitored through 28 February 2021 and 28 February 2022, 

respectively. Sex and pregnancy were assessed at time of capture using physical characteristics 

and progesterone blood tests (Struck et al. 2023). Capture and handling protocols were approved 

by the Grand Portage Band of Lake Superior Chippewa Tribal Council, Michigan State 

University institutional animal care and use committee (IACUC) (PROTO202200266), and State 

University of New York College of Environmental Science and Forestry IACUC (210702). 

Collars were programmed to send mortality alerts following 6 h of inactivity. Mortalities 

were assessed as soon as practical, typically ≤ 4 days from receipt of the mortality alert. Date and 

cause of mortality were assessed using carcass remains and other evidence at mortality sites 

(Kautz et al. 2019; Kautz et al. 2020). Evidence of predation included predator tracks and scat, 

canine puncture wounds, hemorrhaging of punctured tissues, and caching (Petroelje et al. 2020). 

If a mortality was deemed a predation, it was assigned to a specific predator or otherwise 

considered an unidentified predation (Kautz et al. 2019; Kautz et al. 2020). Evidence of 

anthropogenic mortalities included proximity to roads, hemorrhaging of intact tissues, and bullet 

wounds; many anthropogenic mortalities were reported directly by hunters and vehicle drivers. 

Evidence of health-related mortalities included decreased movement rates before death, hair loss, 

and infected tissues (Wünschmann et al. 2015). When available, organ samples were submitted 
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to the University of Minnesota Veterinary Diagnostic Laboratory, St. Paul, Minnesota, USA for 

pathogen evaluation (Carstensen et al. 2018). We excluded mortalities occurring within 7 days of 

capture because animal behavior and mortality risk may be altered during this period (Northrup 

et al. 2014). 

Seasonal space use states and movement strategies were previously determined for moose 

and white-tailed deer in and around GPIR using cluster analyses (Basille et al. 2013), and 

Brownian bridge movement models (Merkle et al. 2022), respectively (Chapter 1; Chapter 2). 

Moose space use states were spring (11 March–13 April), pre-parturition (14 April–6 May), 

summer (7 May–17 October), and winter (18 October–10 March) (Chapter 2). Deer space use 

states were summer (24 April–18 November) and winter (19 November–23 April) (Chapter 2). 

Though not previously identified as separate space use states, we also considered deer spring 

migration (4 April–2 May) and fall migration (10 October–28 November) as distinct periods 

because they describe seasonal deer movements for 67% of the population (Chapter 1). Using 

seasonal movements, we categorized individuals as resident (single year-round home range), 

migratory (seasonally shifting among 2–3 home ranges), nomadic (shifting among ≥ 4 home 

ranges), or unknown (movement strategy could not be assessed, typically due to mortality or 

collar failure soon after capture) (Chapter 1). 

We used the National Oceanic and Atmospheric Administration (NOAA) Climate Data 

Online (CDO) tool to extract mean daily snow depth and temperature from weather stations 

within our study area (Cook County, Minnesota, USA) during 2010–2022 (NOAA 2022). We 

calculated cumulative winter severity index (CWSI) by summing 1 point for each day snow 

depth was > 38 cm and 1 point for each day mean ambient temperature was < -17.7 C° 

(DelGiudice et al. 2002; Kautz et al. 2020). We summed scores continuously beginning 19 
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November to coincide with the onset of the winter space use state for white-tailed deer (Chapter 

2) and the median first day of CWSI accumulation during 2010–2022. We calculated GDD from 

mean daily temperatures with a latitudinal correction (van Wijk et al. 2012). We calculated GDD 

cumulatively beginning on 24 April to coincide with the onset of the summer space use state for 

deer (Chapter 2) and the end of CWSI accrual. We used the same CWSI and GDD values for 

moose and deer. 

Data analysis 

To test our hypothesis that space use state, movement strategy, and weather influenced 

seasonal mortality, we modeled weekly survival separately for moose and white-tailed deer using 

staggered entry extended Cox proportional hazards models in R (v4.2.1) (Therneau and Grambsh 

2000; R Core Team 2023). Cox proportional hazards models fit a baseline hazard function using 

time-to-event and a covariate matrix (Lin and Wei 1989). To prepare our time-to-event data, we 

grouped monitoring data into individual-years from 1 March (the approximate mean capture date 

of moose and deer) to 28 February of the following year and assigned individuals monitored for 

multiple years unique individual-year identifiers. We reformatted monitoring data from daily to 

weekly steps and right-censored weeks in which an animal recorded 0 locations. We concluded 

monitoring if the animal died or was censored (individual alive on 28 February, collar failed, or 

collar intentionally removed). When an animal died, a mortality event was recorded and 

monitoring was concluded (Kautz et al. 2020; Therneau et al. 2023).  

