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Abstract

We used non-invasive genetic techniques to analyze 67 scats that were collected on Vashon
Island from 2017-2020. From these scats, 23 unique coyotes were identified: 13 males, 8
females, and 2 coyotes of unknown sex. Genetic diversity was 2-3 times lower in
comparison to populations in northern Washington, and substantial genetic differences
from these “mainland” populations indicate that Vashon coyotes have remained isolated
since colonization. To obtain a robust density estimate and stronger inferences regarding
population genetics, we recommend: (1) an intensive scat collection effort in summer 2021,
(2) genotyping of 2-4 additional loci or switching to a different genetic method (SNPs), and
(3) collection of scats on the Olympic Peninsula for comparison to the closest source
population. This pilot project demonstrated that Vashon Island’s coyotes are genetically
unique, and further study may indicate the potential for problems such as inbreeding
depression to arise, or for unique island adaptations to develop.

Project Goals

The primary goal of this project was to estimate the size of the coyote population on
Vashon Island by genotyping scats that were collected through the Vashon Nature Center’s
citizen science program. Although the exact arrival date is not known, coyotes are thought
to have arrived on Vashon within the past several decades. Thus, a secondary goal was to
examine the genetics of the population to determine whether Vashon coyotes may have
reduced genetic diversity and higher rates of inbreeding compared to mainland coyotes.
This phenomenon, known as a “founder effect,” commonly occurs when a population is
founded by a few colonists. A final goal of the project was to examine how factors such as
scat age, season, and collection technique affected the success of genetic analyses.

Genotyping Background

A genetic fingerprint, also called a genotype, is constructed by amplifying the DNA at
several genetic regions (loci) that tend to be highly variable among individuals. The
number of loci used in wildlife population studies typically varies between 6-12 to
construct multi-locus genotypes. Each locus has 2 alleles, one from the mother and one
from the father. The size of each allele, measured as the number of base pairs (bp) in the
genetic code at that locus, is determined by amplifying the DNA at each locus using
polymerase chain reaction (PCR) and examining the PCR products using a technique
known as fragment analysis. If the individual is heterozygous at a loci, that means each
allele is a different size (e.g., one allele is 200bp and the other is 148bp). If the individual is
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homozygous, that means both alleles are the same size. Fecal DNA can be scarce and
degraded, leading to a common error known as allelic dropout. This occurs when one of the
two alleles fails to amplify. To reduce the odds of obtaining an erroneous genotype,
samples are PCR-amplified multiple times to confirm the alleles. The final allele calls at
each locus are combined to create a consensus multi-locus genotype that should be unique
for each individual.

Methods

Between 2017 and 2020, genetic swabs from 67 presumed coyote scats on Vashon Island
were received and processed by the SEFS Genetics Lab. DNA was extracted from the swabs
using Qiagen’s QiaAmp Investigator Kkit.

To confirm the species ID of collected scats, DNA extracts were PCR amplified using a
species ID multiplex that targets species-specific fragments of predator mitochondrial DNA.
The multiplex contains the primers SIDL and H3R, which are capable of distinguishing
domestic dogs from coyotes (De Barba et al. 2014). Two PCR replicates per sample were
used for species ID PCR. Samples were sent to Yale’s DNA Fragment Analysis facility for
fragment analysis. Sample electropherograms were analyzed using Applied Biosystem'’s
GeneMapper software. Only samples that amplified for the coyote-specific fragment were
analyzed further.

