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Abstract

Predation is a central process in many ecological communities, but the relationships
between predator and prey populations are highly variable as a result of the inherent
complexity of predator-prey systems. In recent years, the use of molecular methods in
ecology has rapidly increased, but the application of molecular tools in the study of predation
remains underutilized. We were interested in using molecular tools to illuminate the
interactions between two predators and a common prey species, caribou, in Newfoundland.
We compared morphological and molecular methods of food habit analyses and used
noninvasive sampling to estimate black bear and coyote abundances. We also utilized
molecular tools and a statistical model to decrease the subjectivity associated with predator
species identification at Kill sites. Our research suggested that molecular methods detect prey
species in a significantly higher percentage of predator scats. Although caribou were
frequently detected in black bear and coyote scats, we determined that moose were the most
common prey species for both predators. We also demonstrated that black bears and coyotes
were the primary predators of caribou calves, and that predation by Canada lynx, red fox, and
bald eagle was limited. In addition, our approach elucidated predator-specific kill site
observations that should improve the accuracy of future predator species identifications at calf
kills. We also found that the most cost-effective and efficient methods of sampling predator
populations for the purpose of abundance estimation may vary between species and across
study sites. Our study demonstrated that molecular tools can be expanded to illuminate

complex predator-prey processes and inform conservation and management decisions.
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Chapter | — A Comparison of Morphological and Molecular Food Habit Analyses of
Predator Scats
Authors — Matthew A. Mumma, Jennifer R. Adams, Chris Zieminski, Todd K. Fuller, Shane
P. Mahoney, and Lisette P. Waits
Abstract

An understanding of species’ food habits is required to make sound conservation and
management decisions. Traditionally, morphological analyses of undigested hard parts from
food items remaining in scats have been used to assess diets. More recently molecular
analyses of scats have been used to identify plant and prey species DNA, but no studies have
compared morphological and molecular analyses of food habits for large, terrestrial
carnivores. We used molecular tools to determine the percentage of black bear and coyote
scats that contained three common prey species (caribou, moose, and snowshoe hares) in
Newfoundland and compared the results to a traditional morphological analysis. We found
that a ranking of the relative prey frequencies was consistent between the two methods, but
molecular methods tended to detect prey species in a greater percentage of scats for all prey
species. However, there were individual scats in which a prey species was detected by
morphological methods only, and we provide evidence that molecular methods could result in
false negatives if prey DNA is not uniformly distributed throughout a scat or as a result of
PCR inconsistency. We also determined that molecular methods could be implemented for
less cost than morphological methods when a large number of samples are processed or if the
cost of developing a molecular prey species identification test is excluded. We recommend
that controlled feeding studies be performed to validate molecular methods and investigate the

utility of molecular methods to estimate the proportions for all food items consumed.



Introduction

Knowledge of a species’ resource requirements is particularly important for
understanding habitat needs (Litvaitis 2000). In particular, the food habits of a species can
provide information regarding how it consumes and/or competes with other members of its
community (Klare et al. 2011). Examination of stomach contents and scats are the most
common methods used to evaluate the food habits of terrestrial animals (Litvaitis 2000). Scat
analysis is particularly attractive because of the ease of collection and implementation, and its
non-destructive and noninvasive nature, particularly when studying rare or elusive species
(\Valentini et al. 2009) or species of conservation concern (Mills 1996).

Traditionally, hard part or morphological scat analysis entails the identification of
undigested animal or plant matter (Casper et al. 2007a), such as bones, teeth, hair, feathers,
scales, exoskeletons (Litvaitis 2000), otoliths (Casper et al. 2007b), and macro- or
microscopic plant material (Valentini et al. 2009). Determining the proportion of scats
containing a food item or the proportion of hard parts from a specific food item are the most
common methods, but identifying the volume or mass of food parts from a specific food item
in proportion to all food items, in conjunction with species-specific correction factors,
provides a more accurate estimate of the contribution of food items to a species’ diet (Klare et
al. 2011). However, the accuracy of morphological methods are often limited by a lack of
identifiable hard parts (Casper et al. 2007a), variable delays in the excretion of hard parts
between food items (Casper et al. 2007a), and difficulty distinguishing between hard parts of
closely related species (Spaulding 2000; Zeale et al. 2011). Recently employed molecular

methods have the potential to limit or eliminate some of these challenges by permitting the



objective identification of food items from both soft and hard matter present in scats (Tollit et
al. 2009).

Researchers have used molecular methods to study the food habits across a range of
species. The scats of pinnipeds (Deagle et al. 2005; Casper et al. 2007a; Casper et al. 2007b;
Matejusova et al. 2008; Tollit et al. 2009; Bowles et al. 2011), penguins (Deagle et al. 2007,
Deagle et al. 2010), bottlenose dolphins (Tursiops truncatus) (Dunshea 2009), chamois
(Rupicapra rupicapra) (Rayé et al. 2011), domestic sheep (Pegard et al. 2009), snow leopards
(Panthera uncia) (Shehzad et al. 2012a), leopard cats (Prionailurus bengalensis) (Shehzad et
al. 2012b), and bats (Zeale et al. 2011) have been analyzed with molecular methods.
Valentini et al. (2009) demonstrated the utility of a DNA barcoding approach by identifying
food habits of primarily herbivorous vertebrate and invertebrate species via a DNA fragment
of the chloroplast genome (P6 loop of trnL (UAA) intron). Some researchers have followed a
similar approach by utilizing restriction sites that are found across a broad range of species
(Dunshea 2009; Pegard et al. 2009; Deagle et al. 2010; Rayé et al. 2011; Shehzad et al.
2012a; Shehzad et al. 2012b), but others have relied on species- or taxon-specific markers to
identify known diet items (Matejusova et al. 2008; Bowles et al. 2011; Zeale et al. 2011).

To our knowledge, only three studies have compared the findings of morphological
and molecular analyses. A feeding trial study of captive fur seals (Arctocephalus spp.)
determined that molecular methods detected prey species sooner after feeding, more
frequently, and over a more predictable time period in comparison to morphological methods
(Casper et al. 2007a). However, in a study of wild Stellar sea lions (Eumetopias jubatus),
molecular analyses failed to identify a prey species in 22% of scats, but were able to identify

prey to species when morphological methods were limited to genus (Tollit et al. 2009). Tollit



et al. (2009) also reported significant differences in detection rates between the two methods
for certain prey species. Molecular methods also provided greater species resolution in an
insectivorous bat study and found several additional orders (Zeale et al. 2011). However,
despite the importance of understanding the food habits of large, terrestrial carnivores (Mills
et al. 1992), no studies have compared the results of morphological and molecular analyses in
a terrestrial system containing a large, carnivorous species.

The island of Newfoundland, Canada, presents an excellent study system for
comparing morphological and molecular diet analyses because of the relative simplicity of the
predator-prey system. Black bears (Ursus americanus) depend heavily on vegetation, but also
consume large amounts of meat, particularly in spring, when an abundance of winter killed
moose (Alces alces) and caribou (Rangifer tarandus) and neonate calves are present. Coyotes
(Canis latrans) only recently immigrated to Newfoundland in the 1980s, but have been
confirmed as one of the major predators of caribou calves (Mahoney & Weir 2009; Lewis &
Mahoney 2014; Mumma et al. 2014) and also consume moose and snowshoe hares (Lepus
americanus). Given the recent decline (>66% since 1998) in Newfoundland’s caribou
population (Mahoney & Weir 2009), a better understanding of the food habits of the two
major predators of caribou calves is warranted.