We included covariates for each of our first four predictions in our covariate matrix. We 

included (1) moose (winter, spring, pre-parturition, and summer) and white-tailed deer (winter 

and summer as well as spring migration and fall migration) space use states, (2) moose (resident, 

nomadic, migratory, or unknown) and deer (resident, migratory, or unknown) movement 
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strategies, (3) mean weekly CWSI, and (4) mean weekly GDD. We additionally included 

nuisance covariates for sex and pregnancy status of moose (male or female positive, negative, or 

unknown) and sex of deer (female or male) because of their potential influences on survival in 

harvested populations (Nelson and Mech 1986; Ballard et al. 1991). To asses our final prediction 

(5), we developed models including and excluding hunter harvest mortalities. In total, we 

developed two moose models and four deer models. For moose, one model included all 

mortalities and covariates, and the other excluded harvest mortalities. For deer, the first model 

included harvest mortalities and used only summer and winter as space use states. The second 

excluded harvest mortalities and used only summer and winter as space use states. The third 

included harvest mortalities and used spring migration, summer, fall migration, and winter as 

space use states. The fourth excluded harvest mortalities and used spring migration, summer, fall 

migration, and winter as space use states. Models including spring and fall migration as separate 

space use states were used to account for potential migration-specific risk. We fit all models 

using the coxph function in the survival R package (Andersen and Gill 1982; Therneau 2022; 

Therneau et al. 2023). We determined a covariate had significantly impacted survival if the 

associated p-value was < 0.05. We displayed results using the survminer R package (Kassambra 

et al. 2021). 

We used multi-modal flexible parametric periodic hazard functions in the cyclomort R 

package to estimate the number of mortality peaks as well as the dates and durations of those 

peaks with 95% confidence intervals (Gurarie et al. 2020). The utility of these models is the 

temporal estimation of the hazard function, which describes periods of greater mortality risk 

(Gurarie et al. 2020). We used the same individual-year delineations from our Cox proportional 

hazards models in these multi-modal models and similarly included and excluded harvest 
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mortalities. We input individual-year mortality data for both species into each of six periodic 

hazard functions with 0–5 possible mortality peaks representing the number of possible 

transitions between space use states. We assessed model fit using Akaike’s information criterion 

(AIC) (Gurarie et al. 2020; Ewing et al. 2023). We reported our results as mean (95% confidence 

interval [CI] = [lower 95% CI, upper 95% CI]). 

Results 

Moose 

We monitored 109 adult moose over 11 years resulting in 283 moose-years (10,972 

moose-weeks), and we recorded 42 mortalities. In moose-years, our sample included 51 males 

(18.0%), 88 pregnant females (31.1%), 22 non-pregnant females (7.8%), and 122 females of 

unknown pregnancy (43.1%). Our sample represented 149 nomadic (52.7%), 89 resident 

(31.4%), 24 migratory (8.5%), and 21 unknown movement strategy (7.4%) moose-years. 

Proximate causes of moose mortality included 17 health-related (40.5%; 5 brainworm parasite 

[Parelaphostrongylus tenuis], 5 winter tick [Dermacentor albipictus], 7 non-specific health 

issues), 8 gray wolf predation (19.0%), 4 subsistence hunter harvest (9.5%), and 13 unknown 

(31.0%).  

Mean annual moose survival was 83.2% (95% CI = [78.7%, 88.0%]; Figure 3.2). Our 

Cox proportional hazards models indicated the spring and pre-parturition space use states 

contained the greatest risk, followed by the summer and then winter space use states. The multi-

modal model corroborated this result indicating there were two mortality peaks (Table B.1): one 

in late winter, 25 April (95% CI = [9 April, 12 May]), for 54 days (95% CI = [29, 90]) during the 

spring and pre-parturition space use states, and one in fall during the transition between the 

summer and winter space use states, 8 October (95% CI = [17 September, 19 October]), for 25 
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days (95% CI = [11, 55]). Late winter mortalities (n = 17) were predominantly health-related 

(52.9%), gray wolf predation (17.6%), or unknown (29.4%) while fall mortalities were from five 

sources (Figure 3.3). 

