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Abstract

There is evidence that prey can perceive the risk of predation and alter their behaviour in response, resulting in changes in
spatial distribution and potential fitness consequences. Previous approaches to mapping predation risk quantify predator space
use to estimate potential predator-prey encounters, yet this approach does not account for successful predator attacks resulting
in prey mortality. An exception is a prey kill-site, which reflects an encounter resulting in mortality, but obtaining these data can
be expensive and requires time to accumulate adequate sample sizes. We illustrate an alternative approach using predator scat
locations and their contents to quantify spatial predation risk for elk (Cervus canadensis) from multiple predators in Alberta,
Canada. We combined predictions of scat-based resource selection functions for bears (Ursus arctos/U. americanus), cougars
(Puma concolor), coyotes (Canis latrans), and wolves (C. lupus) based on scat-detection dog surveys with predictions for the
probability that a predator-specific scat in a location contained elk. We evaluated our approach by comparing predictions to
a predation risk model developed from elk kill sites and applied it to describing spatial patterns in predation risk that were
consistent with changes in the distribution of elk over the past decade. We found a strong correlation between risk predicted
by kill sites and risk predicted by our approach (r = 0.98, P < 0.001). There was a spatial pattern to predation risk, where
elk that migrated east of their winter range were exposed to highest risk from cougars, non-migratory elk were exposed to high
risk from wolves and bears, and risk to elk that migrated west of their winter range into protected areas was high only from
bears. The patterns in predator risk were consistent with changes in the migratory tactics in this population. The scat-based
approach we present permits broad-scale inferences on predation risk for prey.
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1. ABSTRACT: There is growing evidence that prey can perceive the risk of predation and alter their
behaviour in response, resulting in changes in spatial distribution and potential fitness consequences.
Previous approaches to mapping predation risk across a landscape quantify predator space use to
estimate potential predator-prey encounters, yet this approach does not account for successful predator
attack resulting in prey mortality. An exception is a prey kill site, which reflects an encounter resulting
in mortality, but obtaining these data can be expensive and requires time to accumulate adequate
sample sizes.

2. We illustrate an alternative approach using predator scat locations and their contents to quantify
spatial predation risk for elk(Cervus canadensis ) from multiple predators in Alberta, Canada. We
combined spatial predictions of scat-based resource selection functions (RSFs) for bears (Ursus arc-
tos/U. americanus ), cougars (Puma concolor ), coyotes (Canis latrans ), and wolves (C. lupus ) based
on surveys with scat-detection dogs with predictions for the probability that a predator-specific scat in
a location contained elk. We evaluated our approach by comparing predictions to a model of predation
risk developed from elk kill sites and applied it to describing spatial patterns in predation risk that
were consistent with changes in the distribution of elk over the past decade.

3. We found a strong correlation between risk predicted by kill sites and risk predicted by our approach
(r = 0.98, P < 0.001). There was a spatial pattern to predation risk, where elk that migrated east of
their winter range were exposed to highest risk from cougars, non-migratory elk were exposed to high
risk from wolves and bears, and risk to elk that migrated west of their winter range into protected
areas was high only from bears. The patterns in predator risk were consistent with changes in the
migratory tactics in this population.

4. The scat-based approach we present permits broad-scale inferences on predation risk for prey species
that has advantages especially in multiple predator species.

Key-words:

- detection dog, elk, occurrence, partial migration, predation risk, resource selection functions, scat analysis,
spatial ecology

Introduction

Large herbivores, like most prey species, make substantial investments in avoiding predation risk (Tolon
et al., 2009). Risk of predation influences large herbivore habitat selection, grouping dynamics, and anti-
predator behaviours (Hebblewhite et al., 2006; Christianson & Creel, 2010). As a result, large herbivore
prey are often faced with making trade-offs in pursuing foraging opportunities while avoiding areas of high
predation risk (Creel et al., 2005; Hebblewhite & Merrill, 2009).

