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Abstract

1.

Large carnivores often exhibit high survival rates in protected areas, whereas in-
tentional and unintentional human-caused mortality may be greater in adjacent
areas. These patterns can result in source-sink dynamics and limit population ex-

pansion beyond protected areas.

. We used telemetry data from 438 canids in 141 packs collected from 2002

to 2020 to evaluate mortality risk for wolves, coyotes, and admixed canids in
a 3-species hybrid zone in and adjacent to a large protected area in Ontario,
Canada. The hybrid zone is occupied by most of the remaining eastern wolves
(Canis lycaon), a rare, threatened species that hybridizes with sympatric eastern

coyotes (C. latrans) and Great Lakes grey wolves (C. lupus).

. Within Algonquin Provincial Park (APP), annual human-caused mortality from

harvest and vehicles was low (0.06, 95% CI [0.03, 0.08]), whereas annual human-
caused mortality was higher in adjacent areas (0.31, 95% CI [0.25, 0.37]). Smaller
protected areas implemented to help protect eastern wolves did not significantly
reduce mortality. Eastern wolves survived poorly relative to other canids and dis-
persing canids survived poorly relative to residents. Mortality risk was greater
when canids were closer to roads. Mortality risk was also increased or reduced
by the strength of individual-level selection or avoidance of roads relative to their

availability, respectively.

. Our results provide a comprehensive evaluation of factors influencing spatial varia-

tion in mortality risk for canids to inform eastern wolf recovery efforts. Additionally,
we developed a novel modelling approach for investigating the influence of re-
source selection on mortality risk, which highlighted that individual-level responses

to risk can strongly influence population-level mortality patterns.

. Synthesis and applications. Despite being listed as ‘threatened’ under the Ontario

Endangered Species Act, eastern wolves are still legally trapped and shot outside
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coyotes.

KEYWORDS

1 | INTRODUCTION

Vital rates of wild animals can vary dramatically in relation to spa-
tial variation in human disturbance across the landscape (Hansen
& DeFries, 2007; Novaro et al., 2005). For instance, wide-ranging
large carnivores often exhibit high survival rates in protected areas,
whereas human-caused mortality associated with conflict, per-
secution, and vehicles is higher in adjacent landscapes (Loveridge
et al., 2017). These scenarios can result in source-sink dynamics as
protected areas provide refuge, but high mortality in the surround-
ing matrix limits population expansion (Balme et al., 2009; Carroll
et al., 2004). Critically, protected areas are rarely large enough to
ensure long-term persistence of threatened carnivores meaning that
understanding factors limiting survival in adjacent areas is needed to
inform sustainable management of human-caused mortality (Carroll
& Miquelle, 2006; Woodroffe & Ginsberg, 1998).

Large carnivores require large spaces and exist at low densi-
ties, which makes obtaining sample sizes needed for robust in-
ference on mortality patterns challenging (e.g. Hebblewhite &
Whittington, 2020). These limitations are exacerbated because
detailed studies of mortality for elusive species are expensive
and time-intensive, which generally results in short-term studies
of limited geographic scope (Krebs et al., 2004; Murray, 2006). A
compounding problem is that survival studies are rarely replicated
such that the original snapshot of mortality risk in time and space
is often not validated or built upon with additional data (Robinson
et al., 2015). Importantly, environmental conditions and manage-
ment policies change over time and may result in different patterns
of survival and mortality than those documented during previously
published research (Martinez Cano et al., 2016). Thus, managers are
often forced to develop conservation strategies without knowing if
the best available information is still relevant.

Understanding relationships between resource selection and
mortality risk has been a long-standing challenge for ecologists
and most approaches come with conceptual and statistical limita-
tions. McLoughlin et al. (2005) pioneered a novel approach using
individual-level resource selection coefficients as covariates in
known-fate mortality risk models to relate predation mortality to
multivariate habitat selection. This approach explicitly links the

protected areas in central Ontario. Eastern wolves and dispersing canids survive
poorly outside of APP, primarily from human-caused mortality. These results,
along with the apparent inadequacy of the smaller protected areas, suggest that
expanding the threatened eastern wolf population outside APP is unlikely under
current management conditions. Protecting eastern wolves from human-caused

mortality is complicated as it would require a harvest ban for all canids, including

coyote, eastern wolf, grey wolf, human-caused mortality, hybridization, resource selection,
source-sink, spatial mortality risk

ecological processes of interest, but involves a 2-step modelling
approach where the considerable uncertainty in resource selection
coefficients is usually ignored. Others have fit interactions between
mortality status and resource variables directly within resource se-
lection functions (e.g. Benson et al., 2015; Dussault et al., 2012). This
approach is effective at identifying resource selection strategies
associated with mortality or survival, but fails to account for varia-
tion in monitoring times in the survival data. DeCesare et al. (2014)
developed a novel approach linking population-level, multi-scale re-
source selection values derived for landscape pixels to location data
for animals included in mortality risk models. This technique results
in valuable inference at the population-level, but does not explic-
itly link resource selection behaviour of individual animals to their
mortality data. Global Positioning System (GPS) telemetry simulta-
neously tracks resource selection and mortality risk, such that link-
ing these processes explicitly for individual animals within a single
model is possible and appropriate. Matching individual-level strat-
egies with fate is essential for understanding fitness consequences
of resource selection and these patterns could be scaled-up within
known-fate models to provide population-level inference on behav-
iorally mediated mortality risk.