Our goals were to evaluate the feasibility of using molecular tools to detect several
common prey items in scats of two large, terrestrial carnivores and determine how these
results compare to morphological analyses. We hypothesized that molecular methods would
identify a prey species in a greater percentage of scats, but that morphological methods would
identify a prey species in some scats where molecular methods did not as a result of PCR

failure or a lack of prey DNA uniformity throughout a scat. We evaluated both of these



possible explanations for molecular method failures and also compared costs between the two
techniques.
Materials and Methods
Study Site

Newfoundland (111,390 km?) is an island off Canada’s eastern coast with a cool,
maritime climate characterized by interspersed coniferous forest, windswept barrens, and
peatland (McManus & Wood 1991). We selected three study sites (Fig. 1) inhabited by three
of Newfoundland’s caribou herds (La Poile, Northern Peninsula, and Middle Ridge), along
with moose, snowshoe hares, and predatory black bears and coyotes (Rayl et al. 2014).

Scat Sampling

In 2009, black bear and coyote scats were collected along roads and in areas adjacent
to roads in La Poile and the Northern Peninsula using a trained scat detection dog (MacKay et
al. 2008). Scat sampling was spread across study areas to increase the number of habitat
patches and individual predators sampled. Scat detection dog searches varied in distance (5-
10 km) and search time (2-6 hr) depending on the number of scats found and the weather.
Scats were placed in plastic bags by dog handlers wearing latex gloves and frozen at the end
of each field day when possible. Prior to lab processing, scats were thawed and a total of ~0.5
ml of fecal material was removed from multiple locations on the outside of each scat
(Stenglein et al. 2010) and placed in 2 ml collection tubes containing DETS buffer to prevent
DNA degradation (Frantzen et al. 1998). Plastic bags and tubes were labeled with a sample
number and date of collection, which linked samples to an electronic record of their GPS

coordinates.



Predator Species Identification

Samples were extracted using the Qiagen QlAamp DNA stool mini kit (Qiagen Inc.,
Valencia, CA) in a laboratory dedicated to low quantity and quality DNA samples, and
extractions included a negative control. We used a mitochondrial DNA (mtDNA) control
region fragment analysis test to identify each sample to species (Murphy et al. 2000; Dalen et
al. 2004; Onorato et al. 2006; Mumma et al. 2014; De Barba et al. 2014a). Since the
identification of each scat to species relies on sloughed epithelial cells from the Gl tract of the
predator, we assumed that prey DNA would exceed predator DNA; therefore, we considered a
positive black bear or coyote result an indication of good sample quality and that prey DNA,
if present, would have a high probability of amplification. We determined allele sizes using
an Applied Biosystems 3130xI Genetic Analyzer (Applied Biosystems Inc., Foster City, CA)
and associated GeneMapper 3.7 software.

Morphological Prey Species Identification

All scats collected in 2009 from La Poile and the Northern Peninsula that tested
positive for black bear or coyote were analysed using standard morphological analyses of
undigested hard parts from food items remaining in scats (Reynolds & Aebischer 1991).
Thawed scats were individually cleaned by washing in a 2.0-mm mesh sieve and then dried to
a constant mass in a drying oven at 40-50°C for 24-48 hours. We placed the dried contents
of a scat onto a 30 x 20 cm tray with a 3 x 6-cell grid at the bottom and evenly spread scat
contents across the grid. We selected the food item part crossing or nearest to each grid cell
intersection (n=10) to get a representative sample of scat content. We secured hair samples on
a plastic cover slip between two glass slides clipped with four paper clamps. The hairs were

placed within a conventional toaster oven at high power for 10 minutes to melt the cuticular



mosaic pattern onto the plastic cover slip and then removed from the plastic cover slip. Both
the hair and cover slip were taped to a datasheet and examined under magnification. We
examined the structures of the cuticle, medulla, and cross sections under a microscope and
compared those to a reference collection of hairs representing various regions of the body
from all local potential prey species. To aid in identification of other food items, we collected
reference samples of ants, as well as potential vegetative food items (including leaves, berries,
and seeds) at different phonological stages from our study sites. We also identified these and
other remains (e.g., feathers) using relevant taxonomic keys and manuals. For comparisons
between morphological and molecular techniques, we simply tallied whether or not a given
prey item (caribou, moose, or snowshoe hare) occurred in a given scat.
Molecular Prey Species Identification

Three common prey species were selected for our molecular prey species
identification test, caribou, moose, and snowshoe hare. Reference samples of each prey
species were collected from Newfoundland (caribou = 4 hair, moose = 3 tissue, and snowshoe
hare = 3 tissue). DNA was extracted from the hair samples using the DNeasy Blood and
Tissue Kit (Qiagen Inc., Valencia, CA) in a laboratory dedicated to low quality DNA samples.
DNA was extracted from the tissue samples using the DNeasy Blood and Tissue Kit (Qiagen
Inc., Valencia, CA). Each extraction included a negative control to monitor for contamination
of PCR reagents.

All sequences available for the target species at the cytochrome b region of mtDNA
were downloaded from Genbank (www.ncbi.nlm.nih.gov/genbank/). These sequences, 8
caribou (accession numbers AY726672-8), 4 moose (accession numbers AY090099,

AY 245520, EF077657 and M98484), and 3 snowshoe hares (accession numbers AF010152,



AY292733 and LAU58932) were used to design primers that would target ~200 base pairs
(bps) in caribou and moose and ~375 bps in snowshoe hare of the cytochrome b region. We
then used these primers to generate sequence data from the reference prey individuals from
our study area (Table 1). The PCR for sequencing caribou and moose contained 0.06 uM of
primers NFCytb F and NFCytb R, 1.5 mM MgCl2, 0.4 mM dNTPs, 1X Amplitag gold PCR
buffer, and 0.5 U of Amplitaq Gold DNA Polymerase (Applied Biosystems) in a final
reaction volume of 10 uL. The thermal profile for this reaction was an initial denaturation
step of 95 °C for 10 min, followed by 35 cycles of 95°C for 30s, 50°C for 30s and 72°C for 1
min. The PCR and thermal profile for sequencing snowshoe hare was the same as above
except using primers LepusA F and LepusSeq R. Prior to sequencing, PCR product was
cleaned using EXoSAP-IT (Affymetrix) according to the manufacturer’s protocol.
Sequencing was carried out in 10 pL reactions using BigDye Terminator v3.1 (Applied
Biosystems). Sequencing products were cleaned using a BigDye XTerminator Purification Kit
and then run on a 3130xI Genetic Analyzer (Applied Biosystems). We used the program
Sequencher 4.7 (Genecodes Corporation) to edit and align the sequences with those from
Genbank. The program MacClade 4.0 was used to determine the number of unique
haplotypes (Maddison & Maddison 2003).

DNA isolated from scat samples can be degraded, which often hinders PCR
amplification of longer DNA fragments (Kohn et al. 1995; Murphy et al. 2000). Thus, the
goal was to design species-specific primers to amplify fragments <200 bps. The primer
NFCytb F was designed to anneal to both caribou and moose DNA. A species-specific
reverse primer was designed for each species from the aligned sequence data above to

produce bands of different sizes when combined with the primer NFCytb F (Tarandus3 R and



Alces3 R, Table 1). The Tarandus3 R primer amplified a 105-base pair (bp) fragment while
the Alces3 R primer amplified a 129-bp fragment (Table 1). A species-specific reverse
primer was designed for snowshoe hare that produced a 179-bp fragment when combined
with the primer LepusA R (Table 1).