Lima & Dill (1990) established a conceptual model of predation risk by identifying two fundamental compo-
nents of Holling’s (1959) disk equation for the risk of a prey being killed per unit time:

P (death) = 1 - exp(-αd T) eqn 1

where α is the probability of encounter and d is the probability of death given an encounter during time (T).
Their approach considers the two main stages of predation and highlights the conditional nature of mortality

2
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. on attacks. However, it does not explicitly account for how predation risk may vary spatially.

Because spatial data for predator and prey are increasingly available, predation risk to prey has been related
to a predator’s abundance, occurrence, intensity of use or resource selection (Theuerkauf & Rouys, 2008;
Thaker et al., 2011; Moll et al., 2017). For example, White et al. (2009) related wolf (Canis lupus ) density
as a metric of predation risk to changes in elk (Cervus canadensis ) nutrition in Yellowstone National Park
during and after wolf recolonization, whereas predation risk from wolves and bears was estimated for a
range of prey using RSFs (Gustine et al., 2006). Hebblewhite & Merrill (2007) combined these approaches
by weighting RSFs of wolves by their spatial abundance to reflect the importance of the numeric response
in predation risk. Although commonly used, these metrics ignore a key component of predation — the
probability of death given an encounter (Lima & Dill, 1990). Encounters, however, are extremely difficult
to observe directly, even indirectly (e.g ., Eriksen et al., 2009; Whittington et al., 2011). As a result, studies
have estimated risk of mortality solely using prey kill sites (Smith et al., 2005). For example, Kauffman et
al. (2007) compared wolf kill sites to random locations in Yellowstone National Park to identify landscape
features associated with where elk might be killed if visited. Disadvantages in using kill sites is that they
often are biased towards large prey that are more readily detected (Webb et al., 2008; Bacon et al., 2011),
and adequate samples take considerable time to accumulate.

An alternative to kill sites is to combine spatial distributions of predators and contents of their scats.
Scat contents reflective a predation event and the scat location indicates the broad-scale spatial overlap of
predators and prey. A scat-based approach may be advantageous over telemetry-based kill sites because scats
can be less invasive and more cost efficient when using scat-detection dogs (Wasser et al., 2004; Mumma
et al., 2017), particularly in multi-predator communities. In this paper, we compare a scat-based approach
to quantifying spatial predation risk from bears (Ursus arctos/U. americanus ), cougars (Puma concolor
), coyotes (C. latrans ), and wolves for a partially migratory elk population in the eastern slopes of the
Rocky Mountains, Canada. We compared predictions of predator-scat occurrence combined with the relative
probability of elk being in the scat to a model of predation risk from elk kill sites. We used this approach to
assess expected differences in predation risk between migratory and resident elk on their summer ranges.

Materials and methods:

STUDY AREA

The study area encompassed the winter and summer ranges of the partially migratory Ya Ha Tinda elk herd
along the eastern slopes of the Rocky Mountains in and adjacent to Banff National Park (BNP, Fig. 1).
High-elevation bare rock and mixed shrub and herbaceous alpine communities dominated areas > 2,100 m
in the west. Engelmann spruce (Picea engelmannii ) and subalpine fir (Abies lasiocarpa ) were the primary
high-elevation conifer landcover, with low-elevation forests consisting of lodgepole pine (Pinus contorta )
and white spruce (P. glauca ). Early seral stands (< 20-year stand age) consisted of logged areas (hereafter,
“cutblocks”) and post-fire forest regeneration.

Other ungulates in the area include white-tailed deer (Odocoileus virginianus ), mule deer (O. hemionus
), moose, bighorn sheep (Ovis canadensis ), mountain goats (Oreamnos americanus ), and feral horses
(Equus caballus ). Wolves naturally recolonized the study in the mid-1980s and continue to be relatively
stable (Berg, 2019). Grizzly bears have increased in Alberta (Morehouse & Boyce, 2016), and densities on
protected federal land were 2.4 times higher than on provincial lands (Boulanger et al., 2005; Whittington
& Sawaya, 2015). Cougars expanded their range in northern and eastern Alberta since the 1990s (Knopff et
al., 2014).