Carnivores can persist in landscapes dominated by humans if the
prey base is sufficient and human-caused mortality is minimised (e.g.
Bleyhl et al., 2021). However, hybridization of rare species compli-
cates conservation and is a threat to several species of carnivores
around the world (Allendorf et al., 2001; Wayne & Shaffer, 2016).
Indeed, the three-species hybrid zone between eastern wolves
(Canis lycaon), eastern coyotes (Canis latrans), and Great Lakes
grey wolves (hereafter, Great Lakes wolves; Canis lupus) in central
Ontario, Canada presents a daunting challenge for conservation of
eastern wolves, which are listed as threatened in Ontario (Benson
et al,, 2012, 2014; COSSARO, 2016). Eastern wolves are also des-
ignated as threatened federally by the Committee on the Status of
Endangered Wildlife in Canada (COSEWIC, 2015). Most remaining
eastern wolves are within the large protected area of Algonquin
Provincial Park (APP) where trapping and shooting of canids is pro-
hibited, coyotes are rare, and hybridization is minimal compared to
adjacent areas (Benson et al., 2012). Previous work showed that east-
ern wolves survive well inside APP but were an estimated 3.5 times
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more likely to be harvested by trapping or shooting outside APP rel-
ative to sympatric coyotes and admixed canids (Benson et al., 2014).
For all canids, harvest was the leading cause of death outside APP,
dispersing canids survived poorly, and mortality was greater in areas
of higher road density (Benson et al., 2014; n=139 radiocollared
canids). Combined, these results suggested interactions between
human-caused mortality and hybridization limit numerical and geo-
graphic expansion of eastern wolves (Benson et al., 2014). However,
subsequent research has identified new areas occupied by eastern
wolves outside APP and three new areas of harvest protection for
canids were implemented in 2016 following their listing as a threat-
ened species in Ontario (Rutledge et al., 2017; Figure 1). Intensive
telemetry-based research on canids has continued in this region
such that survival and mortality risk should be re-evaluated to in-
form eastern wolf conservation with the much larger dataset col-
lected across broader spatial and temporal extents now available.
We estimated survival and cause-specific mortality rates, and
modelled factors influencing mortality risk for wolves, coyotes, and
admixed canids throughout the proposed recovery zone for east-
ern wolves in central Ontario (Beacon Environmental Limited and
Wildlife Consulting, 2018). We used all available telemetry data
(n=438 canids in 141 packs) collected from 2002 to 2020 to test

it BE- 1R

multiple hypotheses. First, we hypothesised that humans drive dif-

ferences in mortality risk of large carnivores across heterogeneous
landscapes. To evaluate previous findings with a larger dataset of
broader spatial and temporal scope, we predicted that harvest is
the leading cause of death outside APP (prediction 1 [P1]), eastern
wolves are at greater risk than other canids in harvested portions
of the recovery zone (P2), and that non-resident (dispersing) canids
are at higher risk than residents (P3; Benson et al., 2014). We also
predicted that all canids are at greater risk when in areas of high road
density and when they are closer to roads because these features in-
crease access for harvest and result in vehicle collisions (P4). Second,
we hypothesised that individual animals mitigate or exacerbate risk
with behavioural responses to anthropogenic risk. We predicted
that canids that avoid roads are at lower risk, whereas those that
select roads are at higher risk (P5), which we evaluated by estimating
resource selection directly within known-fate mortality risk mod-
els. Third, we hypothesised that only large protected areas reduce
mortality risk for large carnivores when persecution is high in adja-
cent areas, because of the large spaces used by these animals (e.g.
Lariviére et al., 2000; Woodroffe & Ginsberg, 1998). Specifically,
we predicted that mortality risk is reduced in the large protected
area of APP, but not in smaller protected areas adjacent to the park
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FIGURE 1 Proposed recovery zone for eastern wolves where we studied survival and mortality of canids in central Ontario, 2002-2020.
Shown are telemetry locations for eastern wolves and other canids collected across the study area, major roads and boundaries of areas

where canids were protected from harvest.
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implemented in 2016 (P6). We also evaluated temporal trends in
mortality across time, something not possible with the smaller data-
set used by Benson et al. (2014). Our work provides a comprehensive
evaluation of survival and mortality with all available data to inform
eastern wolf conservation efforts in Ontario. More broadly, our
work advances understanding of the influence of large protected
areas, human-caused mortality, and behavioural responses to risk

for large carnivores navigating heterogeneous landscapes.