All primers were multiplexed into a single PCR reaction to minimize the amount of
time, and cost accrued when analysing samples. This PCR contained 0.57 uM of primer
NFCytb F, 0.14 uM of primers Caribou3 R, Moose3 R, LepusA F and LepusA R, 0.5X Q
solution and 1X Multiplex Mastermix (Qiagen Inc., Valencia, CA) in a final reaction volume
of 7 uL. The thermal profile for this reaction was an initial denaturation step of 95°C for
10min, followed by 15 cycles of 94°C for 30s, touchdown starting at 65°C and decreasing by
0.7°C each cycle for 30s, 72°C for 1min, followed by 35 cycles of 94°C for 30s, 55°C for 30s
and 72°C for 1min. The NFCytb F and LepusA F primers were labelled with 6-FAM dye.
PCR products were run on a 3130xI| Genetic Analyzer using Genescan 500 LIZ Size Standard
(Applied Biosystems). The results were visualized using Genemapper 3.7 (Applied
Biosystems).

Validation of Molecular Prey Species Identification Test

To validate the prey species identification test, samples of known species origin were
collected for caribou (n=20 hair), moose (n=17 faecal pellets), and snowshoe hares (n=19
faecal pellets). The three tissue samples used for sequencing from moose and snowshoe hares
were included in the validation. DNA was extracted from the hair samples using the Qiagen
DNeasy Blood and Tissue Kit (Qiagen, Inc., Valencia, CA). DNA from the pellet samples
was extracted using QlAamp Stool Kit (Qiagen Inc., Valencia, CA) with one protocol

modification. For the moose, one pellet was washed with up to 3 mL of buffer ASL
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depending upon the size and dryness of the sample. The goal was to completely submerge
each pellet in buffer ASL in order to wash cells from the largest surface area possible. We
removed 1.4 mL of buffer ASL from around the pellet and moved to the next step in the
protocol. DNA extractions were performed in a laboratory dedicated to low quality DNA
samples, and each extraction contained a negative control to test for reagent contamination.
The DNA extracts were then tested using the molecular prey species identification test, and
the results were cross-referenced with the known prey species of origin.

We used the molecular test to determine the presence of caribou, moose, and
snowshoe hares in all scats that tested positive as black bear or coyote collected from La Poile
and the Northern Peninsula study sites in 2009. All samples were tested in duplicate and
samples with unclear results were retested up to 2 additional times to clarify the presence or
absence of prey species. A positive prey species identification required a clear peak
exceeding 200 fluorescent units, which resembled the shape of positive controls and
distinguished itself from non-specific noise. We compared the results of the first two tests to
determine the consistency of PCR results. Both molecular and morphological analyses were
conducted blindly to the results of the other prey identification method to avoid the potential
for bias.

Comparison of Morphological and Molecular Methods

We evaluated if a ranking of the relative prey frequencies was consistent between
methods and used Z-tests with a Bonferroni correction for multiple tests in R (R Core Team,
2014) to evaluate if there were differences between morphological and molecular analyses of
the percentage of scats containing each prey species (caribou, moose, or snowshoe hare).

However, since the observations of our analyses were individual scats, we also conducted
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McNemar’s chi-squared tests with continuity corrections (Agresti 1990) in R (R Core Team,
2014) to identify if the paired morphological and molecular results differed between
individual scats. To assess the potential for false positives and negatives, we tabulated the
number of scats that agreed and disagreed between methods for each prey species.

We also compared the cost/sample associated with each method, which includes
supply costs and technician costs assuming a pay rate of $15/hour. Since we relied on
molecular predator species identification for both analyses, we present the molecular
cost/sample with and without the cost of DNA extraction and predator species identification.
Our estimates for the molecular analyses are based on processing samples in batches of ~20
during extraction and ~96 during PCR. We also provide the cost/sample with and without the
cost of developing the molecular predator and prey species identification tests. Because
development costs per sample decrease as the number of samples increases, we present the
cost/sample for 100, 500, and 1000 samples.

Testing of Scat Uniformity

In 2012, scat detection dogs were transported via helicopter to remote locations within
the Middle Ridge to locate black bear and coyote scats as part of a larger predator abundance
survey. Five black bear and 5 coyote scats were selected to evaluate if prey DNA is spread
uniformly throughout a scat. We sampled each scat from 2 exterior locations and 2 interior
locations and then tested the four samples of each scat in duplicate. We evaluated the

differences in prey species detection from the four samples of each individual scat.
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Results
DNA Sequencing and validation of molecular prey species identification test

A 210-bp fragment of the cytochrome b region of mtDNA was successfully amplified
and sequenced for the four caribou and three moose reference samples. We found a total of
two unique haplotypes for both caribou and moose (see Data Accessibility). The 8 caribou
sequences (accession numbers AY726672-8) and 4 moose sequences (accession numbers
AY090099, AY245520, EF077657 and M98484) represented 4 distinct haplotypes for each
species. Thus, we used a total of 6 haplotypes from each species to design the conserved
forward primer and the species-specific reverse primers. We amplified and sequenced a 370-
bp fragment of the cytochrome b region of mtDNA for the three snowshoe hare reference
samples and found two unique haplotypes (see Data Accessibility). The three snowshoe hare
sequences (accession numbers AF010152, AY292733 and LAU5893) represented two
haplotypes one of which matched a haplotype from the reference samples. Therefore, three
unique snowshoe hare haplotypes were used to design the species-specific primer pair.

All validation samples that produced PCR product (caribou n=20, moose n=16 and
snowshoe hare n=20) showed bands at the correct species-specific size (Table 2). In addition,
there was no cross-species amplification in the validation samples. All samples that failed to
produce PCR product were fecal pellets, which is likely due to the DNA being degraded in
these samples rather than a failure of the prey species identification test.

Comparison of Morphological and Molecular Results

We tested 140 black bear scats and 156 coyote scats for prey remains. All extraction

and PCR controls were negative. Both methods identified moose as the most common prey

item for black bears followed by caribou and snowshoe hares, although differences in the
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percentages of scats containing moose and caribou were not significant within methods (Fig.
2). Moose was also the most common item for coyotes followed by snowshoe hares and
caribou, but none of the percentages estimated via morphological methods were significantly
different and moose and snowshoe hares were not significantly different for the molecular
analysis (Fig. 3). However, we did find significant differences between morphological and
molecular methods in the percentages of black bear scats containing caribou and moose (Fig.
2). For coyotes, molecular methods found a significantly higher percentage of scats that
contained moose and snowshoe hares, but not caribou (Fig. 3). Overall, morphological
analyses found at least one prey species in 34% of black bear scats and 78% of coyote scats,
while molecular analyses detected at least one prey species in 70% and 90% of black bear and
coyote scats, respectively.