SCAT COLLECTION AND ANALYSIS

We used scat-detection dogs to detect predator scats during 1 July – 30 September, 2013 – 2016, along
stratified random transects located in proportion to elevation classes and landcover representation within a
systematic sampling grid of 57 5 x 5-km cells (see Spilker, 2019). We recorded scat diameter and physical
description to identify scats to species (Weaver & Fritts, 1979; Rezendes, 1992; Elbroch, 2003), and collected
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. DNA on a subsample of scats to assess our accuracy. We combined grizzly and black bears into one ursid
category because we found low accuracy in our ability to discriminate the two (Spilker, 2019).

We analyzed scat contents for the presence of elk hair using either macroscopic analysis or DNA analysis. For
macroscopic analysis, we randomly selected 20 hairs from each scat, prepared hairs using standard methods
(Ciucci et al., 1996), and identified the species based on characteristics of the hairs’ medulla, cuticle scale
patterns, and scale margin distance using dichotomous keys (Moore et al., 1974; Kennedy & Carbyn, 1981).
Three trained observers were subject to blind trials on known hairs, obtaining a minimum of 80% correct
classification rate prior to analysis.

DNA was extracted from hair shafts using QIAGEN’s DNeasy Tissue kits (QIAGEN Inc., Valencia, USA).
Polymerase chain reaction (PCR) was used to amplify DNA and prey species identification was confirmed
via a partial sequence analysis of a hypervariable region of the mitochondrial 16S rRNA gene. This approach
identified the most dominant prey species in the scat (i.e., based on the proportion of DNA); mixed samples
where there was no dominant species (or equal amounts of DNA from each species) were re-run with ungulate-
specific primers to determine if elk DNA was present. We compared the presence of elk from the DNA analysis
to the macroscopic analysis on the same scats (n = 60) based on Area Under the Curve from a Receiver
Operating Characteristic curve. We found DNA analysis detected elk present in 88% of the scats where we
detected elk macroscopically. Wildlife Genetics International (Nelson, Canada) performed DNA analyses.

SPATIAL PREDATION RISK

Spatial predation risk (PRij ) reflected the relative risk of an elk dying from a specific predator, i , at a
location j , and was derived as:

PRij = RSFij * Pij eqn 2

where RSFij is scat-based resource selection function, and Pij is relative probability of elk being in the
predator scat at the location. To estimate total risk from all predators (bear, cougar, coyote, or wolf), we
summed the individual predation risk predictions standardized from (0 – 1).

Relative probability of predator-scat occurrence

We developed RSFs for predators (Manly et al., 2002), where ‘used’ samples were the locations of predator-
specific scats along transect lines and ‘available’ samples were random locations within a 50-m buffer on each
side of the line in a ratio of 1 scat:10 random points. We used an exponential RSF design fitted using logistic
regression. We did not enter correlated variables (r > |0.6|) into the same model. We used model selection
and Akaike’s Information Criterion corrected for small sample sizes (AICc) to identify the best-supported
RSF for each species using a criterion of four [?]AIC points to distinguish between competing models.

We used terrain, landcover, and anthropogenic features expected to influence predator occurrence (Nielsen
et al., 2002; Whittington et al., 2005; Knopff et al., 2014).We measured landcover as cover type derived from
TM Landsat Imagery, vegetation “greenness” from the Normalized Difference Vegetation Index (NDVI),
forest fires [?] 14 years old (Hebblewhite, 2006), and cutblocks [?] 20 years since harvest (Visscher & Merrill,
2009) as mean proportion of 30 x 30-m pixels within a 1.3-km radius (5.3-km2) buffer around a scat or
random location. This buffer size reflected the average daily movement of black bears the shortest distance
of all the predator species (see Appendix S1, Supporting Information). Forest edge was based on a 30-m
buffer of conifer or mixed-deciduous forest with any other landcover type. We derived terrain features (slope,
elevation, and terrain ruggedness) from a 30-m Digital Elevation Model. Locations were designated as within
30-m or farther than 30-m of a trail. Forest edge, proximity to roads, off-highway vehicle (motorized) trails,
and waterways were measured as the shortest distance (km) to the nearest feature or as density (km km-2)
within the buffer. We compared the predictions of scat-based RSF of wolves and bears to a telemetry-based
RSF at 1,000 random points. Scat-based RSF values increased as telemetry-based values increased, but was
not strictly linear (Appendix S2, Supporting Information).