 Resident, nomadic, and migratory movement strategies did not influence survival, but 

moose of unknown movement strategy had lower survival (z = 5.11, p < 0.01). No weather 

covariates were related to survival (Figure 3.3; Table B.2). Pregnant moose were less likely to 

die than males (z = -2.43, p = 0.02) but non-pregnant (z = 0.48, p = 0.63) and unknown 

pregnancy moose (z = -0.58, p = 0.56) exhibited similar survival rates to males (Figure B.1; 

Table B.3). When harvested moose were censored, estimates remained similar for Cox 

proportional hazards models (Table B.2) and multi-modal models (Figure 3.4). However, 

nomadic moose had greater survival than migratory moose and pregnant moose no longer 

exhibited greater survival than males when harvested moose were censored. 
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Figure 3.2. Moose (Alces alces; 2010–2021) and white-tailed deer (Odocoileus virginianus; 

2016–2022) survival on and near the Grand Portage Indian Reservation, Minnesota, USA. Solid 

black lines indicate mean percent population survival with gray shading representing 95% 

confidence intervals. Colors represent space use states where gray is spring, yellow is pre-

parturition, green is summer, and blue is winter. Black dashed lines represent median annual 

parturition dates, and black diagonal lines represent spring and fall migration periods. Models 

include harvest mortalities. 
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Figure 3.3. Timing of moose (Alces alces; 2010–2021) and white-tailed deer (Odocoileus 

virginianus; 2016–2022) mortalities on and near the Grand Portage Indian Reservation, 

Minnesota, USA relative to cumulative winter severity index (CWSI). Black lines represent each 

year’s CWSI values during 19 November–24 April (Weeks 0–23). Gray dashed lines delineate 

space use states, yellow highlighting indicates deer migration periods, and colored circles 

delineate mortality sources. 
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Figure 3.4. Periodic hazard function describing seasonal moose (Alces alces) mortality on and 

near the Grand Portage Indian Reservation, Minnesota, USA, 2010–2021. The upper panel 

represents mortality with subsistence harvest included and the lower panel excludes subsistence 

harvest. Histograms represent the number of mortalities in a given time period; solid lines 

represent the estimated hazard function with shading indicating 95% confidence intervals. 

Colored bars beneath months represent space use states where gray is spring, yellow is pre-

parturition, green is summer, and blue is winter. 
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White-tailed deer 

We monitored 75 adult white-tailed deer (2 dispersed outside the study area and were 

removed from our analyses) for six years resulting in 124 deer-years (3,745 deer-weeks) and 49 

mortalities. In deer-years, our sample included 34 males (27.4%) and 90 females (72.6%). Our 

sample included 69 migratory (55.6%), 30 resident (24.2%), and 25 unknown movement strategy 

(20.2%) deer-years. Deer mortalities included 25 gray wolf predation (51.0%), 13 hunter harvest 

(26.5%), 3 vehicle collision (6.1%), 1 black bear (Ursus americanus) predation (2.0%), 1 

accident (2.0%; fell from cliff), and 6 unknown (12.2%).  

Mean annual white-tailed deer survival was 48.0% (95% CI = [38.6%, 59.8%]; Figure 

3.2). Our Cox proportional hazards 2- and 4-season models had covariate estimates that did not 

result in competing interpretations (Table B.4), and space use state did not influence survival in 

either model. Our multi-modal model indicated deer mortality was best described by two peaks 

(Table B.1). There was a late winter mortality peak, 25 March (95% CI = [11 March, 8 April]), 

for 41 days (95% CI = [23, 69]) and a fall mortality peak, 11 November (95% CI = [5 

November, 17 November]) for 19 days (95% CI = [10, 35]). Both mortality peaks occurred 

during transitions between space use states and migration periods (i.e., winter, spring migration, 

summer, and fall migration) resulting in statistically similar distributions of mortality across 

space use states in our Cox models. Gray wolf predation accounted for most late winter mortality 

(n = 13, 76.5%) while harvest accounted for most fall mortality (n = 11, 78.6%; Figure 3.3). 

Resident and migratory movement strategies also did not influence survival in our Cox 

proportional hazards model, but unknown movement strategy white-tailed deer had lower 

survival (z = 4.77, p < 0.01) as did all deer when CWSI was greater (z = 2.52, p = 0.01; Figure 

3.3). Sex and GDD did not influence mortality risk in this model (Figure B.1). When harvest 
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mortalities were censored, the 2- and 4-season models produced similar coefficients and 

interpretations (Table B.5). The exception was that mortality was greater during the winter space 

use state in the 4-season model without harvest (z = 2.10, p = 0.04). Matching this exception, the 

timing, 7 November (95% CI = [October 11, December 3]), and duration 47 days (95% CI = [16, 

103]) of the fall mortality peak in our multi-model model without harvest were altered (Figure 

3.5).  
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Figure 3.5. Periodic hazard function describing seasonal mortality of white-tailed deer 

(Odocoileus virginianus) on and near the Grand Portage Indian Reservation, Minnesota, USA, 

2016–2022. The upper panel models mortality with harvest included and the lower panel 

excludes harvest. Histograms represent number of mortalities in a given time period; solid lines 

represent the estimated hazard function with shading indicating 95% confidence intervals. 