To identify individual coyotes, nuclear DNA in the highly variable, non-coding
microsatellite region was amplified to construct a multi-locus genotype for each sample.
Samples were PCR amplified using two multiplexes containing primers that target 10 canid
microsatellite loci and 2 sex ID loci. Multiplex 1 contained 5 primer pairs targeting
microsatellite loci FH2328, FH2054, FH2010, FH2088, and FH2001 (Breen et al. 2001,
Guyon et al. 2003). Multiplex 2 contained 5 primer pairs targeting microsatellite loci
FH2137, FH2140, FH2159, FH2096, and CXX2235 (Breen et al. 2001, Guyon et al. 2003);
and 2 sex determining loci: DBY7A and DBX6B, targeting the Y and X chromosomes,
respectively (Seddon et al. 2005). Three PCR replicates were run per sample for individual
ID. Sample analysis methods were the same as those for species ID. The electropherograms
for each sample were compared when assigning genotypes. To confirm heterozygous loci,
each allele had to be present in 22 of the 3 PCR replicates. To confirm homozygous loci, all
3 PCR replicates had to contain the same allele. Samples were replicated further if alleles
needed to be confirmed. If a sample failed to sufficiently amplify for either species ID or
individual ID, its replicate swab was extracted and analyzed.

Population genetic analyses were conducted using the Excel plug-in GenAlEx (Peakall and
Smouse, 2012) and the R packages hierfstat (Goudet 2004) and DEMEtics (Gerlach et al.
2010). Genotypes from a separate study of coyotes from Methow Valley and northeast
Washington were included in the population genetic analyses to serve as a mainland
comparison for the Vashon genotypes.



Results

Amplification success and field ID trends

In total, 67 scats were swabbed in the field by 19 citizen scientist volunteers. Three of the
samples did not have sample names or field data, and they were assigned the names of
VASH-1, VASH-2, and VASH-3. Seventeen samples failed to amplify during species ID and
were excluded from subsequent analysis. Eight samples were determined to be of domestic
dog origin and were also excluded. The remaining 42 samples showed successful
amplification of the diagnostic mitochondrial DNA marker for coyote. Of these 42 samples,
15 failed to amplify sufficiently when run using the individual ID panels, resulting in 27
samples with reliable individual genotypes.

It was discovered in the summer of 2019 that the Vashon crew had been provided with a
swabbing protocol that listed two steps in the wrong order, such that scats were swabbed
and then wetted with PBS buffer instead of the reverse. The protocol was corrected and a
demonstration was provided by Ellie Reese. Following this change, species ID amplification
failure decreased from 29% to 17%, and coyote individual ID amplification failure
decreased from 27% to 22%.

We found no correlation between estimated scat age and amplification success. In fact,
scats estimated to be one week old were more successful than scats estimated to be 1-3
days old. The two scats estimated to be less than one day old both failed to amplify. This
lack of relationship may be due to the fact that scat age can be very hard to estimate, but we
have also found minimal effects of scat age on amplification success for scats collected in
northern Washington. Therefore, scats should be collected even if they are judged to be old.

We expected to have lower amplification success in winter, because rain can wash DNA
from scats. We categorized the months of October through April as “wet” and May through
September as “dry” based on average rainfall patterns (Western Regional Climate Center).

Table 1. Species ID amplification success for samples collected during wet winter (Oct-Apr) vs dry
summer (May-Sep) season.

| seasn

Wet Dry
Failed 7 9
Total 29 35
% Failed 24% 26%

Surprisingly, amplification failure rates did not appear to be affected by season (Table 1).
However, when the data was divided both seasonally and by pre- and post-protocol change,
a pattern emerged.



Table 2. A comparison of species ID amplification success by season (wet vs dry) and collection protocol
(before and after protocol correction).

Pre Protocol Change Post Protocol Change

Season Season
Wet Dry Wet Dry
Failed 3 9 Failed 4 0
Total 16 25 Total 13 10
Percent 19% 36% Percent 31% 0%

Once the swabbing protocol had been corrected, there was a noticeable difference in the
species ID amplification success rate between samples collected during wet and dry
months, with far lower success in the winter (wet) season (Table 2). Therefore, scat
collection in summer should be prioritized.

Probability of identity

The probability of identity (Pip) of a population is the probability (ranging from 0-1) that
two unrelated individuals will have identical genotypes, and Pip-sib is the probability that
two related individuals (siblings, who share 50% of their DNA) will have identical
genotypes. Pip-sib is used to calculate the minimum number of loci needed to determine if
any two genetic samples from a population originate from the same individual or not. Pip-
sib values below 0.01, or 1%, are considered ideal for confidently identifying individuals.
Pip-sib values were calculated for the Vashon, Methow Valley (MV), and northeast
Washington (NE) populations using GenAlEx. All 10 microsatellite loci were analyzed.