Although the majority of scats agreed with regards to the presence of a specific prey
species, there were a large number of discrepancies between methods. Morphological and
molecular analyses were in agreement for 64%, 63%, and 92% of black bear scats regarding
the presence of caribou, moose, and snowshoe hares, respectively (Table 3). Morphological
and molecular analyses of coyote scats agreed for 68%, 62%, and 70% for caribou, moose,
and snowshoe hares, respectively (Table 3). However, McNemar’s chi-squared tests (Agresti
1990) indicated that the pairwise results of individual black bear scats were significantly
(0=0.05) different for all 3 prey species and that the pairwise results of individual coyote scats
were significantly different for moose and snowshoe hares. Positive molecular and negative
morphological results were the more common disagreement (6%-31%) for scats from either
predator, but there were also disagreements (<1%-13%) for negative molecular and positive

morphological analyses (Table 3).
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PCR Consistency and Scat Uniformity

We found that 16% (caribou), 11% (moose), and 3% (snowshoe hare) of duplicate
PCR tests of black bear scats failed to produce the same prey species result. Duplicate PCR
tests of coyote scats for caribou, moose, and snowshoe hare failed to produce the same result
in 8%, 11%, and 6%, respectively. We also found that 0/5, 1/5, and 0/5 of black bear scats
and 0/5, 1/5, and 1/5 of coyote scats failed to produce the same prey species result (caribou,
moose, or snowshoe hare, respectively) across the 4 subsamples taken from different locations
of the same scat.

Cost Comparison

We estimated the cost of morphological analysis at $23.60/sample (Table 4). The
molecular analysis cost/sample, excluding method development, DNA extraction and predator
species identification, was $2.48 (Table 4). When we include the molecular prey species
development cost (~$2000), the per sample rate for analyzing 100, 500, and 1000 scat
samples was $22.48, $6.48, and $4.48, respectively (Table 4). We also estimated the
cumulative cost of DNA extraction, species identification, and prey species identification for
a total of $19.25/sample (Table 4). If we add the development costs of the molecular predator
and prey species identification tests, the total cost per sample rises to $59.25 for 100 samples,
$27.25 for 500 samples, and $23.25 for 1000 samples (Table 4).

Discussion

Although morphological and molecular methods indicated identical trends in prey
species rankings, there were a large number of discrepancies between the prey species
detected for individual scats. Approximately one-third of comparisons differed between

morphological and molecular results across all prey species (Table 3), and McNemar’s chi-
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squared tests (Agresti 1990) indicated that the pairwise scat results were different for all prey
species except caribou in coyote scats.

The most common disagreement between methods were positive molecular and
negative morphological results indicating that molecular methods had higher rates of
detection; although, we also observed disagreements for negative molecular and positive
morphological results (Table 3). Two out of three prey species were detected at significantly
higher percentages for black bears and coyotes using molecular methods. Casper et al.
(2007a) also found higher rates of prey detection with molecular methods, but another study
reported lower rates of detection for molecular methods in comparison to morphological
methods (Tollit et al. 2009). Tollit et al. (2009) attributed decreased detections to old scats
with degraded DNA, which was likely less prevalent in our study since we only tested scats
that were successfully identified as black bear or coyote via molecular analyses.

Several factors could contribute to false positives and negatives for both methods.
Both false positives and negatives for morphological analysis of scats could be the result of
assigning hard parts to the wrong species (Spaulding et al. 2000). This is especially
problematic in systems with closely related species and often results in researchers grouping
species by genus or higher taxonomic levels (Zabala et al. 2003; Tollit et al. 2009; Zeale et al.
2011). Alternatively, false negatives could result from the absence of hair, bone, or other hard
parts in scats. This may be less likely to occur for small mammals where the entire carcass is
consumed (Hewitt and Robbins 1996), but is more probable when portions of large mammals,
such as the viscera, are consumed that include very little hair or bone. False positives could
also occur for molecular analyses as a result of cross-contamination or via the occurrence of

non-specific peaks on electropherograms. We limited the probability of false positives as a
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result of cross-contamination by using negative controls during extractions and PCRs. We
also were conservative in assigning prey species by retesting unclear samples and requiring
strong (>200 florescent units) and clear peaks (only included peaks that had a similar shape
exhibited by positive controls and distinguished themselves from non-specific noise). False
negatives could be the result of prey DNA not being uniformly distributed throughout a scat
or PCR inconsistency both of which we demonstrated by comparing duplicate results and
testing different locations of black bear and coyote scats. However, we think that these
sources of error were limited in our study since we sampled fecal material from multiple
locations on a scat and tested samples in duplicate.

In our study, the per sample cost of morphological prey species identification
exceeded that of molecular prey species identification if we assume that predator species
identification via molecular methods was necessary for both food habit analyses (Table 4).
However, morphological analyses were less expensive when processing <920 samples when
DNA extraction, predator species identification, and development costs were included. We
also acknowledge that the instrumentation necessary to perform molecular diet analyses is
considerably more expensive than equipment needed for morphological analyses.

Although molecular methods were generally less expensive and had higher rates of
detection, morphological analyses present several advantages. Most importantly, the ability
to quantify the proportion of hard parts to specific prey species provides a means to more
accurately assess the relative importance of different food items in a species’ diet (Klare et al.
2011). In addition, the straightforward nature of hard part analysis makes it readily accessible
to a wide range of researchers (Casper et al. 2007b), and morphological analyses are also

capable of analyzing highly degraded scats that would be unlikely to have viable DNA (Tollit
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et al. 2009). Another advantage of morphological analyses could be the ability to determine
the age of individuals being consumed via differences in hard part size (Latham et al. 2013).

Despite certain advantages of morphological methods, we think our study
demonstrates the utility of molecular methods to more consistently identify prey species and
provides evidence that molecular methods have the potential to increase the accuracy and
precision of food habit assessments. Next generation sequencing and DNA barcoding
approaches have already shown great promise by permitting a single test for multiple prey
and/or plant species that could be easily transferred across systems (Valentini et al. 2008, De
Barba et al. 2014b). This approach would be particularly useful in systems where little is
known about the food habits of a study organism and would likely increase the probability of
detecting infrequent food items. Other molecular studies have shown great promise using
real-time PCR to quantify the proportion of prey DNA in scats as an index of the proportion
of prey in predator diets (Matejusova et al. 2008; Bowles et al. 2011), which requires
extracting the entire scat or assuring that fecal material is homogenized prior to removing a
subsample. Although morphological analyses have a similar approach by evaluating the
proportion of prey items in scats, they can be compromised by differences in hard part
digestibility, which creates the need for both predator- and prey-specific correction factors in
order to estimate true proportions (Hewitt and Robbins 1996; Tollit et al. 1997). Further
research is essential to validate molecular methods using controlled feeding trials, but
ultimately molecular food habit analyses have the potential to provide increased insight into
how species utilize and compete for food resources, which improves our ability answer

ecological questions.
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Table 1 — DNA primers used during the development of the molecular prey identification test.

Primer Name Dye Primer Sequence 5’ to 3’ Frag Size (base pairs)
NFCytb F 6-FAM ACCCACCCATTAATAAAAATTGT

Tarandus3 R GAATTAAGCAGATTCCTAG 105

Alces3 R GAATAGTCCTGTAAGGATTTGTAAG 129

LepusA F 6-FAM TTAACCACTCCCTAATTGAC

LepusA R TTACGTCTCGGCAGATATG 173

NFCyth2 R TCGTCCTACATGTATAATA 210

LepusSeq R TAGGGTTGTCCCAATGTAG 370




Table 2 — Known samples used during the development of the molecular prey identification
test. Key — SS Hare = Snowshoe Hare

Species Sample Type # Samples # Success

Caribou plucked hair 20 20

Moose  tissue 3 3
fecal pellet 17 13

SS hare  tissue 3 3

fecal pellet 19 19

25
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Table 3 — Percentage of agreement (+) and disagreement (-) between morphological and
molecular analyses of black bear and coyote scats for caribou, moose, and snowshoe hare.