Colored bars beneath months represent space use states where green is summer and blue is 

winter.  
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Discussion 

We found mortality risk of moose and white-tailed deer was greatest during transitional 

periods between space use states, which partially supported our first prediction. Moose mortality 

risk peaked in April during the spring–pre-parturition–summer space use state transitions and 

October during the summer–winter space use state transition. Deer mortality peaked in March 

immediately before spring migration movements and November during the fall migration period. 

Moose and deer mortality elsewhere was also greatest in late winter and during fall hunting 

seasons (Lenarz et al. 2009; Musante et al. 2010; Dellinger et al. 2018; Kautz et al. 2020). Moose 

and deer in our study area exhibited similar ecological seasons (defined by space use states in 

this study) to other populations (Basille et al. 2013; Francis et al. 2021; Petroelje et al. 2021; 

Chapter 2), but our observation of seasonal mortality occurring during transitions between 

ecological seasons may be the first. Caribou mortality in the Northwest Territories, Canada 

peaked in late April and mid-July (Gurarie et al. 2020; Kelly 2020), likely transition periods 

between ecological seasons (i.e., spring dispersal, pre-calving, calving, and late summer) as 

identified among caribou in Quebec, Canada (Basille et al. 2013). Hen harrier (Circus cyaneus) 

mortality in Britain was greatest during post-fledging, dispersal, and winter settlement periods 

unassessed as ecological seasons but likely transitional considering hen harriers alter their space 

use and social interactions during these periods (Ewing et al. 2023). 

 Opposing our second prediction, movement strategy largely did not influence mortality. 

Migratory and resident moose exhibited similar survival as did migratory and resident white-

tailed deer. Migration is often risky due to decreased vigilance and lessened familiarity with new 

areas (Hebblewhite and Merrill 2007; Hopcraft et al. 2014; Forrester et al. 2015; Gehr et al. 

2020). In partially migratory elk populations, migratory individuals generally incur greater risk 
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than residents (Hebblewhite and Merrill 2009; Robinson et al. 2010) as do migratory deer in our 

study system (Chapter 1). In contrast, we found mortality was equally likely among movement 

strategies. A potential explanation for this difference is the scale of migratory movements in our 

study system. Winter and summer ranges of migratory moose are from 1–20 km apart and from 

3–33 km apart for deer (Chapter 1). Comparatively, elk migration distances are typically greater, 

and predation pressure may vary more between their seasonal ranges (Kauffman et al. 2020; 

Hebblewhite et al. 2021). Moose and deer with unknown movement strategies experienced 

greater mortality in our analyses, but this was likely an artefact of moose and deer with unknown 

movement strategies dying before their movement strategy could be adequately assessed 

(Chapter 1). 

 Our third prediction regarding winter severity received mixed support. Moose 

experienced a late winter mortality peak due primarily to gray wolf predation and health-related 

causes. Moose are likely more susceptible to the cumulative effects of seasonal malnutrition and 

parasites (i.e., winter ticks [Wolf et al. 2021]) during late winter putting them at greater risk of 

predation and health-related mortality (Musante et al. 2010). However, increased winter severity 

did not predict decreased moose survival in our study; this may be because moose can use 

greater snow depths to reduce wolf predation risk (Fuller 1991; Dussault et al. 2005). 

Comparatively, white-tailed deer in our study experienced greater mortality in more severe 

winters and in summers following more severe winters. This result matches prior work indicating 

winter severity during the current and preceding year can cause late-winter survival bottlenecks 

and reduce survival (Mech et al. 1987; Kautz et al. 2020). We acknowledge, however, that the 

metric we used to assess winter severity (CWSI [DelGiudice et al. 2002]) may not sufficiently 

explain winter weather variability and its influence on moose and deer. Threshold levels of snow 
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depth considered by CWSI (38 cm) may be too low to influence moose survival. Further, CWSI 

weights all snow depths above the threshold equally and does not consider snow quality (i.e., 

density or top layer crustiness), which likely influence moose, deer, and wolf mobility. 

Though our fourth prediction that increased GDD would increase survival was not 

supported, it is possible the moose mortality peak in late summer reflected a second period of 

moose susceptibility to parasites, seasonal malnutrition, and predation. Supporting this 

possibility, moose in Minnesota experienced heat stress in summer and selected for thermal 

cover (Street et al. 2016; Carstensen et al. 2018). A further analysis of moose mortality using 

thermal metabolic threshold as a heat stress indicator reported decreased survival under warmer 

conditions (Lenarz et al. 2009). Increased GDD also did not improve white-tailed deer survival 

during summer or through the subsequent winter, which contrasts mule deer (Hobbs 1989). 