2 | MATERIALS AND METHODS
2.1 | Study system

We studied survival and mortality of wolves, coyotes, and admixed
canids from 2002 to 2020 across the proposed recovery zone for
eastern wolves in central Ontario (Figure 1; Beacon Environmental
Limited and Wildlife Consulting, 2018). From the beginning of our
study (December 2002) to June 2016 canids were fully protected
from harvest in the large protected area of APP and surrounding har-
vest ban area (7780 km2; Figure 1). In June 2016, full harvest protec-
tion was implemented in 3 additional areas that included Kawartha
Highlands (2076km?), Queen Elizabeth Il Wildlands (1260km?),
and Killarney (2562km?) Provincial Parks and surrounding areas
(Figure 1). Canid harvest by trapping and shooting was allowed on
a seasonal or year-round basis in virtually all other portions of the
study area for the duration of the study. Benson et al. (2014) evalu-
ated mortality of canids in portions of our current study area from
2004 to 2011 (APP, WMU49, WMU47 and the Kawartha Highlands;
Figure 1; n=139 canids from 55 packs). Here, we re-evaluated mor-
tality for canids with those and additional data collected across
the entire proposed eastern wolf recovery zone (including Queen
Elizabeth II Wildlands and Killarney Provincial Parks; Figure 1;
n=438 canids from 141 packs; 2002-2020). Eastern wolves are
the numerically dominant canid within APP where coyotes are rare
and hybridization is minimal compared to adjacent areas (Benson
et al., 2012; Rutledge et al., 2010). Outside APP, within the proposed
eastern wolf recovery area (Figure 1), eastern wolves are rare and
patchily distributed, whereas eastern coyotes and admixed canids
are abundant and hybridization is common (Benson et al., 2012;
Rutledge et al., 2017).

2.2 | Field methods

We captured canids with padded foothold traps, modified neck
snares, or with nets fired from helicopters from 2002-2011 and
2014-2020. We estimated age classes of captured animals as pups,
yearlings, and adults with tooth characteristics (Gipson et al., 2000).
We deployed very high frequency (VHF; 38%) or GPS (62%) collars
equipped with mortality sensors and obtained DNA samples at cap-
ture. We captured and handled animals in accordance with protocols
approved by Trent University (08039, 24219) and Ontario Ministry

of Natural Resources and Forestry (2-75 to 11-75 and 14-75 to
20-75) Animal Care Committees. We only included radiocollared
adult and yearling canids in our analyses. We monitored survival at
least once per week (VHF) and often daily (GPS) for the duration
of the study. We investigated mortalities promptly and evaluated
cause of death with field evidence and necropsy by experienced
veterinarians when remains were sufficient (details in Appendix S1).
We received authorisation to conduct research within the various
provincial parks by Ontario Parks. We did not need permission to
conduct research on other public lands as our project was carried
out by biologists employed by or affiliated with the Ontario govern-
ment. We received permission from landowners for any research

conducted on private land.

2.3 | Genetic analyses

We amplified 12 autosomal microsatellite loci for each sample using
markers and laboratory methods described in detail by Benson
et al. (2012). We used a Bayesian approach, implemented in the pro-
gram Structure (v.2.3.4, Pritchard et al., 2000) to estimate genetic
ancestry of individuals using microsatellite allele frequencies (details
in Appendix S1). We considered canids with 280% of their ancestry
assigned to eastern wolves, eastern coyotes, or Great Lakes wolves
to be highly assigned to that group, whereas we considered canids
with <80% of ancestry assigned to any one of the 3 species to be
admixed (Benson et al., 2012). We classified admixed canids as either
admixed wolves or admixed coyotes depending on whether they had
greater wolf (eastern and Great Lakes combined) or coyote ancestry.

2.4 | Survival and cause-specific
mortality estimation

We estimated annual survival rates using the nonparametric Kaplan
Meier product limit estimator with an annual recurrent timescale
(Fieberg & DelGiudice, 2009). We entered canids into the analysis on
the day they were radiocollared and removed them upon death (coded
1) or right-censored them if the monitoring ended prior to death
(coded 0). We also censored canids due to collar failure, timed release
of collars, emigration from the study area (VHF only), or at the end of
the study. Canids in the Algonquin region give birth to pups in late
April or early May (Benson et al., 2013), so we used a biological year
from 1 May-30 April. We censored all living animals with an active col-
lar on the last day of each biological year and re-entered them on the
first day the following year. We clustered data from multiple years for
the same individuals and estimated robust standard errors (Therneau
& Grambsch, 2000). We used the nonparametric cumulative incidence
function estimator (CIF) to estimate annual rates of different causes
of mortality separately for canids inside and outside APP (Heisey &
Patterson, 2006). Human-caused mortality in our study included har-
vest (trapping and shooting) and vehicle collisions. Natural mortal-
ity included intraspecific strife, mange, starvation, and other natural
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causes. Within APP, we estimated mortality rates from intraspecific
strife, mange, starvation, other natural causes, vehicles, harvest, and
unknown causes. Outside APP, we estimated mortality rates from
harvest, vehicles, all natural mortality pooled (because sample sizes of

individual causes were small), and unknown causes.

2.5 | Mortality risk modelling

We investigated factors hypothesised to influence mortality risk with
semiparametric Cox proportional hazards regression models with a
daily time-step using the annual recurrent model structure described
above (Therneau & Grambsch, 2000). We investigated the potential
influences of age-class, residency status, protected areas, and east-
ern wolf ancestry in several model sets with discrete, dummy-coded
predictor variables. For spatial variables (protection status and road
density), we estimated annual home ranges for packs of resident ca-
nids using GPS or VHF location data (230 locations) from individuals
within the pack using 100% adaptive convex hulls (Getz et al., 2007).
Residents were territorial canids in packs, whereas non-residents were
solitary animals that were dispersing or otherwise not exhibiting home
ranging behaviour (P3). We investigated potential differences in mor-
tality risk between highly assigned eastern wolves (coded 1) and all
other canids (coded O; P3). For data collected prior to June 2016, we
coded the protection status for each animal as a binary variable indi-
cating whether they were inside or outside the large protected area of
APP. Following June 2016, we considered 3 levels: APP, smaller pro-
tected areas, or unprotected (details in Appendix S1). We also included
a binary, temporal variable that separated data before and after June
2016 to provide a simple test of whether mortality risk differed for
canids following the implementation of the new protected areas (P6).
Finally, to evaluate broader temporal trends, we included a continu-
ous variable of year to investigate whether mortality risk increased or
decreased from 2002 to 2020.