To include a numeric component, we weighted the wolf RSF by a probability density function (PDF) based
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. on kill rates derived from annual, wolf pack size of collared packs (Hebblewhite & Merrill, 2007; Berg, 2019),
and weighted the RSF by the annual PDF in proportion of scats collected in each year. We weighted the
grizzly bear RSF by estimates of grizzly bear densities, which were 2.4 times higher within BNP compared to
outside of BNP ( Whittington & Sawaya, 2015; Government of Alberta, 2016). We smoothed the PDF values
along the BNP border using a 12.9-km moving window, the size corresponding to the average home range
for local grizzly bears (Nielsen et al., 2002). RSFs of cougars and coyotes were not numerically weighted
because no numeric indices were available.

Relative probability of elk occurrence in predator scats

To predict the relative probability of elk occurrence in a predator-specific scat (Pij ), we contrasted locations
of scats containing elk (n = 157: 24 bear, 75 wolf, 42 coyote, and 16 cougar) to locations of a larger set of
scats (n = 870: 257 bear, 363 wolf, 223 coyote, and 27 cougar) from the same predator species collected but
not analysed for prey contents (Spilker, 2019), similar to a use/available design (Manly et al., 2002). By
using scat locations as our available locations (rather than random locations), we controlled for the influence
of landscape features on where predator scats were located. We avoided a presence-absence of elk in the
scat design because the methods we used to detect elk in scats could not reliably confirm absence of elk. We
used a model selection approach based on a ΔAICc > 4 to determine the model with the most support. We
determined model covariates as the density or proportion within a buffer around a scat whose radius was
derived from the mean gut passage time and movement per day (i.e., 3-km for wolf, 1.5-km for bear, and
2-km for cougar and coyote, Appendix S1, Supporting Information).

Covariates included green herbaceous biomass (g m-2) at the peak of the growing season (1 August), derived
from a general linear model based on field sampling of 983 sites across the summer extent of the Ya Ha
Tinda elk herd (Hebblewhite et al., 2008), and updated for changes in forage availability caused by climate,
timber harvest, and fires (Smolko, 2014; MacAulay, 2019). Because elk must use the area to be found in the
scat and encounters with elk are likely related to their intensity of use of an area, we also quantified relative
intensity of elk use using a population-level resource utilization function (RUF; Marzluff et al., 2004) based
on utilization distributions from 6-hour GPS relocations of 66 adult female elk during 2013 – 2016. Variables
in the RUF included herbaceous forage biomass, herbaceous land cover (Hebblewhite et al., 2008), distance
to nearest forest edge, burned vegetation (< 15 years), and wolf (Hebblewhite & Merrill, 2007) and grizzly
bear predation risk (Nielsen et al., 2002). For more detail, see MacAulay (2019).

Scat-based vs. Kill-site Predation Risk

We compared the predictions of total predation risk from all predators (i.e. , sum of standardized predictions
for each predator) based on scat locations and contents to predation risk to predictions derived at kill sites
analysis at the known kill sites of collared and uncollared elk killed by predators between 2002 and 2016
(Appendix S3, Supporting Information). We derived kill-site models by comparing features at 104 locations
of elk kill sites (1) to 20 random points (0) each using conditional logistic regression. Random points were
generated within 13.2 km of each kill site, to account for the largest average movement per day of the
predators (i.e. , cougar; Dickson et al., 2005; Laundré, 2005). Landscape variables were the percentage
or mean value within a 250-m buffer around the kill sites or random location. We used inverse frequency
weighting to account for differences in number of kills by each predator species. We evaluated models with
AICc (Appendix S4, Supporting Information) and used the best-supported model to map predation risk to
elk (Appendix S5, Supporting Information), assuming that the sample of elk mortalities reflected the relative
predator-specific kill rates. We conducted Spearman rank correlations between predictions from scat-based
and kill-site models at 1,000 random points, but graphically presented smoothed graphs based on the mean
risk value of 10 equal-area bins.