Predator | Analysis Method | —-esememememememe- > Morphological
Black Bear Ca[it;ou (é;) (2(;%))
(n=140) Molecular 0 (8%) (56%)
Mo g [
(n=140) Molecular 0 (6%) (21%)
ok pear e e | o
(n=140) Molecular 0 (>1%) (91%)

Caribou (+) (-
P | e

Moose (+) ()

Snowshoe Hare ___(+) ()
octse) | Moleculr ® o0 o
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Table 4 — The cost (3USD) of morphological food habit analysis and molecular food habit
analysis of scats broken down by development cost, supply cost, technician (Tech) time,
technician cost per sample, and cost/sample for 100, 500, and 1000 samples.

Itemized Costs Totals
. Tech Cost Cost Cost
'?\‘;I]::gg:js DevecI:(())[S){n ent Sg;;;;:y Time (;igho((-):/ohsrt) /Sample /Sample /Sample
(min) ' (100) (500) (1000)
Morphological
Prey ID NA $1.10 90 $22.50 $23.60 $23.60 $23.60
Molecular
Prey ID? Not Included $1.60 35 $0.88 $2.48 $2.48 $2.48
Molecular
Prey ID* $2,000? $1.60 35 $0.88 $22.48  $6.48 $4.48
Molecular
Predator and
Prey ID3 Not Included $8 45 $11.25 $19.25 $19.25 $19.25
Molecular
Predator and
Prey ID® $4,000° $8 45 $11.25 | $59.25 $27.25  $23.25

1Does not include the cost of DNA extraction and molecular predator species identification
2Includes the cost of development for molecular prey species identification test

3Includes the cost of DNA extraction and molecular predator species identification

*Includes the cost of development for molecular predator and prey species identification tests
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Figures

Fig. 1 — The location of our three study sites and associated calving grounds on the island of
Newfoundland, Canada.
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Fig. 2 — The percentage (and 95% CI) of black bear scats containing caribou, moose, and

snowshoe hare as determined by morphological and molecular analyses.
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Fig. 3 — The percentage (and 95% CI) of coyote scats containing caribou, moose, and
snowshoe hare as determined by morphological and molecular analyses.
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Chapter 11 — Enhanced Understanding of Predator-prey Relationships Using Molecular
Methods to Identify Predator Species, Individual, and Sex
Published in Molecular Ecology Resources (2014) 14, 100-108 (see Appendix for permission
to reuse)
Authors — Matthew A. Mumma, Colleen A. Soulliere, Shane P. Mahoney, and Lisette P.
Waits
Abstract

Predator species identification is an important step in understanding predator-prey
interactions, but predator identifications using kill site observations are often unreliable. We
used molecular tools to analyze predator saliva, scat, and hair from caribou calf kills in
Newfoundland, Canada to identify the predator species, individual and sex. We sampled
DNA from 32 carcasses using cotton swabs to collect predator saliva. We used fragment
length analysis and sequencing of mitochondrial DNA to distinguish between coyote, black
bear, Canada lynx, and red fox and used nuclear DNA microsatellite analysis to identify
individuals. We compared predator species detected using molecular tools to those assigned
via field observations at each kill. We identified a predator species at 94% of carcasses using
molecular methods, while observational methods assigned a predator species to 62.5% of
kills. Molecular methods attributed 66.7% of kills to coyote and 33.3% to black bear, while
observations assigned 40%, 45%, 10% and 5% to coyote, bear, lynx and fox, respectively.
Individual identification was successful at 70% of kills where a predator species was
identified. Only one individual was identified at each kill, but some individuals were found at
multiple kills. Predator sex was predominantly male. We demonstrate the first large-scale

evaluation of predator species, individual, and sex identification using molecular techniques
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to extract DNA from swabs of wild prey carcasses. Our results indicate that kill site swabs
(1) can be highly successful in identifying the predator species and individual responsible and

(2) serve to inform and complement traditional methods.
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Introduction

Predation is a central process in ecological communities, and the assemblages of
predator and prey species can create an array of complex interactions (Prugh et al. 2005,
Zager et al. 2006, Barnowe-Meyer et al. 2010). Accurately determining the predator species
responsible for prey mortality is an important first step to understanding predator-specific
roles in predator-prey systems. Directly observing predation is ideal, but such events are
generally rare and only possible to observe for diurnal predators in open habitats (Blejwas et
al. 2006). Alternatively, monitoring the survival of prey species or the predation habits of
predator species via radio-collared individuals and performing site investigations can be an
effective means of evaluating predator-prey interactions. The former requires identification
of predator species from kill site observations using predator-specific kill site evidence, such
as hair, scat, or species-specific killing or feeding characteristics (Onorato et al. 2006).
However, there is often overlap between the killing and feeding characteristics between
different predator species and variability in experience among field technicians making it
difficult to ensure accurate and consistent predator species identification (Cozza et al. 1996).

Molecular methods present a promising alternative approach that could decrease the
uncertainty of predator species identification. Molecular methods have been implemented
extensively in wildlife research to answer questions regarding gene flow, social structure,
hybridization, and population viability (DeYoung & Honeycutt 2005), but have only recently
been used to identify predator species at kill sites. Predator scat and hair collected at elk
(Cervus elaphus) kill sites were used to identify predator species (Onorato et al. 2006) and
predator saliva collected from killing wounds on a threatened marsupial was used to identify

feral cat predation (Glen et al. 2010). In addition, cotton swabs were used to sample predator
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saliva from domestic sheep carcasses to differentiate between wild canid and feral dog
predation (Williams et al. 2003, Sundquist et al. 2008, Caniglia et al. 2012).

Molecular predator species identification could also inform predator prey dynamics
and management actions through the identification and sex of individual predators. For
example, molecular methods were used to determine that two mountain lions (Puma
concolor) preyed more frequently on an endangered bighorn sheep (Ovis canadensis)
population and the authors suggested targeted removal of individual predators could decrease
predation while not jeopardizing predator populations (Ernest et al. 2002). Targeted control
efforts were also recommended by a study that used kill site swabs and telemetry data to
identify specific male coyotes and breeding pairs as domestic sheep killers (Blejwas et al.
2006).

To further evaluate the potential of molecular methods for generating valuable data on
predation at a large spatial scale, we applied these methods at caribou (Rangifer tarandus) calf
kill sites in Newfoundland, Canada. The predator-prey system on the island of Newfoundland
is an ideal model because of a changing multi-predator system, a dramatic increase in neonate
predation, and a large proportion of unassigned kills (26%) using traditional field methods
(Mahoney & Weir 2009). The Newfoundland caribou population has decreased by >66%
since the late 1990s (Mahoney & Weir 2009) and an increase in calf predation, partially the
result of a changing predator guild, contributed to the decline. In previous studies, the major
predator of Newfoundland caribou calves was black bear (Ursus armericanus), but Canada
Iynx (Lynx canadensis) accounted for additional predation, and occasionally mortalities were
attributed to red fox (Vulpes vulpes) and bald eagle (Haliaeetus leucocephalus) (Mahoney &

Weir 2009). However, coyotes (Canis latrans) have become a significant predator of caribou
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calves since their colonization of Newfoundland from mainland North America via sea ice in
the 1980s (Trindade et al. 2011), and their impact on the caribou population may be
underestimated given the large number of unassigned calf kills.