Previous research showed mortality risk for canids increased
in areas with higher secondary road density (Benson et al., 2014).
Secondary roads were mostly paved roads classified as local, arterial,
or collector roads in the Ontario Road Network spatial layer. Here,
we considered the influence of secondary roads on mortality risk
in several ways. First, we included the density of secondary roads
within seasonal home ranges of the packs of individual resident
canids, as in Benson et al. (2014; P4). Additionally, in models using
only data from canids tracked with GPS telemetry, we investigated
the influence of distance to and selection of roads averaged across
each day. The distance variable was simply the mean daily distance
of each canid from the nearest secondary road (P4). We also cre-
ated selection ratios in a use-availability framework to evaluate daily,
distance-based selection and avoidance of secondary roads directly
within our Cox models (P5). First, we estimated the local availabil-
ity of roads at each time step with distributions of step-lengths and
turning angles specific to each individual along their movement
paths using the ‘amt’ package in R, similar to availability estimated
in step-selection functions (Thurfjell et al., 2014). We used these

Journal of Applied Ecelogy [

movement distributions to generate 30 available steps from the ani-
mal's location at time t and paired locations at the end of these avail-
able steps with the location used by the animal at time t+1. Thus,
we created ratios where the numerator was the mean daily distance
from the animal to roads (use) and the denominator was the mean
distance from all available locations to roads for that animal during
the same day (availability). We then took the natural log of the daily
selection ratio to rescale values and fit it as a time varying covariate

in our Cox models using the following formula:

5, = |n< usefjt>
avail,

S,=the selection ratio at day t, used,=mean distance from canid

telemetry locations to secondary roads at day t, and avail,=mean dis-
tance from available locations at day t. We predicted that relationships
between distance to and selection of roads with mortality risk might
be non-linear if risk weakened when animals were farther from roads.
Thus, we included second order polynomials for both daily distance
and daily selection of secondary roads. We also considered a natural
log transformation of daily distance to secondary roads. When no data
were collected on a given day for an individual due to missed fixes or
collar performance (<7% of data), we used the mean distance from
secondary roads over the past 7 days to fill in these missing values.

We conducted our mortality risk modelling in a hierarchical man-
ner with 6 model sets to isolate important factors influencing risk and
avoid the complexity of multiple interactions in our models (Table 1).
We started with all radiocollared resident and non-resident canids
across the recovery zone (model set 1), inside APP (model set 2), and
outside APP (model set 3). We also modelled risk for residents-only
across the recovery zone (model set 4) given the predicted differences
in risk for residents, because it allowed us to estimate road densities
within home ranges, and because of the importance of understanding
mortality of residents as the breeding animals in canid populations.
Finally, we created two model sets restricted to data from GPS-
collared canids across the recovery zone (model set 5) and outside APP
(model set 6) to investigate mortality risk for canids associated with
proximity to roads and selection of roads on a daily basis. The teleme-
try data (GPS or VHF), areas (APP, outside APP), animals (residents or
non-residents), and predictor variables included in each model set are
explained in Table 1. We did not include residency status and age-class
in the same model sets to avoid redundancy because many yearlings
were non-residents. We also kept the binary and continuous temporal
variables out of the same models to avoid redundancy. Continuous
predictor variables included in our models were not highly correlated.
Specifically, we only included a single continuous predictor variable
in model sets 1-4 (Table 1), whereas pairs of continuous variables in
model sets 5 (all r<0.44) and 6 (all r<0.53) were not strongly cor-
related. The number of individuals of each canid type in each model
set are provided in Table S1.

We centered and scaled all continuous variables by subtracting the
mean and dividing by the standard deviation. We compared relative
fit of models within each model set with all combinations of variables
using Akaike's Information Criterion corrected for small samples (AlCc;
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TABLE 1 Description of the data (GPS and/or VHF telemetry), areas (entire recovery area, APP, or outside of APP), and animals
(all=residents and non-residents), and predictor variables included in each of the six model sets (Set) used to evaluate mortality risk of

canids in Ontario, Canada, 2002-2020.

Set Data Area Animals
1 GPS, VHF Recovery area All

2 GPS, VHF APP All

3 GPS, VHF Outside APP All

4 GPS, VHF Recovery area

5 GPS Recovery area All

6 GPS Outside APP All

#Algonquin Provincial Park (in APP=1, outside=0).

Residents only

Predictor variables

APP?, small protected®, residency®, eastern wolf¢, post-
2016¢, year'

Residency, eastern wolf, year
Small protected, residency, eastern wolf, post-2016, year
APP, small protected, eastern wolf, post-2016, year

APP, small protected, residency, eastern wolf, distance
to roads®, selection of roads”

Small protected, residency, eastern wolf, distance to
roads, selection of roads

bSmaller protected areas where canid harvest was banned outside of APP in 2016 (in small protected area=1, outside=0).