Results

SCAT-BASED PREDATOR RESOURCE SELECTION FUNCTIONS

We surveyed 183 km in 2013, 652 km in 2014, and 405 km in 2015 for scats recording all predators, and an
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. additional 82 km in 2016 for cougar scats only, for a total of 1,322 km over 125 transects. We used detections
of 373 bear, 42 cougar, 223 coyote, and 470 wolf scats to determine RSFs. In all species, top RSFs were
better supported than both the respective null and full candidate models with all 13 variables (Appendix S6,
Supporting Information). Bears selected against conifer forests (β = -0.71, [95% C.I. -1.23, -0.19]), motorized
trails (β = 0.86, [95% C.I. 0.41, 1.31]), and roads (β = 0.00005, [95% C.I. 0.00003, 0.00007]), and for areas
with cutblocks (β = 0.84, [95% C.I. 0.23, 1.45]), high NDVI (β = 0.0002, [95% C.I. 0.00007, 0.00033]), steep
slopes (β = 0.02, [95% C.I. 0.019, 0.039]), and non-motorized trails, particularly when farther from areas with
motorized trails (β = 0.00005, [95% C.I. 0.00001, 0.00009]; Table 1). Wolf scats most likely occurred near
waterways (β = -0.0001, [95% C.I. -0.00015, -0.00005]), on gentler slopes (β = -0.04, [95% C.I. -0.06, -0.02])
and non-motorized trails (β = 1.29, [95% C.I0.99, 1.59]), but farther from motorized trails (β = 0.00005,
[95% C.I. 0.00004, -0.00006]; Table 1).

Equally supported models for coyotes included areas with gentler slopes (β = -0.05, [95% C.I. -0.08, -0.02])
and vehicle-restricted trails (β = 1.62, [95% C.I. 1.27, 1.97]), and areas farther from vehicle-permitted trails
(β = 0.00006, [95% C.I. 0.00004, 0.00008]; Table 1); we retained proportion of shrub cover (β = 2.63, [95%
C.I. 0.21, 5.05]) because its confidence limits did not overlap zero. Cougar scats were more likely in areas
with less conifer forest cover (β = -1.92, [95% C.I. -3.38, -0.46]) and high edge density (β = 8.39, [95% C.I.
1.12, 15.56]) because the confidence limits of only these two variables did not overlap zero.

Based on model predictions, both wolf and bear scats were more likely found in the western portion of the
study area along river drainages than in the eastern portion of the study area. Around the Ya Ha Tinda
elk winter range, likelihood of scats was high for wolves but low for bears (Figs 2a, 2d). Cougar scats
increased from the west (low) to east (high), corresponding with more forest edge in the forest-managed
lands. Probability of coyote scat occurrence was fairly consistent across the study area (Figs 2b, c).

ELK PRESENCE IN PREDATOR SCATS

We analyzed the contents of 476 scats (130 bear, 33 cougar, 114 coyote, and 199 wolf); 226 were analyzed
via macroscopic analysis and the remainder via DNA analysis. Elk was equally found in coyote (36% of
scats), wolf (38%), and cougar (46%) scats collected from across the study area (Wilcoxon Rank Sum test;
all pairwise P [?] 0.27). Bear scats contained elk less frequently compared to the three other predators
(19%, all pairwise P < 0.001). We did not use herbaceous forage biomass and elk resource use (RUF) in the
same models for predicting elk in a scat, nor did we use slope, elevation, and ruggedness in the same models
because they were highly correlated (r > 0.60)