For both the MV and NE populations, Pip-sib was <0.01 with 6 loci, meaning that genetic
data at 6 loci was sufficient to distinguish closely related individuals (Figure 1). In contrast,
the Pip-sib value for the Vashon population was 0.10 with 6 loci and declined to only 0.02
with all 10 loci, which was above the maximum desired threshold. This means that even if
two Vashon samples had the same alleles at all 10 loci, there was a 2% chance that they
were not from the same individual, but instead belonged to two different individuals who
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Figure 1. Pip-sib values for Vashon, Methow, and northeast Washington coyote populations. Note that Pip-sib is
calculated in the order that the loci are listed in Figures 2&3. This can be seen by the Vashon Pip-sib’s
unchanged value with the addition of a third locus, as the third locus (FH2054) was monomorphic for the
population and did nothing to distinguish individuals.




happened to have matching genotypes at all 10 microsatellite loci. This point can be further
illustrated by looking at two sample genotypes in particular (Figure 2).

BP-8A and KK-3A had matching genotypes at all loci (including sex ID loci) except for one -
FH2159 (Figure 2). This mismatch was verified through repeated PCR and fragment
analysis runs. If either of these samples had been missing data for FH2159, due to failed
amplification or allelic dropout (where only one of two alleles amplify), they would have
been mistaken for the same individual.

FH2001 FH2010 FH2054 FH2088 FH2328 CXX2235 DBX6 DBY7 FH2096 FH2137 FH2140 FH2159
BP-8A 136 142 229 233 150 150 95 115 192 204 157 157 249 249 119 119 94 98 160 178 147 147 172 200
KK-3A 136 142 229 233 150 150 95 115 192 204 157 157 249 249 119 119 94 98 160 178 147 147 168 172

Figure 2. Genotypes for samples BP-8A and KK-3A, corresponding to individuals VCoy5 and VCoy6. Names of
each locus are indicated in the top row. Allele sizes are color coded by value for easy pattern visibility. Note that
DBX6 and DBY7 are X and Y chromosome (i.e. sex ID) markers. Both individuals were determined to be male due
to the presence of the 119 base-pair Y chromosome fragment.

Altogether, the Vashon coyotes had extremely similar genotypes to each other compared to
the mainland coyote populations. This could have resulted from inbreeding among a small
number of founders.

Population size

Due to the high Pip-sib value of the Vashon coyote population and low sample size of
collected scats, we were not able to run mark-recapture models to estimate coyote
population density with confidence. However, some conclusions can still be drawn from the
data, including a calculation of the minimum number of coyotes alive during the 3-year
sampling period.

Allelic dropout was an important factor to account for when determining whether any scat
samples were “recaptures” from the same individual. Allelic dropout can lead to a
homozygous genotype at a locus when the true genotype is heterozygous. Because many
loci in the Vashon population only had two alleles present per locus, distinguishing
heterozygotes from homozygotes was very important. Therefore, if we encountered any
samples that appeared to originate from the same individual with the exception of a
heterozygote/homozygote mismatch, another three PCR replicates were run and analyzed
to determine whether there was allelic dropout during the initial three PCRs or not.

FH2001 FH2010 FH2054 FH2088 FH2328 CxXZ235 DBX6 DBYY FH2096 FH21SV FH2140 FH2159
12 142 154 233 233 150 150 95 115 192 192 157 157 249 249 94 94178 178 14F 165 172 172
WASH-1E 142 142 233 233 150 150 95 115 192 192 157 157 249 249 94 94178 178 14F 165 172 172

Figure 3. Genotypes for samples J2 and VASH-1B, from individuals VCoy3 and VCoy21, respectively. Locus
names are in the top row, and allele sizes are color coded by value for easy pattern visibility.