‘Residency status (residents=1, non-residents=0).
dCanid ancestry (eastern wolves=1, all other canids=0).

®Data before and after the new protections were implemented outside of APP in 2016 (post-2016=1, pre-2016=0).

fContinuous effect of year (2002-2020).
8Mean daily distance of canids to secondary roads.
PDaily selection or avoidance of secondary roads by canids.

with n=number of events; Burnham & Anderson, 2002). We consid-
ered models to be strongly supported if the difference in AlCc from
the top model (AAICc) <2 (Burnham & Anderson, 2002). Measures of
the proportion of variation explained or overall model performance
can be inconsistent and difficult to interpret for Cox proportional haz-
ards models, particularly in the presence of censoring (e.g. Hartman
et al., 2023). Instead, we provide AAICc values from the null models
for each model set to evaluate degree of separation (and thus informa-
tion gain) from the top model. Models with stronger separation from
the top model indicate more substantial information gain from the pre-
dictor variables retained (Burnham & Anderson, 2002). We verified the
proportional hazards assumption of Cox models by examining the dis-
tribution of Schoenfeld residuals with a chi-square test using the cox.
zph function in the ‘survival' package (Therneau & Grambsch, 2000).
We examined parameter estimates for strongly supported models
(AAICc<2) and present exponentiated beta coefficients (hazard ra-
tios) with 95% confidence intervals. We considered variables with 95%
confidence intervals that did not overlap 1 to have significantly in-
creased or decreased mortality risk. We conducted analyses using the
‘survival’ and ‘AlCcmodavg’ packages in R version 4.1.2.

3 | RESULTS
3.1 | Mortality risk and annual survival

We identified 220 eastern wolves, 47 eastern coyotes, 9 Great
Lakes wolves, 87 admixed coyotes, and 75 admixed wolves in our
telemetry dataset (details in Table S1). Across the recovery zone
with data from both residents and non-residents, the model with
the strongest support retained the influences of APP, residency

status, and eastern wolf ancestry (model set 1; n=438 animals in
141 packs, n=165 mortalities; Table S2). Mortality risk was lower
in APP (hazard ratio=0.41, 95% CI [0.30, 0.57]) and for residents
(hazard ratio=0.48, 95% Cl [0.36, 0.66], estimates from top model;
Figure 2). Annual survival was highest for residents in APP (§=0.83,
95% Cl [0.80, 0.87]) and lowest for non-residents outside APP
(§=0.44, 95% CI [0.35, 0.56]). Annual survival was intermediate and
similar for non-residents in APP (§=0.68, 95% ClI [0.60, 0.76]) and
residents outside APP (§=0.68, 95% Cl [0.62, 0.74]).

In APP, the top model retained only residency status and indi-
cated that mortality risk was lower for residents (model set 2; haz-
ard ratio=0.57, 95% Cl [0.35, 0.92], n=288 animals in 71 packs;
Table S3). Outside APP, the top model also retained residency status
and indicated that mortality risk was lower for residents (model set 3;
hazard ratio=0.40, 95% CI [0.26, 0.60], n=237 animals in 101 packs;
Table S3). Ancestry-specific survival rates outside APP are shown in
Figure 3. With data for residents only across the recovery zone, the
top model retained APP and eastern wolf ancestry (model set 4;
n=2310 animals in 116 packs, n=88 mortalities; Table S3). Mortality
risk was lower for resident canids in APP (0.44, 95 CI [0.29, 0.69]) and
greater for resident eastern wolves (hazard ratio=1.56, 95% Cl [1.01,
2.42], estimates from top model; n=155 eastern wolves; Figure 2).
Hazard ratios and confidence intervals from all plausible competing
models (AAICc < 2) from model sets 1-4 provided in Tables S5-57.

3.2 | Influence of proximity to and
selection of roads

Across the recovery zone, the model for mortality risk of GPS collared
canids with the strongest support retained the influences of APP,
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FIGURE 2 Hazard-ratios and 95% confidence intervals for predictor variables retained in models with strongest support for factors
influencing instantaneous mortality risk of canids in central Ontario 2002-2020 for models sets with all data, resident canids only and GPS

telemetry only.
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FIGURE 3 Ancestry-specific annual survival probability curves for
radio-collared canids tracked outside of the large protected area of
Algonquin Provincial Park, Ontario, 2002-2020. We combined Great
Lakes wolves (n=7) with admixed wolves due to small sample sizes.

distance to secondary roads (log), eastern wolf ancestry, and resi-
dency status (model set 5; n=268 animals, 49 mortalities; Table S4).
Mortality risk was lower in APP (hazard ratio=0.33, 95% Cl [0.18,
0.60]) and for canids that were farther from secondary roads (log
transformed, hazard ratio=0.80, 95% CI [0.73, 0.88], estimates from
top model; Figures 2, 4a and 5). Mortality risk was greater for east-
ern wolves relative to all other canids (hazard=1.95, 95% CI [1.16,
3.29], estimate from top model; n=125 eastern wolves; Figure 2).
Outside APP, the model with the strongest support for mortal-
ity risk of GPS-collared canids retained eastern wolf ancestry and
the second-order polynomial for daily selection of secondary roads
(model set 6; n=187, mortalities=35; Table S4). Mortality risk was
greater for eastern wolves relative to all other canids (hazard=1.84,
95% CI[1.03, 3.33], estimate from top model; n=69 eastern wolves).
Mortality risk was lower for animals that avoided secondary roads
and higher for those that selected secondary roads (hazard=0.21,
95% Cl1[0.11, 0.40], second-order polynomial: hazard=0.81, 95% Cl
[0.70, 0.94], estimates from top model; Figure 4b). Hazard ratios and
confidence intervals for all variables retained in plausible competing
models (AAICc <2) for model sets 5 and 6 provided in Tables S8 and
S9.