These results suggest summer forage availability likely does not influence survival in this 

system. 

Our models produced generally similar results when harvest mortalities were removed, 

which counters our fifth prediction and suggests fall mortality peaks could represent periods of 

greater natural mortality similarly to late winter mortality peaks. A difference between the multi-

modal models with and without harvest was the increased width of the fall white-tailed deer 

mortality peak when harvest was excluded. A potential explanation for this difference is that 

hunting seasons typically occur in similar timeframes each year. Our estimated fall deer 

mortality peak with harvest (11 November) coincided with the midpoints of annual rifle deer 

hunting seasons in Ontario (e.g., 7 October–15 December in 2023 [OMNRF 2023]) and 

Minnesota (e.g., 4–18 November in 2023 [MNDNR 2023a]), periods during which Grand 

Portage Band members also exhibit peak effort and harvest (Grand Portage Band of Lake 
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Superior Chippewa, unpublished data). That this fall deer mortality peak remained present when 

harvest mortalities were censored, despite harvest being the primary cause of mortality during 

this period, was unexpected. The presence of a second natural mortality peak may support 

evidence that migratory deer experience greater gray wolf predation risk during the fall 

migration period (Chapter 1) similar to other ungulates (Kojola et al. 2004; Hebblewhite and 

Merrill 2007). Indeed, the six non-harvest migratory deer mortalities of known cause that 

occurred during fall were directly or indirectly attributed to wolves.  

Management implications 

Spatial (e.g., designated inland white-tailed deer hunting zones) or temporal (e.g., later 

seasons) alterations to hunting regulations on GPIR could increase harvest of migratory deer to 

reduce potential for deer–moose disease transmission. A leading cause of adult moose mortality 

in northeastern Minnesota is brainworm parasite (Carstensen et al. 2018), and deer movements 

during migration are directly related to brainworm transmission on GPIR (Oliveira-Santos et al. 

2021). In our study, 27% of harvested deer were residents while 73% were migratory; these 

proportions are similar to population-level estimates of migration rates (67% of deer are 

migratory, 33% are not [Chapter 1]). Concentrating harvest efforts inland would increase harvest 

of migratory deer, and delaying hunting seasons (e.g., after 8 November, the date after which > 

50% of migratory deer have reached their winter range [Chapter 1]) would increase the 

proportion of migratory deer available for harvest on GPIR. As mortalities peaked during 

transitions between space use states or ecological seasons, we suggest management actions (e.g., 

hunting seasons, supplemental food) during these periods could be used with increased efficacy. 

We further recommend population surveys occur outside periods of greatest mortality or 
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transitional space use. For moose and deer in our study area, early- to mid-winter (about 15 

December–15 February) was most stable. 
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APPENDIX A:  

CHAPTER 1 SUPPLEMENTARY MATERIALS 

 

Figure A.1. Screenshot from video of white-tailed deer (Odocoileus virginianus) spring 

migration on the Grand Portage Indian Reservation, Minnesota, USA, 2016–2021. Green dots 

represent migratory deer, blue dots represent resident deer, and red dots represent deer that 

dispersed or whose movement strategies could not be assessed. Black shading represents the 

combined spring and fall migration corridor. The year in chronology was altered to merge 

movements across years. 
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Figure A.2. Screenshot from video of white-tailed deer (Odocoileus virginianus) fall migration 

on the Grand Portage Indian Reservation, Minnesota, USA, 2016–2021. Green dots represent 

migratory deer, blue dots represent resident deer, and red dots represent deer that dispersed or 

whose movement strategies could not be assessed. Black shading represents the combined spring 

and fall migration corridor. The year in chronology was altered to merge movements across 

years. 
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Figure A.3. Seasonal percent overlap of gray wolves (Canis lupus) with prey on and near the 

Grand Portage Indian Reservation, Minnesota, USA, 2012–2021. Percent overlap was calculated 

using 50% wolf UDs and 50% occurrence distributions of moose (Alces alces), migratory white-

tailed deer (Odocoileus virginianus), and resident deer. Points represent means with 95% CI. 