For example, samples J2 and VASH-1B appeared to have identical genotypes with the
exception of a heterozygote/homozygote mismatch at locus FH2001 (Figure 3). When
VASH-1B was subjected to further PCR runs, the “missing” 154 allele did not amplify. We
estimated the chance of allelic dropout within the Vashon coyote population, which was
7.33% per PCR replicate. VASH-1B was run for a total of nine PCR replicates, making the
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chances of it having a 154 allele that
dropped out in all 9 replicates extremely
unlikely (probability = 0.07339, which is a
very small number). As a result, VASH-1B
was judged to have originated from a
different individual (VCoy21) than sample
J2 (VCoy3).

In total, we obtained genotypes of sufficient
quality to assign individual IDs for 27
samples, which originated from 23 unique
individuals: 13 males, 8 females, and 2
coyotes of unknown sex. Four coyotes had
two scats collected each (Table 3), and 19
coyotes had a single scat collected. Pair LP-
4A and LP-5A (VCoy 1) were collected at the
same coordinates approximately three
months apart (Figure 4). KK-1A and LP-1A
(VCoy2) were collected 1.44 miles and 5
months apart. VASH-3B does not have field
data, and 2-NW-1 and 2-NW-2 (VCoy11)
were collected at the same time and place.
To better understand the home range sizes
of coyotes on Vashon, a greater number of
scats per individual would need to be
collected.

Figure 4. Map of the locations of Vashon coyote
scats that were assigned individual IDs. Numbers
correspond to “VCoy” ID numbers. Coyotes 1, 2, 3,
and 11 had two scats collected each.

Table 3. Matching sample pairs and confidence level for individuals with >1 scat collected. Confidence was
calculated using the Pip-sib value for the amount of allelic data present, then adjusted with sex-ID match data
(assuming a 50/50 male to female ratio, a matching sex ID decreases Pip-sib by 50% of its initial value). Note that
>99% is generally considered high confidence for Pip. These matches should thus be considered to be medium-high
confidence.

Individual ID Sample1l Sample2 Confidence
VCoyl LP-4A LP-5A 99.0%
VCoy2 KK-1A LP-1A 97.5%
VCoy3 J2 VASH-3B 98.0%
VCoyll 2-NW-1 2-NW-2 96.5%



Heterozygosity

A common measure of genetic diversity is heterozygosity. Observed heterozygosity (H.) is
the percentage of individuals within a population that are heterozygous at a particular
locus. Heterozygosity values were calculated for each coyote population across the 10
microsatellite loci using the Excel plug-in GenAlEx.

Table 4. Average observed heterozygosity (H,) per locus for three coyote populations.

Observed Heterozygosity (Ho)

Population Min Max Avg

Vashon 0.00% @ 88.21% @ 42.57%
Mv 51.04% @ 93.81% 78.16%
NE 51.56% @ 95.24% @ 79.23%

The two mainland coyote populations, Methow Valley (MV) and northeastern Washington
(NE), had H, values ranging from 51% to 95% per locus, with an average H, of 78% and
79% respectively (Table 4). The Vashon population had H, values ranging from 0% (all
individuals homozygous at a given locus) to 88%, with an average H, of 43%. Note that the
average heterozygosity of the Vashon population was lower than the minimum
heterozygosity for the mainland populations, and nearly half the mainland averages.

Inbreeding coefficient

The inbreeding coefficient, Fis, measures the difference between a population's observed
(H,) and expected (H:) heterozygosity. A negative Fis value means there are more
heterozygotes than expected in a population (low inbreeding), while a high value means
there are more homozygotes than expected (high inbreeding). Fis levels above 0.05-0.1 are
considered potentially deleterious. However, Fis has some important assumptions that are
violated by our sample. We calculated Fis for all three coyote populations using GenAlEx
and report them below, but we then explain why they do not actually provide reliable
information about inbreeding for the Vashon population.

Table 5. Inbreeding Coefficient (Fis) values for each coyote population.