Our goal was to evaluate the power of molecular methods to study predation using the
caribou predator-prey system in Newfoundland as our model. We were interested in the
following research questions: 1) are molecular methods able to identify the predator species at
more Kill sites than field observation methods, 2) is there a difference in the proportion of
predation attributed to each predator species between molecular and field observation
methods, 3) are a majority of kills attributed to a small number of individual predators, and 4)
do male predators prey on caribou calves more frequently than female predators? Based on
the success of previous studies that used molecular methods to evaluate predator species at
kill sites (Williams et al. 2003, Blejwas et al. 2006, Sundquist et al. 2008) and the large
proportion of unassigned caribou calf kills in previous Newfoundland studies (Mahoney &
Weir 2009), we predicted that molecular methods would identify the predator species at more
kill sites than field observation methods and that the proportion of predation attributed to each
predator species would differ between molecular and field observation methods. We also
expected that male coyotes would be detected more frequently at kill sites than females based
on studies of coyotes depredating domestic sheep (Blejwas et al. 2006).

Materials and Methods
Study Site

The island of Newfoundland (111,390 km?) has a cool maritime climate and consists

of coniferous forest interspersed by windswept barrens and peatland (McManus & Wood

1991). Caribou are the only native ungulate on Newfoundland and are widely distributed
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across the island. The calving grounds of three caribou herds (La Poile, Middle Ridge, and
Northern Peninsula) (Fig. 1) ranging from 500-1500 km? were selected for study.
Capture and Monitoring of Caribou Calves

From May 27" through June 1%, 2010, we hand-captured 92 one-to-three day old
caribou calves across the three study sites (Fig. 1). Each calf was fitted with a 200g
expandable, breakaway very high frequency (VHF) radio-collar containing a motion sensitive
transmitter (Lotek Wireless Inc., New Market, ON, Canada; Telemetry Solutions, Concord,
CA). Transmitter pulse rates increase for collars that are stationary for >4 hours signaling calf
mortality or a slipped collar. Collar pulse rates were checked daily via fixed-wing and/or
helicopter flights from the date of capture until June 11" and monitored every other day from
June 12" until June 25™. From June 26" through July calves were checked weekly.

When a collar indicated calf mortality, we investigated the location for caribou calf
remains and predator sign. For each calf mortality, trained field personnel evaluated kill site
observations and assigned a black bear, coyote, Canada lynx, red fox, bald eagle, or unknown
predator. Personnel experience varied between the nine biologists that evaluated kill sites
from >30 years to 1 year, but all calf mortalities were assessed by multiple biologists both in
the field and at a later date through the review of kill site images and site observations
recorded using standard field protocols (Fig. S1 Supplementary Information). When present,
predator scat and hair samples were collected, and carcass remains were sampled for predator
saliva containing predator DNA using cotton swabs.

Predator Species Assignment Using Field Observations
In Newfoundland, caribou calf Kills attributed to black bear typically consist of a

skinned hide with a few bone fragments and chewed hoof tips. Distinguishing between
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coyote and lynx Kills is less clear. Throat trauma and a highly variable amount of calf
remains are commonly seen for both predators, but calf remains at coyote kills are often
pulled apart and spread over a larger area. The size and spacing of canine punctures provides
another method of differentiating between the two predators. In addition, claw punctures on
the dorsal surface of calf carcasses are suggested as evidence of a lynx kill, but the potential
for talon punctures from bald eagles prevents the use of punctures alone as identifying
characteristics. Characteristics of a fox kill are unclear and predator species assignments for
kill sites consisting of buried front halves and decapitated heads remain uncertain.

Sample Collection for Molecular Analysis

Field personnel searched for predator scat and hair in the vicinity of the collar location
out to roughly 25 m. Approximately 0.5 ml of total fecal material was collected from
multiple locations on the lateral surface of each predator scat using small sticks collected from
woody shrubs in the field (Stenglein et al. 2010) and placed in 2 ml collection tubes
containing DETS buffer (Frantzen et al. 1998). Predator hair samples were placed in
individual paper envelopes and stored collectively in sealed plastic bags containing silica
desiccant (Roon et al. 2005). Field personnel wore sterile latex gloves for both scat and hair
collection to prevent cross-contamination between kill sites and samples.

Sterile, cotton swabs were used to sample remains for residual predator DNA from
saliva (Williams et al. 2003, Blejwas et al. 2006, Sundquist et al. 2008, Glen et al. 2010). We
swabbed hemorrhaged and non-hemorrhaged wounds while wearing sterile latex gloves and
avoided touching multiple wounds with the same gloves to prevent cross contamination
between carcasses and wounds. We considered hemorrhaged wounds to be caused by the

predator species, since hemorrhaging is an indication that the wound was inflicted while the
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prey species was still alive. Non-hemorrhaged wounds were labeled as feeding wounds and
recognized as potentially attributable to the predator or scavenger species. The collar, bones,
hide, and other remaining tissues were also swabbed and labeled as feeding wounds when the
majority of the carcass was consumed or when we found only the collar. Up to four different
areas or tissues from each carcass were swabbed.
Swab Technique

We conducted a literature search and pilot study to determine the most effective
swabbing and preservation method (Supplementary Information). We chose ethanol as our
wetting agent to assist in lifting dried cells from tissues and to promote rapid drying for DNA
preservation. We collected two ethanol-soaked swabs (A and B) from each area or tissue to
provide a back-up sample in case of laboratory error. Immediately following collection, all
swabs were placed in individual paper envelopes that were collectively stored in sealed plastic
bags containing silica desiccant and stored at room temperature.

DNA Extraction and Species Identification

We extracted all samples in a laboratory dedicated to low quantity DNA samples and
used the Qiagen QIAamp DNA stool mini kit (Qiagen Inc., Valencia, CA) for scat samples
and the Qiagen DNeasy tissue kit for hair and swab samples. When available, 10 follicles
were used in each hair extraction and for all extraction batches a negative control was used to
monitor for contamination. B swabs were only processed when we wanted to verify an A
swab species identification or when all A swabs from a carcass failed to provide a species
identification.

Species identification for all samples was conducted using a mitochondrial DNA

(mtDNA) control region fragment analysis method. This test uses primers previously
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reported for differentiating black bear, coyote, and two non-target species: brown bears
(Ursus arctos) and wolves (Canis lupis) (Murphy et al. 2000, Onorato et al. 2006), plus an
additional primer (H3R) designed to differentiate red fox (Dalen et al. 2004). All species,
with the exception of the lynx, can be identified by species-specific fragment size (black bear
158-164.5 base pairs (bp) and 396-401 bp, coyote 115-120 bp and 362.5-364 bp, wolf/dog
123-128 bp and 367-369 bp, and red fox 342.9-344.5 bp only). PCR conditions are under
supplemental information. We tested swabs from carcasses that failed to identify a predator
species after initial testing using species-specific mtDNA primers developed for the Iberian
lynx (Lynx pardinus; Palomares et al. 2002) that we documented to work on known Canada
lynx samples from Newfoundland. Additional details and PCR conditions are provided in
supplemental information.