Spring and fall represent the deer migration period.  
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Figure A.4. Maps of annual gray wolf (Canis lupus) home ranges on the Grand Portage Indian 

Reservation, Minnesota, USA, 2013–2021. Home ranges were estimated using 95% kernel 

density estimators in R package adehabitatHR (Calenge 2006). Basemaps include World 

Hillshade and World Topographic Map from ArcGIS Pro (v3.0.3, Esri, Redlands, California, 

USA). 
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Figure A.4 (cont’d) 
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Figure A.4 (cont’d) 
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Figure A.4 (cont’d) 
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Figure A.4 (cont’d) 
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Table A.1. Kruskal-Wallis tests for differences in percent overlap of gray wolves (Canis lupus) 

and prey on and near the Grand Portage Indian Reservation, Minnesota, USA, 2012–2021. 

Comparisons of percent overlap of individual-level wolf 50% UDs with population-level 50% 

occurrence distributions of moose (Alces alces), the white-tailed deer (Odocoileus virginianus) 

migration corridor, the composite deer population, migratory deer only, or resident deer only are 

presented. A significant test (p < 0.05) indicates percent overlap of wolves with the indicated 

population changed seasonally. Dunn tests identify seasons during which overlap differed. 

Population ꭓ2 p-value Dunn test 

Moose 21.08 < 0.01 Table S3 

Deer migration corridor 6.65 0.08 N/A 

Composite deer 7.09 0.07 N/A 

Migratory deer 7.23 0.07 N/A 

Resident deer 1.35 0.72 N/A 
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Table A.2. Mann-Whitney tests for differences in percent overlap of gray wolves (Canis lupus) with prey on and near the Grand 

Portage Indian Reservation, Minnesota, USA, 2012–2021. Population comparisons represent percent overlap of individual-level wolf 

50% UDs (n) with population-level 50% occurrence distributions of moose- (Alces alces) seasons (N) and resident-, migratory-, and 

composite- white-tailed deer (Odocoileus virginianus) seasons (N). A significant test (p < 0.05) indicates percent overlap of wolves 

with specified populations differed during the specified season; the population with greater overlap is designated in the final column. 

n (wolves) Population 1 (N) Population 2 (N) Season W p-value Greater overlap 

33 Composite deer (45) Moose (214) Winter 774 < 0.01 Composite deer 

11 Composite deer (104) Moose (268) Spring 69 0.62 N/A 

25 Composite deer (96) Moose (256) Summer 213 0.05 Moose 

32 Composite deer (73) Moose (213) Fall 751 < 0.01 Composite deer 

33 Resident deer (13) Migratory deer (32) Winter 744 0.01 Migratory deer 

11 Resident deer (35) Migratory deer (69) Spring 76 0.32 N/A 

25 Resident deer (29) Migratory deer (67) Summer 425 0.03 Migratory deer 

32 Resident deer (18) Migratory deer (55) Fall 736 < 0.01 Migratory deer 
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Table A.3. Dunn tests for differences in percent overlap of gray wolves (Canis lupus) with moose (Alces alces) on and near the Grand 

Portage Indian Reservation, Minnesota, USA, 2012–2021. Seasonal comparisons represent percent overlap of individual-level wolf 

50% and 95% UDs (n) with population-level 50% and 95% occurrence distributions of moose (N). A significant test (p < 0.05) 

indicates percent overlap of wolves with moose differed between seasons; the season with greater overlap is designated in the final 

column. 

Wolves  Moose     

n (Season 1) n (Season 2)  Season 1 (N) Season 2 (N) Distribution Z p-value Greater overlap 

32 11  Fall migration (213) Spring migration (268) 50% 1.16 0.49 N/A 

32 25  Fall migration (213) Summer (256) 50% -2.71 0.03 Summer 

11 25  Spring migration (268) Summer (256) 50% -3.12 0.01 Summer 

32 33  Fall migration (213) Winter (214) 50% 1.75 0.24 N/A 

11 33  Spring migration (268) Winter (214) 50% 0.08 0.93 N/A 

25 33  Summer (256) Winter (214) 50% 4.36 < 0.01 Summer 

32 11  Fall migration (213) Spring migration (268) 95% 1.32 0.37 N/A 

32 25  Fall migration (213) Summer (256) 95% -2.29 0.09 N/A 

11 25  Spring migration (268) Summer (256) 95% -2.96 0.02 Summer 

32 33  Fall migration (213) Winter (214) 95% 2.09 0.11 N/A 

11 33  Spring migration (268) Winter (214) 95% 0.17 0.87 N/A 

25 33  Summer (256) Winter (214) 95% 4.26 < 0.01 Summer 

  



 
 

115 
 

Table A.4. Dunn tests for differences in percent overlap of gray wolves (Canis lupus) with white-tailed deer (Odocoileus virginianus) 

on and near the Grand Portage Indian Reservation, Minnesota, USA, 2012–2021. Seasonal comparisons represent percent overlap of 

individual-level wolf 95% UDs (n) with population-level 95% occurrence distributions of composite deer-seasons (N) or migratory 

deer-seasons (N). A significant test (p < 0.05) indicates percent overlap of wolves with the specified population differed between 

seasons; the season with greater overlap is designated in the final column. 