The best-supported, predator-specific models predicting elk presence in a scat included most consistently
the positive effect of herbaceous biomass, except for cougar; inclusion of other variables depended on the
predator species (Table 2). For bears, the top model included the positive effect of herbaceous biomass (β
= 0.061, [95% C.I. 0.03, 0.10]), and negative effect of open cover type (β = -4.83, [95% C.I. -8.58, -1.63],
Table 2). For wolves, we selected the model including only herbaceous biomass (β = 0.21, [95% C.I. 0.16,
0.27]), terrain ruggedness (β = 0.84, [95% C.I. 0.53, 1.19]), and percent of area covered by deciduous forest
(β = -36.29, [95% C.I. -56.85, -18.25]; Table 2) because the confidence limits of the beta coefficient for burns
included zero (Appendix S7, Supporting Information). We selected the model for elk presence in coyote scat
that included the positive effects of herbaceous biomass (β = 0.048, [95% C.I. 0.030, 0.070]) and distance to
water (β = 0.00032, [95% C.I. 0.000060, 0.00058]) and the negative effect of road density (β = -0.88, [95%
C.I. -1.83, -0.13]; Table 2). The most uncertainty was found in the models of elk presence in cougar scats
largely because of low sample size (Appendix S7, Supporting Information). Based on parsimony, we selected
the model with only forest edge density (β = 1.25, [95% C.I. 0.31, 2.49]; Table 2).

The western portion of the study area (i.e. , BNP) had low relative probability of elk being in all predator
scats. Predictions from the above models indicated elk were most likely found in cougar scats in the eastern
part of the study area and wolf and coyote scats at Ya Ha Tinda (Figs 2-3, Table 3).

SCAT-BASED PREDATION RISK TO ELK
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. In combining predator distribution and scat contents, the predation risk to elk was highest from wolves
and coyotes at the Ya Ha Tinda (Table 3) where resident elk summer. Risk from bears was highest for
areas west of Ya Ha Tinda and at the Ya Ha Tinda. In contrast, risk from cougars was widespread and
relatively high only east of the Ya Ha Tinda (Table 3). Highest total predation risk to elk from all predators
occurred for the YHT resident elk (Table 3). Rank correlation of the total risk (all predators combined;
Fig. 4) corresponded well with predation risk inferred from kill sites (rs = 0.98, P< 0.0001; Appendix S8,
Supporting Information).

Discussion

Because different factors may influence where prey are encountered and killed (Hebblewhite, Merrill, &
McDonald, 2005; Kauffman et al., 2007), predictions of spatial risk based only on predator distribution
may not be sufficient to assess predation risk in terms of an actual mortality event but this distinction
is rarely acknowledged (Moll et al., 2017). At the same time, knowing the likelihood of predators being
present may be sufficient to address questions regarding prey responses and frequency of anti-predator
behaviours (Robinson & Merrill, 2013).Indeed, Prugh et al., (2019) argued for even further expansion of
the stages of predation to include engaging, attacking, and surviving given an encounter to adequately
understand and address questions of predation risk. However, quantifying these stages is challenging and
likely requires time-intensive, observational studies (Wikenros et al., 2009; Tallian et al., 2017), or detailed
fine-scale movements of both predators and prey (Basille et al., 2015; Greggor et al., 2016). Where risk
of mortality is desired, the most common approach has been to examine kill-sites. Kill-site data based on
annual winter mortality surveys or marked animals require extended periods and expense to accumulate
sufficient samples, giving an approach based on scats a distinct advantage in assessing predation risk early
in a study. It is also advantageous in terms of being non-invasive and cost-efficient (Wasser et al., 2004;
Orkin et al., 2016), particularly a multi-predator community because dogs can simultaneously find scats from
multiple predators. At the same time, reliability of using fecal material to estimate predator distribution has
been questioned because of false species identification and sampling biases (Morin et al., 2016; DeMatteo et
al., 2018). We found distinguishing between scats of bear species was more difficult than anticipated and
warrants DNA analysis to verify species where the uncertainty needs to be eliminated. Biases in detecting
scats, can be addressed with refined training and handling of dogs. For example, in the blind trials we
performed, dogs had a high (> 90%) detection rate of scats (Spilker, 2019). Potential biases in sampling
designs, such as collecting scats only on trails can be problematic (Steenweg et al., 2015), but we remedied
this by locating transects on and off trails. Nevertheless, features such as steep cliffs and rugged terrain can
constrain sampling, whereas this may not be the case if large carcasses can be observed during aerial flights.