Any samples that failed the two previous analyses were amplified and sequenced
using mtDNA cytochrome B primers that amplify most carnivores (Farrell et al. 2000) using
conditions described in Onorato et al. (2006). These primers were effective in identifying
black bears, Canada lynx, and red foxes, but not coyotes. Samples that failed to amplify with
the Farrell primers were amplified and sequenced using the canid-specific mtDNA control
region ScatlD primers using conditions and primers described in Adams et al. (2003) to
identify coyote samples that failed the initial species ID screening.

A predator species was assigned when detected from a hemorrhaged wound swab or
from a feeding wound swab when a carcass did not contain a hemorrhaged wound. We did
not use molecular tools to test for the presence of bald eagles, because they frequently

scavenge kill sites and are rarely the predator of caribou calves (O’Gara 1994).
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Nuclear DNA Individual and Sex Determination

We only detected black bear and coyote DNA at kill sites, and therefore amplified
successful samples with black bear or canid specific microsatellite loci to identify individual
predators. When both the A and B swab from a single wound positively identified the
species, we analyzed the swab for individual identification that amplified best for species
identification. We screened 18 loci to evaluate diversity levels in Newfoundland black bears
and then developed two bear PCR multiplexes using the most polymorphic loci. Black bear
multiplex one includes six microsatellite loci (G10C, G10M, G10P, G10X, CXX20, and
Mu23 — Paetkau et al. 1998, Taberlet et al. 1997, DeBarba et al. 2010, and Ostrander et al.
1993) and one sex determining locus (Ennis & Gallagher 1994). Black bear multiplex two
includes five microsatellite loci (G1A, G10B, Mul5, Mu50, and Mu59 — Paetkau et al. 1998,
Taberlet et al. 1997, and Bellemain & Taberlet 2004). The PCR conditions are provided in
supplementary information.

For coyotes, nine microsatellite loci (FH2001, FH2054, FH2088, FH2137, FH2611,
FH2670, FH3725, C09.173, Cxx.119 — Breen et al. 2001; Guyon et al. 2003; Holmes et al.
1994) based on the methods of Stenglein et al. (2010) and two sex determining loci (DBX6
and DBY7 — Seddon 2005) were combined in one canid PCR multiplex. For PCR conditions,
see supplemental information.

Black bear and coyote samples were tested in duplicate for their respective PCR
multiplexes. Samples that failed to amplify at >4 loci were dropped from the analysis. We
ran up to 6 PCR replicates for each multiplex and each multiplex replicate included all
primers. To obtain a consensus genotype at each locus, we required each allele to be detected

twice for heterozygotes and an allele to be detected three times for homozygotes. Samples
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that failed to achieve a consensus for >9 loci in black bears and >6 loci in coyotes were
dropped from the analysis. Our consensus genotype thresholds were chosen to meet a
probability of identity siblings (P1Dsibs) (Waits et al. 2001) value of less than 0.003. This
means that less than 1/333 comparisons of first-degree relatives would have identical
genotypes at the loci analyzed and was used to avoid including false recaptures in the dataset.
PIDsibs Values for coyotes ranged from 0.0023 to 0.00025 and for black bears from 0.00012 to
0.0000027 depending on the loci that amplified.

We matched completed genotypes using the software GenAIEx6 (Peakall & Smouse
2006). Replicate PCRs for samples that matched at all but one or two loci were also
evaluated to determine if mismatches could be attributed to allelic dropouts or false alleles.
Individuals that were only detected once were analyzed using the software RELIOTYPE
(Miller et al. 2002) to estimate the genotyping error rate and evaluate the reliability of the
final consensus genotype. We required consensus genotypes to be >95% reliable and retested
samples until our threshold was achieved.

Results

We investigated 32 caribou calf mortalities between May 28" and July 22", Six of
these carcasses were not from our sample of collared individuals, but were found
opportunistically on the landscape. There was a large amount of variation in the quantity of
caribou calf remains. At 12 kill sites, we found a mostly intact carcass impacted by various
degrees of consumption. A dismembered carcass and significant remains were found at an
additional five sites, while a severed head was found buried at three other sites. Scant
remains of bones, hoof, and hide were found at eight sites and the collar alone was found at

four sites. Blood or bite marks were found on three of the four collars.
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Molecular Species Identification Success Rates

We collected 12 scat, 3 hair, and 157 swab samples for molecular analysis. None of
our extraction negatives elicited a positive result in our species identification test. Sixty-
seven percent, 0%, and 54% of scat, hair, and swab samples were successful for species
identification (Table 1), and no result was obtained from all negative controls. If the A swab
from a wound was successful, we did not always test the B swab, and therefore only tested
139 of 157 swab samples. The success rate for killing wound swabs was 86% and 46% for
feeding wound swabs (Table 1). Since multiple swabs were collected from each carcass, we
identified a predator species at 100% of carcasses that had a killing wound (10) and 94% of
carcasses overall. We only found a collar at one of the sites where a predator species was not
identified using molecular tools, and it was unclear if the calf was preyed upon or had slipped
its collar since there was no blood or tooth marks on the collar. Only a single predator species
was detected at each kill site using molecular tools. Predator scats were only present at a
small proportion of kill sites, but predator species identified by scat samples confirmed the
predator species identified via swab samples.

Molecular and Field Observation Method Comparison

Molecular methods detected a predator species at 30 of 32 kill sites (94%) while the
field observation method assigned a predator species at 20 of 32 kill sites (62.5%). Predator
species were assigned for 11 Kill sites where the field observation method failed in
comparison to 1 kill site where the field observation method alone assigned a predator
species. Molecular methods identified a predator species at 3 kill sites despite locating only a
collar during field investigations. The molecular and field observation methods both failed

for the site where the collar was potentially slipped.
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Twelve kills (63%) had a molecular and field observation predator species assignment
that agreed, but assignments differed at another 7 kills (37%) where a predator species was
assigned by both methods. At 3 kill sites, molecular methods detected coyote DNA when
field observation methods assigned Canada lynx or red fox. There was also 1 kill assigned to
coyote and 3 kills assigned to black bear via the field observation method that the molecular
methods assigned to the opposite species.

Molecular methods assigned 20 caribou calf kills (66.7%) to coyote, including all
three severed heads, and 10 to black bear (33.3%), while red fox and Canada lynx were not
detected using molecular tools (Fig. 2B). Coyote DNA was detected at 70% of carcasses
containing a killing wound with black bears accounting for the remaining proportion. Kill
sites assigned using field observation methods (n=20) attributed 8 (40%), 9 (45%), 2 (10%),
and 1 (5%) to coyote, black bear, Canada lynx, and red fox, respectively (Fig. 2A). The field
observation method did not attribute any Kills to bald eagles, but site investigations inferred
the occurrence of eagle scavenging at several sites. Field observation and/or molecular
methods assigned a mammalian predator species to each of these sites.