3.3 | Cause-specific mortality

In APP, the annual rate of natural mortality (0.13, 95% CI [0.10, 0.16],
n=>54) was greater than the annual rates of human-caused (0.06,
95% Cl [0.03, 0.08], n=22) or unknown mortality (0.02, 95% CI
[0.01, 0.03], n=8; Figure 6). Intraspecific strife was the most com-
mon known cause of natural mortality in APP (n=19), followed by
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FIGURE 4 Log-transformed hazard ratios for canids relative to (a) distance to secondary roads (log-transformed; across all protected

and unprotected areas of proposed eastern wolf recovery zone), and (b) selection of secondary roads (outside of Algonquin Provincial Park)
from best mortality risk models with GPS telemetry data only, 2002-2020. We estimated distance-based selection of roads (use/availability)
such that lower values indicate selection (canids closer than expected to roads) and higher values indicate avoidance (canids farther than
expected from roads).
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FIGURE 5 Spatial mortality risk map for canids in proposed eastern wolf recovery showing variation in hazard ratio relative to proximity
to secondary roads and the large protected area of Algonquin Provincial Park from the best model with GPS telemetry only, 2002-2020.
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mange (n=10), and starvation (n==8). Outside APP, annual human-
caused mortality (0.31, 95% CI [0.25, 0.37], n=69) was greater than
natural mortality (0.05, 95% CI [0.02, 0.08], n=10) or unknown mor-
tality (0.06, 95% CI [0.02, 0.09], n=11; Figure 6). Outside APP, the
annual rate of harvest (0.24, 95% CI [0.18, 0.30], n=51) was greater
than the annual rates of vehicle (0.09, 95% Cl [0.05, 0.13], n=18),
natural (0.05, 95% CI[0.02, 0.08], n=10), and unknown (0.06, 95% CI
[0.02, 0.09], n=11) mortality. The estimated annual rate of human-
caused mortality indicated that approximately half of non-residents
were killed by harvest or vehicles annually (0.52, 95% CI [0.36, 0.63],
n=28). The estimated annual rate of human-caused mortality for
residents was approximately half of the non-residency rate (0.25,
95% C1[0.18, 0.31], n=40).

4 | DISCUSSION

Despite the importance of understanding mortality risk for threat-
ened species, managers are often forced to develop conservation
strategies with information from short-term studies characterised by
small sample sizes and results that are rarely validated (Hebblewhite
& Whittington, 2020; Robinson et al., 2015). Benson et al. (2014)
tracked 139 canids from 55 packs during 2004-2011 across por-
tions of the proposed recovery zone for eastern wolves, whereas
our current analyses included 438 canids from 141 packs across
the entire recovery zone during 2002-2020 (Figure 1). Importantly,
we were able to include 220 eastern wolves (including 79 tracked
outside APP), compared with 54 eastern wolves (15 outside APP)
in Benson et al. (2014). Thus, our work represents an updated,
comprehensive evaluation of survival and mortality risk for canids

75 100 125 150 175 200 225 250 275 300 325 350
Time (days)

in the Ontario Canis hybrid zone to inform conservation of eastern
wolves. We confirmed earlier findings by showing that within APP,
the population core of eastern wolves, human-caused mortality was
relatively low (6% annually) and resident survival was relatively high
(83% annually). Outside APP, where proposed recovery efforts are
intended to increase eastern wolves numerically and geographically
(Beacon Environmental Limited and Wildlife Consulting, 2018), an
estimated 24% of canids were shot or trapped annually and vehicu-
lar collisions increased the overall estimated annual human-caused
mortality rate to 31%. However, we also provide important new in-
formation as there was no detectable temporal trend in mortality
risk over time from 2002 to 2020 and the smaller protected areas
implemented in 2016 did not significantly influence mortality risk.
Our results suggest that the proposed recovery goal of eastern wolf
expansion outside APP, the only remaining source population for the
species, will be challenging under the management conditions pre-
sent during our study.

Our first hypothesis was supported as humans drove spatial vari-
ation in mortality risk for canids. The large protected area of APP
strongly reduced risk for canids, whereas we estimated human-
caused mortality to be more than 6 times greater than natural mor-
tality outside APP. Harvest by trapping and shooting was the leading
source of mortality outside APP and was greater than any other cause
of death (supporting P1). Our current results generally validated pre-
vious findings of greater mortality risk for eastern wolves relative
to sympatric canids outside APP (Benson et al., 2014), although the
strength of this finding varied across our analyses (partially support-
ing P2). A negative influence of eastern wolf ancestry on mortality
risk was retained in strongly supported models for all model sets
that included data from outside APP, although uncertainty around
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the influence of eastern wolf ancestry on mortality risk was high
in the models that included both GPS and VHF data for residents
and non-residents. High mortality of non-residents may have con-
tributed to greater variation in the ancestry-specific comparisons
in these models. Regardless, mortality risk was significantly greater
for eastern wolves in the residents-only model across the recovery
zone, as well as in both models with only GPS data.