A second issue for using scats for sampling the distribution of any species relates to whether deposition reflects
where they spend time, and in the case of predators, where they make an actual kill. We present evidence for
scat location and contents corresponding to these two components of predation because the factors we found
associated with scat locations and contents (i.e. elk) were similar to those reported by others for both the
distribution of these predators and for elk kill sites. For example bear scats were associated with high forage
quality (NDVI) and quantity (cutblocks), similar to models for grizzly bears where bears were associated
with greenness and open canopy cover (Nielsen et al., 2002; Apps et al., 2004). Wolf scats were associated
with flat areas (Hebblewhite & Merrill, 2007) and cougar scats were associated with areas of high forest edge
(Atwood et al., 2009; Elbroch et al., 2013). Indeed, we found that for wide-ranging species like wolves and
grizzly bears, predictions from the scat-based RSFs corresponded well with predictions from telemetry-based
RSFs in the study area (Appendix S2, Supporting Information). The ability of our scat-based approach to
make predictions similar to the kill-site analysis also is not surprising because the approaches include the
same components of predation, i.e. , a risky place is one where there is a high probability of encountering
and being killed by a predator. For example, elk select for areas with abundant forage biomass in summer
(Hebblewhite & Merrill, 2009; Smolko 2014), which is where we found a higher probability of elk being
present in the scat of all species; we also found elk being in wolf scats associated with rugged terrain, which
is where Torretta et al., (2018) also reported wolf kill sites, suggesting ruggedness reduced agility to navigate
in steep terrain.
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. A major consideration in developing and applying estimates of spatial risk is to appropriately match the
approach to the spatial and temporal scales for the processes and questions addressed (Moll et al., 2017;
Cusack et al., 2019; Prugh et al., 2019). For example, experimental approaches such as giving-up densities
(Altendorf et al., 2001) or interactions caught on remote cameras (Hernández et al., 2005) may be most
appropriate to make fine-scale, behavioral or site-specific inferences of predation risk, whereas simultaneously
monitoring sequential movements of predators and prey at short temporal scales may lead to understanding
how certain evasion tactics are successful in only limited situations. Here, we show that a scat-based approach
to predicting predation risk for elk corresponds well with outputs derived from modeling kill sites, but submit
the approach is most appropriate when directed at answering questions at broad spatial and temporal scales
(Orkin et al., 2016). For example, because it was not feasible to collect sufficient scats except over a 12-week
summer season, we gained little insight into the seasonal dynamics of predation risk. At the same time,
the broad-scale spatial patterns in predation risk for elk we found are consistent with our demographic
understanding of predation rates on both adult and calf elk in this area ( Hebblewhite et al., 2018; Berg,
2019). Strengthening the link between risk of predation from the perspective of the prey, as represented in
the above metrics, and kill or predation rates is a key next step for addressing questions of predator-prey
dynamics.

ConclusionWe illustrate a new approach for estimating predation risk to prey based on distribution and
contents of predator scats using scat dogs, and found it corresponds well with the results of other approaches.
It has the advantage of being able to distinguish key components of predation, such as where prey may
encounter predators and where they are killed. It can be used to sample broad areas over a relatively short
time frame to get a snapshot of spatial predation risk, which lends itself to repeat sampling for detecting
changes in spatial risk in the same area over time. As with other methods, appropriate sampling design and
reducing uncertainty with observer training (e.g., dogs and handlers) and auxiliary data such as DNA to
confirm species identification will be key considerations.
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Table 1. Beta coefficients (β) and upper and lower 95% confidence intervals (CI) for the top scat-based
resource selection functions (RSF) for four carnivores in the eastern slopes of the Rocky Mountains, Alberta,
Canada, 2013 – 2016.