Vashon -0.084
MV 0.043
NE -0.006

The MV and NE populations had relatively small Fis values that were close to 0, indicating a
lack of inbreeding. The Vashon population, surprisingly, had a negative Fis value, implying
lower than expected levels of inbreeding (Table 5). However, heterozygosity is known to be
higher on average following founder or bottleneck events (DeCandia et al. 2019). This
could explain why the Vashon population has higher heterozygosity than expected under
Hardy-Weinburg assumptions of random mating.



Regardless of the reason behind the negative Fis value for the Vashon population, Fis as a
metric does not measure the genetic diversity lost due to a bottleneck when the Vashon
population was established. In fact, heterozygosity is not a great measure of genetic
diversity, as it doesn’t account for the allelic variation present in microsatellite data.
Therefore, the H,, Fst, and Fis values in this report should be interpreted with caution. We
have included them because they are commonly used metrics used to assess genetic
diversity and health.

To gain a better sense of the levels of relatedness within the Vashon population, we
compared each of the 23 unique genotypes to each other to determine whether each pair
could parent/offspring, whereby at least 1 allele matched at every locus. There were 238
pairwise comparisons, and nearly half (118 pairs, or 49.6%) could have been
parent/offspring pairs. This indicates a high level of relatedness within the population.

Allelic richness

A different measure of genetic diversity is allelic richness, or the average number of alleles
that occur per locus within a population. While traditional textbook examples generally
refer to “dominant” and “recessive” allele morphotypes, there are in fact many types of
allelic variations that can occur for a given locus. High allelic richness within a population
means a greater variety of possible genotypes and can be indicative of greater chances of
adaptability and persistence. Allelic richness can be reduced due to genetic drift and
founding events.

Allelic richness was calculated for all three coyote populations. Because the MV and NE
sample sizes were larger than the Vashon dataset, rarefaction (i.e., subsampling) of MV and
NE datasets was used to estimate the allelic richness one would find if randomly sampling
an equal number of individuals from each population. Calculations were done using the R
package hierfstat.

Table 6. Allelic richness values for three Washington coyote populations. The values for the Vashon population are
raw allele counts for 23 distinct individuals with high quality genotypes. The values for the MV and NE populations
are rarefied values, meaning they are estimated allele counts that one would expect to find within a random
sampling of 23 individuals from these populations. This is why they are presented as decimal values.

Avg. Diff. Mainland
Locus Vashon | MV NE Mainland | vs Vashon
FH2001 4 6.64 4.44 5.54 -1.54
FH2010 2 3.91 4.31 4.11 -2.11
FH2054 1 5.30 5.63 5.47 -4.47
FH2088 3 6.42 7.38 6.90 -3.90
FH2328 2 11.78 12.23 12.00 -10.00
CXX2235 2 5.79 6.46 6.13 -4.13
FH2096 2 4.71 4.44 4.58 -2.58
FH2137 4 9.43 9.25 9.34 -5.34
FH2140 3 12.61 11.55 12.08 -9.08
FH2159 3 10.54 11.80 11.17 -8.17
Average 2.6 7.71 7.75 7.73 -5.13




Allelic richness values for the Vashon coyote population ranged from 1 (completely
monomorphic) to 4 alleles per locus, with an average of 2.6 (Table 6). The mainland coyote
populations had much higher allelic richness values, ranging from 3.91-12.61 alleles per
locus, with an average of 7.73. On average, the Vashon population has 5.13 fewer alleles per
locus than the mainland coyote populations, which is equivalent to a loss of 66% of the
mainland’s allelic richness. Note the severe decrease in allelic richness at markers FH2328,
FH2140, and FH2159 in particular, with decreases of 10, 9.08, and 8.17 alleles per locus (up
to an 83% loss of allelic richness per locus). In addition, FH2054 is entirely monomorphic
within the Vashon population, meaning each individual has an identical genotype for that
locus and the allele may be fixed.

This severe loss of allelic richness is consistent with the genetic bottlenecking and
subsequent founding effects experienced by island populations. Due to their low allelic
richness (i.e., small “gene pool”), Vashon coyotes may be less evolutionarily adaptable than
their mainland counterparts.