Wolves  Deer     

n (Season 1) n (Season 2)  Season 1 (N) Season 2 (N) Population Z p-value Greater overlap 

32 11  Fall migration (73) Spring migration (104) Composite 2.80 0.03 Fall migration 

32 25  Fall migration (73) Summer (96) Composite 2.05 0.16 N/A 

11 25  Spring migration (104) Summer (96) Composite -1.19 0.70 N/A 

32 33  Fall migration (73) Winter (45) Composite 3.08 0.01 Fall migration 

11 33  Spring migration (104) Winter (45) Composite -0.62 0.54 N/A 

25 33  Summer (96) Winter (45) Composite 0.82 0.83 N/A 

32 11  Fall migration (55) Spring migration (69) Migratory 2.77 0.03 Fall migration 

32 25  Fall migration (55) Summer (67) Migratory 2.51 0.05 Fall migration 

11 25  Spring migration (69) Summer (67) Migratory -0.83 1.00 N/A 

32 33  Fall migration (55) Winter (32) Migratory 3.28 0.01 Fall migration 

11 33  Spring migration (69) Winter (32) Migratory -0.45 0.66 N/A 

25 33  Summer (67) Winter (32) Migratory 0.54 1.00 N/A 
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APPENDIX B: 

CHAPTER 3 SUPPLEMENTARY MATERIALS 

 

Figure B.1. Moose (Alces alces; 2010–2021) and white-tailed deer (Odocoileus virginianus; 

2016–2022) survival on and near the Grand Portage Indian Reservation, Minnesota, USA. 

Moose are categorized by sex and pregnancy status, and deer populations are categorized by sex. 

Solid lines indicate mean percent survival with colored buffers representing 95% confidence 

intervals. Models include harvest mortalities. 
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Table B.1. Akaike information criterion (AIC) scores assessing model fits of moose (Alces alces; 

2010–2021) and white-tailed deer (Odocoileus virginianus; 2016–2022) mortality peaks on and 

near the Grand Portage Indian Reservation, Minnesota, USA. Mortality peaks are the number of 

possible peaks in each model; ΔAIC is the difference between the best fitting model and the 

reported model. Models were fit with harvest mortalities included and excluded. Model AIC 

scores could not be assessed for models with ≥ 3 mortality peaks because confidence intervals 

were infinite. 

 Moose  Deer 

 With harvest  Without harvest  With harvest  Without harvest 

Mortality peaks AIC ΔAIC  AIC ΔAIC  AIC ΔAIC  AIC ΔAIC 

0 242.42 17.33  227.82 16.26  157.22 50.53  128.71 20.62 

1 243.49 18.4  223.88 12.32  149.17 42.48  114.56 6.47 

2 225.09 0.00  211.56 0.00  106.69 0.00  108.09 0.00 

≥ 3 - -  - -  - -  - - 
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Table B.2. Model coefficients for staggered entry extended Cox proportional hazards models of moose (Alces alces) survival on and 

near the Grand Portage Indian Reservation, Minnesota, USA, 2010–2021. The first model included subsistence harvest while the 

second model censored subsistence harvested moose. A significant (p < 0.05) test indicates the covariate predicted mortality with 

positive z-values representing decreased survival. 

 Subsistence harvest included  Subsistence harvest excluded 

Covariate β se z p  β se z p 

Pregnant: Noa 0.24 0.50 0.48 0.63  0.58 0.53 1.11 0.27 

Pregnant: Yesa -1.08 0.45 -2.43 0.02  0.25 0.51 0.49 0.63 

Pregnant: Unknowna -0.26 0.44 -0.58 0.56  -0.72 0.49 -1.48 0.14 

Movement: Nomadicb -0.79 0.54 -1.47 0.14  -1.16 0.56 -2.08 0.04 

Movement: Residentb -0.37 0.57 -0.65 0.52  -0.63 0.58 -1.09 0.28 

Movement: Unknownb 2.98 0.58 5.11 < 0.01  2.89 0.59 4.89 < 0.01 

Space use state: Pre-parturitionc -2.14 1.14 -1.88 0.06  -2.11 1.14 -1.85 0.06 

Space use state: Summerc -6.20 1.51 -4.11 < 0.01  -6.14 1.51 -4.06 < 0.01 

Space use state: Winterc -10.76 1.89 -5.69 < 0.01  -10.63 1.93 -5.50 < 0.01 

GDD -0.32 0.23 -1.36 0.17  -0.32 0.23 -1.36 0.17 

CWSI -0.16 0.33 -0.48 0.63  -0.38 0.38 -0.99 0.32 

 aReference category for pregnancy was males; breference category for movement status was migratory; creference category for 

space use state was spring.
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Table B.3. Moose (Alces alces) survival estimates on and near the Grand Portage Indian Reservation, Minnesota, USA, 2010–2021. 