Individual and Sex Identification

Swabs that were successful for species identification were also analyzed for individual
identification. Overall an individual predator was identified from 62% of swabs and at 70%
of carcasses (Table 2). Molecular methods only detected a single individual at each Kill,
although one swab recovered from a kill site where we visually detected 2 coyotes was mixed
as evidenced by the existence of >2 alleles for multiple loci. Individual identification for
black bear swabs was slightly lower (52%) than the success rates for coyote swabs (69%)

(Table 2). We detected 5 unique, individual black bears, one of which was found at 3 caribou
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calf kill sites. Four of these bears were male, including the individual detected 3 times. We
detected 11 individual coyotes, and all were male. In addition to 9 single captures, we
detected 1 coyote 2 times and another individual 3 times.

Discussion

Our pilot study using DNA analysis to evaluate predation of Newfoundland caribou
calves confirmed the utility of molecular methods for improving kill site predator species
identification. Species identification was highly successful and could be assigned to 30 of 32
kill sites (94%). Two striking benefits of using molecular methods to study predation are the
reduction of mortalities attributed to unknown predators and the increased accuracy of
predator species assignments. Molecular methods decreased the proportion of calf mortalities
attributed to unknown predators by 31.5% (10 kills), and at 7 kill sites (37%), molecular
methods detected a different predator species than was assigned using field observation
methods. Molecular methods also provide a means to determine predator-specific kill site
observations, which should improve the accuracy of predator species identification using field
observations.

In our system, molecular methods changed our understanding of the proportion of calf
predation attributed to each predator species. The field observation method determined that
black bear (45%) were the primary predator of caribou calves followed by coyote (40%) and
attributed a small amount of predation to Canada lynx and red fox (Fig. 2A). However,
coyotes were detected nearly twice as frequently (66.7%) as black bears (33.3%) according to
the molecular results, while Canada lynx and red fox were not detected (Fig. 2B). The
increase in the proportion of coyote Kills estimated using molecular methods can be explained

by additional DNA-based predator species identifications at kills with non-descript predator
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killing and feeding characteristics and the assignment of coyotes to several kill sites that were
assigned to Canada lynx and red fox using field observation. Although the proportion of
predation attributed to coyote (66.7%) and black bear (33.3%) in our study (Fig. 2B) using
molecular methods was similar to a caribou calf study in Quebec (Crete & Desrosiers 1995)
and dissimilar to studies in Alaska (Jenkins & Barton 2005) and British Columbia (Gustine et
al. 2006), the value of these comparisons is limited since our results are based on 1 year of
research in comparison to the other studies which spanned 2-7 years. Furthermore,
preliminary data from our second year of research indicates there may be a more equal
proportion of kills attributed to coyote and black bear.

Field biologist experience, uncertainty between species-specific killing and feeding
characteristics, and scavenging may explain why field observation methods assigned a
different predator species than molecular methods. Less experienced biologists were less
likely to leave a kill site unassigned to a predator species and were more likely to have
incongruent molecular and field identifications, which may indicate a failure to recognize
similar kill site characteristics between predator species. Overlapping Kill site characteristics
could explain why coyote DNA was detected from the cervical killing wounds of 3 carcasses
where field observations assigned Canada lynx (2 kills) and red fox (1 kill). Coyote DNA
was also detected at 2 kill sites with skinned hides that were assigned to black bear via field
observations. Detecting coyote DNA at kill sites with skinned remains of intact hide suggests
this handling behavior is not specific to black bear, but could result from coyote scavenging a
bear kill. Scavenging could also explain the incongruence between molecular and field

identifications for 3 carcasses discovered opportunistically that may have been on the
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landscape longer and were therefore more prone to scavenging than calves that were regularly
monitored.

Inadvertently attributing calf predation to a scavenging species is a potential weakness
of both molecular and field methods. ldeally, molecular methods would only use killing
wound swabs to determine the predator species. However, we felt that using all of the
collected samples was justified, because of the potential for a negative bias in the proportion
of black bear kills because black bears tend to consume the majority of the carcass leaving
only a few remains and eliminating any evidence of the killing bite wound. In fact, we
potentially detected a bias since the proportion of coyote to black bear kills decreased from
2.3 for killing wounds to 1.8 for killing and feeding wounds combined. Furthermore, we
think that scavenging was limited overall since 22 of the 26 (85%) collared calf kill sites were
recovered early in the study when monitoring was frequent, and molecular methods only
detected one individual predator per kill site for both collared calves and calves discovered
opportunistically with the exception of the kill site with the mixed swab.

The application of molecular methods to identify individual predators and their sex is
an underexplored resource that could help inform predator-prey management. Other studies
have shown that one or more specialist predators can have a large impact on prey populations
(Ross et al. 1997, Ernest et al. 2002, Festa-Bianchet et al. 2006). Our sample sizes were too
small to draw any conclusions regarding individual specialization, but the skewed number of
male coyotes detected at kill sites supported our hypothesis that male predators prey on
caribou calves more frequently than female predators. This is consistent with Blejwas et al.
(2006) attributing most domestic sheep kills to territorial, male coyotes. It is possible that the

propensity of male predation is related to differences in home range size between males and
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females and/or the constraints placed on the female during cub and pup-rearing (Harrison &
Gilbert 1985), which coincides with caribou calving in the Newfoundland system.
Alternatively, differences in nutritional requirements between sexes have been proposed as an
explanation of sex-biased predation for other species (Barboza et al. 2000).

Our per sample species identification success rates for hair, scat, and swabs (0-67%)
were lower than other studies (85-97%) (Onorato et al. 2006, Blejwas et al. 2006), but may
have been affected by the damp Newfoundland climate, which would lead to increased DNA
degradation (Piggot 2005, Murphy et al. 2007, Brinkman et al. 2010). Furthermore, our
swabs were collected from killing and feeding wounds and from carcasses that were likely 1-2
days old in contrast to other studies that sampled carcasses within 24 hours (Blejwas et al.
1996, Sunqvist et al. 2008). However, our species identification success rates per carcass
(94%) were similar to other studies as a result of collecting multiple swabs from every carcass
as recommended by Sunqvist et al. (2008). Our individual identification success rates for
swabs (62%) were slightly higher than other studies (50-58%) (Blejwas et al. 2006, Sundquist
et al. 2008, Caniglia et al. 2012). We affirm the suggestion by Sunquist et al. (2008) to
collect multiple swabs and further recommend sampling multiple locations of each carcass to
increase per carcass Success rates.

Additional research is necessary to determine the length of time predator DNA stays
viable on a carcass. Multiple studies demonstrated amplification success rates for scats
decrease with time since deposition (Piggott 2005, Murphy et al. 2007, Santini et al. 2007,
Panasci et al. 2011), and we anticipated a similar relationship for swab success rates.
However, we did not see a change in molecular identification success rates between carcasses

of collared individuals that were monitored every other day (n=22) and once a week (n=4) or
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for carcasses discovered opportunistically (n=6). This may suggest that once a week
monitoring is sufficient, but the increased likelihood of scavenging must also be considered
by researchers hoping to balance amplification success rates with the costs of monitoring.

In summary, we have demonstrated the effectiveness of DNA-based methods for
identifying predator species, individual, and sex at caribou calf kill sites in Newfoundland.
Molecular methods can increase the reliability and accuracy of predator species identifications
and could be particularly informative in sparsely studied, multi-predator systems. We feel
that molecular methods are underutilized in the study of predation and recommend their
application across a wide range of studies. However, we do not think that molecular methods
should replace field observation methods, but must instead be viewed as complementary since

both methods inform understanding of predator-prey relationships.
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