It remains unclear why eastern wolf mortality is higher than that
of other canids in the hybrid zone, but a plausible explanation is that
they are more naive to risks associated with humans, because most
eastern wolves originate from the protected area of APP (Benson
et al.,, 2012, 2014; Rutledge et al., 2010). Higher mortality of resi-
dent eastern wolves likely has negative consequences for achieving
recovery given that resident canids are the breeding segment of the
population and adult survival is the parameter that most strongly in-
fluences eastern wolf population growth (Patterson & Murray, 2008).
Despite being listed as ‘threatened’ under the Ontario Endangered
Species Act, eastern wolves can still be legally trapped and shot out-
side APP and the smaller protected areas implemented in 2016. The
Ontario ESA specifies that no person shall kill, harm, or take a threat-
ened species. However, the similar size and appearance of eastern
wolves, eastern coyotes, Great Lakes wolves, and admixed canids,
as well as the indiscriminate nature of trapping, makes it difficult to
protect eastern wolves in this region without protecting all sympat-
ric canids. Thus, effective protection for eastern wolves would re-
quire banning harvest of coyotes, Great Lakes wolves, and admixed
canids, which presents sociopolitical challenges.

We estimated mortality risk to be greater than 2 times higher for
non-resident canids relative to residents (supporting P3). For APP to
act as an effective source population, eastern wolves must survive
and reproduce well within the park and offspring must successfully
disperse and breed in areas outside the park. Reduced survival of
non-resident, dispersing animals is common for large carnivores,
especially when human-caused mortality is high (e.g. Goodrich
et al., 2008; Smith et al., 2010). Ecologists and managers often focus
mainly on survival of breeding adults and reproduction for wolves
and other large carnivores when evaluating viability, given the strong
influence of these parameters on population dynamics (e.g. Fuller
et al., 2003; Patterson & Murray, 2008). However, when recovery
requires geographic expansion of a small source population and re-
lies on effective source-sink dynamics, the importance of survival of
younger, dispersing animals is magnified. Indeed, high mortality of
dispersing wolves and other large carnivores can negatively impact
metapopulation dynamics by preventing successful dispersal from
potential source populations into adjacent areas (sinks) that might
otherwise compensate for high rates of human-caused mortality
(Morales-Gonzalez et al., 2022; Newby et al., 2013).

There has been a lack of consistency in the investigation of spa-
tial variation in mortality risk for wildlife. Previous researchers have
considered risk associated with landscape features at the home
range level or at individual animal locations (e.g. Andrén et al., 2022;
Benson et al., 2014, 2023), and also whether resource selection influ-
ences risk (DeCesare et al., 2014; Dussault et al., 2012; McLoughlin

et al.,, 2005). We are unaware of previous studies quantifying the
relative risk associated with risky landscape features themselves
(e.g. roads) and behavioural responses of animals to those features
(selection and avoidance) in the same models. We found that the
mean daily distance of canids to secondary roads significantly in-
creased their mortality risk (supporting P4). Additionally, our second
hypothesis was supported as individual-level behavioural responses,
in terms of selection or avoidance of secondary roads, appear to
exacerbate or mitigate mortality risk (supporting P5). In fact, out-
side APP where mortality is higher, selection or avoidance of roads
influenced risk more strongly than proximity to roads. Roads pro-
vide access for trapping and hunting and result in vehicle collisions
for wolves (Person & Russell, 2008; Suutarinen & Kojola, 2018).
However, roads also provide benefits to canids because they can
facilitate easier travel conditions, increase predation success, and
are associated with road-killed carcasses and other anthropogenic
food (Benson et al., 2017; Hill et al., 2021). Thus, roads and humans
present risk-reward trade-offs for large carnivores (e.g. Blecha
et al., 2018; Penjor et al., 2022). Our results highlight that variation
in individual responses to these trade-offs can mediate population-
level mortality patterns in harvested landscapes. Our modelling
approach provides straightforward methodology for incorporating
resource selection behaviour into mortality risk models and ad-
dresses some of the limitations of previous approaches. Specifically,
we quantified resource selection and mortality risk in a single model,
rather than requiring a resource selection model followed by a mor-
tality risk model (e.g. McLoughlin et al., 2005; Palumbo et al., 2022).
Our approach also appropriately links selection behaviour of indi-
vidual animals directly to mortality of the same individuals, rather
than evaluating the influence of population-level resource selection
patterns to mortality of individuals (DeCesare et al., 2014).