Species Variable β 95% CI 95% CI 95% CI
Lower Upper

Bear Conifer forest -0.71 -1.23 -0.19
Cutblocks 0.84 0.23 1.45
NDVI 0.0002 0.00007 0.00033
Slope 0.02 0.019 0.039
Non-motorized trail use 0.86 0.41 1.31
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. Distance to motorized trail/road 0.00005 0.00003 0.00007
Non-motorized trail use*Distance to motorized trail/road 0.00005 0.00001 0.00009

Cougar Conifer forest -1.92 -3.38 -0.46
Forest edge density 8.39 1.12 15.56

Coyote Shrub 2.63 0.21 5.05
Slope -0.05 -0.08 -0.02
Non-motorized trail use 1.62 1.27 1.97
Distance to motorized trail/road 0.00006 0.00004 0.00008

Wolf Distance to streams -0.0001 -0.00015 -0.00005
Cutblocks -2.47 -4.48 -0.46
Slope -0.04 -0.06 -0.02
Non-motorized trail use 1.29 0.99 1.59
Distance to motorized trail/road 0.00005 0.00004 0.00006

Table 2. Beta coefficients (β) and lower and upper confidence intervals (CI) for the top predator-specific
models predicting the relative probability of elk occurrence in scat based on Akaike’s Information Criterion
corrected for small sample sizes (AICc) for four predators along the eastern slopes of the Rocky Mountains,
Alberta, Canada, 2013 – 2016.

Species Variable β 95% CI 95% CI
Lower Upper

Bear Herbaceous forage biomass 0.06 0.03 0.10
Open cover -4.83 -8.58 -1.63

Cougar Forest edge density 1.25 0.31 2.49
Coyote Herbaceous forage biomass 0.050 0.030 0.070

Distance to streams 0.00032 0.00006 0.00058
Motorized road/trail density -0.88 -1.83 -0.13

Wolf Herbaceous forage biomass 0.21 0.16 0.27
Terrain ruggedness 0.85 0.53 1.19
Deciduous-mixed forest -36.29 -56.85 -18.25

Table 3. Mean ± standard deviation of predicted values across space for three models (RSF = scat-based
resource selection functions; Pelk = probability of elk presence in scat; Predation Risk = eqn 2) for four
predators along the eastern slopes of the Rocky Mountains, Alberta, Canada, 2013 – 2016.

Spatial Segment Mean RSF Mean Pelk Mean Predation Risk
Bear West 0.438 ± 0.134 0.145 ± 0.108 0.207 ± 0.139

YHT 0.243 ± 0.062 0.250 ± 0.115 0.204 ± 0.09
East 0.186 ± 0.049 0.254 ± 0.215 0.156 ± 0.132

Cougar West 0.585 ± 0.118 0.389 ± 0.177 0.237 ± 0.116
YHT 0.577 ± 0.082 0.495 ± 0.213 0.288 ± 0.127
East 0.635 ± 0.113 0.638 ± 0.308 0.426 ± 0.247

Coyote West 0.732 ± 0.163 0.210 ± 0.112 0.172 ± 0.092
YHT 0.796 ± 0.127 0.405 ± 0.218 0.354 ± 0.21
East 0.783 ± 0.112 0.291 ± 0.174 0.244 ± 0.15

Wolf West 0.209 ± 0.168 0.296 ± 0.171 0.062 ± 0.066
YHT 0.341 ± 0.223 0.479 ± 0.291 0.215 ± 0.232
East 0.114 ± 0.116 0.222 ± 0.257 0.037 ± 0.071
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