Mean survival with lower and upper 95% confidence intervals is reported by sex and pregnancy status (female positive, negative, or 

unknown or male). Space use states include spring (11 March–13 April), pre-parturition (14 April–6 May), summer (7 May–17 

October), and winter (18 October–10 March). Survival estimates represent rates from 1 March to the end of the indicated week 

approximated by space use state. 

  Positive  Negative  Unknown  Male 

Space use 

state 

Weeks 

since 1 

March 

Mean Lower Upper  Mean Lower Upper  Mean Lower Upper  Mean Lower Upper 

Spring 6 0.98 0.95 1.00  0.90 0.78 1.00  0.97 0.93 1.00  1.00 1.00 1.00 

Pre-

parturition 9 0.97 0.93 1.00  0.81 0.66 1.00  0.97 0.93 1.00  0.92 0.84 1.00 

Summer 33 0.89 0.82 0.96  0.72 0.55 0.94  0.89 0.83 0.95  0.78 0.66 0.91 

Winter 52 0.89 0.82 0.96  0.72 0.55 0.94  0.87 0.80 0.94  0.70 0.58 0.85 
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Table B.4. Model coefficients for staggered entry extended Cox proportional hazards models of white-tailed deer (Odocoileus 

virginianus) survival on and near the Grand Portage Indian Reservation, Minnesota, USA, 2016–2022. Two- and four-season models 

are presented with spring and fall migrations considered separate space use states in the four-season model. Space use states were 

summer (24 April–18 November) and winter (19 November–23 April), with spring migration (4 April–2 May) and fall migration (10 

October–28 November) periods. A significant (p < 0.05) test indicates the covariate predicted mortality with positive z-values 

representing decreased survival. These models include harvest mortalities. 

 Two-season model  Four-season model 

Covariate β se z p 000      β se z p 

Sex: Malea 0.44 0.32 1.39 0.16  0.44 0.32 1.37 0.17 

Movement: Residentb 0.34 0.38 0.90 0.37  0.35 0.38 0.91 0.36 

Movement: Unknownb 1.76 0.37 4.77 < 0.01  1.77 0.67 4.83 < 0.01 

Space use state: Spring migrationc - - - -  0.7 0.72 0.09 0.93 

Space use state: Fall migrationc - - - -  0.77 0.89 0.87 0.39 

Space use state: Winterc -0.34 1.27 -0.27 0.79  1.58 1.02 1.54 0.12 

GDD 0.33 0.50 0.67 0.50  0.12 0.33 0.37 0.71 

CWSI 0.83 0.33 2.52 0.01  1.19 0.35 3.40 < 0.01 

 aReference category for sex was females; breference category for movement status was migratory; creference category for 

space use state was summer.  
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Table B.5. Model coefficients for staggered entry extended Cox proportional hazards models of white-tailed deer (Odocoileus 

virginianus) survival on and near the Grand Portage Indian Reservation, Minnesota, USA, 2016–2022. Two- and four-season models 

are presented with spring and fall migrations considered separate space use states in the four-season model. Space use states were 

summer (24 April–18 November) and winter (19 November–23 April), with spring migration (4 April–2 May) and fall migration (10 

October–28 November) periods. A significant (p < 0.05) test indicates the covariate predicted mortality with positive z-values 

representing decreased survival. These models exclude harvest mortalities. 

 Two-season model  Four-season model 

Covariate β se z p 000      β se z p 

Sex: Malea 0.20 0.41 0.48 0.63  0.17 0.41 0.42 0.68 

Movement: Residentb 0.19 0.49 0.39 0.70  0.20 0.49 0.42 0.68 

Movement: Unknownb 1.76 0.40 4.44 < 0.01  1.78 0.39 4.54 < 0.01 

Space use state: Spring migrationc - - - -  0.56 0.79 0.71 0.49 

Space use state: Fall migrationc - - - -  1.48 1.00 1.47 0.14 

Space use state: Winterc 0.82 1.47 0.56 0.58  2.46 1.17 2.10 0.04 

GDD -0.04 0.57 -0.08 0.94  -0.01 0.32 -0.04 0.97 

CWSI 0.76 0.40 1.92 0.05  1.00 0.41 2.44 0.01 

 aReference category for sex was females; breference category for movement status was migratory; creference category space 

use state was summer. 