Our third hypothesis was supported as the large protected area
APP strongly influenced mortality risk, whereas the smaller pro-
tected areas implemented in 2016 did not (consistent with P6). These
smaller protected areas were temporally restricted (June 2016-
October 2020) within our larger dataset, resulting in a relatively
modest number of canids tracked within them that likely limited sta-
tistical power. We tracked 23 resident animals using these areas and
12 (52%) had home ranges that extended beyond the protected area
boundaries. All mortality of animals using these areas was human-
caused (n=6, four harvested, two hit by vehicles), although three
of the four harvested canids were killed illegally. Thus, our current
data suggest that these areas were not sufficient to reduce mortality
for canids, both due to disregard for the regulations and movement
of canids beyond the boundaries of protected areas. Our results
are consistent with the limited efficacy of smaller protected areas
for large carnivores around the world (Balme et al., 2010; Lariviere
et al., 2000; Loveridge et al., 2017; Woodroffe & Ginsberg, 1998).
Although not feasible because of the difficulty of distinguishing
between the different canids, protecting eastern wolves with-
out protecting other canids would be consistent with traditional,
‘whole-animal’ species conservation. However, protection for all ca-

nids, including highly assigned eastern wolves and admixed canids
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with varying levels of eastern wolf ancestry, could also contribute
to conservation of biodiversity at the molecular level and might
help to maintain adaptive potential of canids (Seehausen, 2004;
Heppenheimer et al., 2018). Ultimately, decisions about protection
of canids within the Algonquin region will be considered alongside
perceptions regarding abundant coyotes and admixed canids that
are viewed as a nuisance or source of conflict by some stakeholders.

Our current work generally confirms previous findings of Benson
et al. (2014) with a larger sample of canids monitored over a broader
spatial and temporal extent. However, we also provide new infor-
mation to inform management of canids in Ontario, as well as a pro-
vincial and federal conservation strategy for eastern wolves. First,
we show that the newer areas of harvest protection implemented
following the elevation of eastern wolves to ‘threatened’ status have
not significantly reduced mortality risk for canids in the landscape
outside of APP. Second, the larger sample size of our current study
had sufficient power to investigate temporal trends and we found
no evidence that mortality risk has changed appreciably since 2002.
Combined, these results suggest that the current strategy of imple-
menting buffers around small-protected areas occupied by eastern
wolves adjacent to APP is insufficient to reduce mortality. Finally, we
build on the relatively coarse approach used by Benson et al. (2014)
that indicated mortality risk was greater within annual home ranges
with higher road densities. Here, we exploited the fine-scale tem-
poral and spatial resolution of GPS telemetry data to show that ca-
nids were at greater risk on a daily basis when they were closer to
roads. We also found that selection or avoidance of roads by canids
influences mortality risk. These results highlight that (a) mortality for
canids is likely to be high in areas where trappers and hunters have
increased road access, and (b) individual variation in behaviour plays
an important role in influencing population-level survival.

Across their range, the distribution, density, and viability
of wolves are most strongly influenced by prey availability and
human-caused mortality (Bleyhl et al., 2021; Fuller et al., 2003).
Hybridization in the Algonquin region further complicates eastern
wolf recovery because it interacts with human-caused mortality and
appears to limit eastern wolf distribution, density, and population
growth outside APP (Benson et al., 2012, 2014). Dispersing eastern
wolves face high mortality and those that survive have difficulty
finding conspecific mates outside APP given the low density of east-
ern wolves within a landscape saturated with territorial, hybridiz-
ing canids (Benson et al., 2012, 2014; Benson & Patterson, 2013).
Interactions between human-caused mortality and hybridization
also appear to threaten red wolves (C. rufus) in North Carolina, USA
that hybridize with coyotes (Hinton et al., 2017). A key difference
between the two hybrid zones is the presence of the large protected
area (APP), which is almost certainly responsible for the persistence
of eastern wolves in central Ontario. APP provides a continuous
source of dispersing wolves, but these animals rarely establish to
breed with other eastern wolves outside APP given the high rates
of human-caused mortality and hybridization. Our work highlights
that hybridization further increases the difficulty of achieving en-
dangered species recovery in landscapes shared with humans.
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Appendix S1. Supporting methods.
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model set used to investigate factors influencing mortality risk in
central Ontario, 2002-2020.

Table S2. Model fit for strongly supported Cox proportional hazard
models and null models used to investigate mortality risk for canids
in central Ontario with all radiocollared resident and non-resident
animals included.

Table S3. Model fit for strongly supported Cox proportional hazard
models and null models used to investigate mortality risk for canids
in central Ontario with only radiocollared residents included.

Table S4. Model fit for strongly supported Cox proportional hazard
models and null models of mortality risk relative to proximity to
and selection of secondary roads for GPS collared canids in central
Ontario, 2002-2020.

Table S5. Parameter estimates for 8 plausible competing models
(AAICc<2) for Cox proportional hazards model used to investigate
mortality risk for all radiocollared canids across the recovery area
inside and outside of Algonquin Provincial Park (model set 1),
Ontario, Canada, 2002-2020.

Table Sé6. Parameter estimates for plausible competing models
(AAICc<2) for Cox proportional hazards model used to investigate
mortality risk for all radiocollared canids inside (Model Set 2; 3
competing models) and outside (Model Set 3; 3 competing models)
Algonquin Provincial Park, Ontario, Canada, 2002-2020.

Table S7. Parameter estimates for 4 plausible competing models
(AAICc<2) for Cox proportional hazards model used to investigate
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(AAICc<2) for Cox proportional hazards model used to investigate
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Park (model set 6), Ontario, Canada, 2002-2020.
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