Note that the Methow and northeast WA coyote populations are not perfect models to
compare the Vashon population to in terms of foundation. As a result, we avoided
estimating the number of generations since population establishment at this time. Because
the likeliest route to Vashon Island was from the Olympic Peninsula, samples from the OP
would likewise be extremely useful for comparison.

Genetic Structure

The fixation index, or Fs, is a commonly used measure of genetic differences between
populations. Here, it is defined as the variation in H, between two populations. It can range
in value from 0 (no difference) to 1 (complete difference), and typically ranges between 0-
0.25 for mammals. Pairwise Fst values were calculated for the coyote populations using
GenAlEx.

Table 7. Pairwise F: values between each coyote population.
Vashon MV NE

Vashon
mMv 0.164
NE 0.158 | 0.012

The pairwise Fs: value for the MV versus NE coyote populations was 0.012 (Table 7). This
can be interpreted to mean that there is a 1.2% difference in the genetic variation
contained by the two populations. In other words, the MV and NE coyotes share 98.8% of
their genetic variation with one another, indicating the barriers to gene flow between these
populations are negligible. The pairwise Fs: values for Vashon were 0.166 and 0.159 when
compared to the MV and NE populations respectively. This means that the Vashon coyote
population only shares approximately 84% of its genetic variation (as measured by H,)
with the mainland populations. Although there is no hard cut-off, Fs: values above 0.15 are
generally considered to be high.



An alternative measure of genetic diversity, Des;, takes allelic variation into account (Jost,
2008). Pairwise Dest was calculated for the three coyote populations using the R package
DEMEtics (Gerlach et al. 2010).

Table 8. Pairwise D.s: values between each coyote population. P < 0.001 for each value.
Vashon MV NE

Vashon
MV 0.560
NE 0.536 | 0.103

A pattern similar to the Fs: calculations emerged, with the mainland populations sharing
90% of their genetic diversity and the Vashon population only sharing roughly half of its
diversity with the mainland populations (Table 8). These Dest values confirm that Puget
Sound presents a substantial barrier to gene flow for Vashon'’s coyotes. Vashon'’s coyote
population may continue to diverge from mainland coyotes over time, potentially evolving
unique characteristics due to its genetic isolation.

Summary and Recommendations

The Vashon Island coyote population, when compared to two mainland Washington coyote
populations, is less genetically diverse, has a smaller gene pool, and contains individuals
that are more closely related to one another. These findings are in line with a recent
“founder effect,” which is when a population is founded by a few colonists and is isolated
from other populations.

We determined that at least 23 individual coyotes occurred on Vashon Island between
2017 and 2020. We were not able to estimate population density of Vashon coyotes due to
the relatively small number of scats collected over an extended time period, as well as low
recapture rates and high Pip-sib values. To generate a robust population estimate in the
future, we recommend conducting a more intensive sampling effort that repeatedly
surveys areas spread through the entire island over a shorter period of time (e.g., 3
months). A sample of at least 50 and ideally >100 scats should be collected during one
season. Collecting scats during summer 2021 would be ideal, because genotyping success
appears to be higher for summer-collected scats, and these scats could also be tied into a
fecal genetics study of coyotes in Seattle that will occur in summer 2021. The Seattle study
will use fecal metabarcoding to examine the diets of coyotes, and it would be ideal to use
this technique to assess the diet of Vashon coyotes as well.

To help resolve individuals in this population, we recommend genotyping at least 2 and
ideally 4 additional loci. Even more ideal would be to switch from the traditional
genotyping method we employed in this pilot study to a more recently developed method
that examines single nucleotide polymorphisms (SNPs). Hundreds of SNPs can be assessed
per individual, allowing for a more robust inbreeding and relatedness assessment. SNPs
can target coding DNA, which would allow for a more direct analysis of inbreeding effects
on fitness. Although traditional genotyping is still the most cost-effective method to identify
individuals, SNP analysis may be preferable for Vashon coyotes due to their unique history
and low genetic diversity.
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Finally, scat samples from the most likely source population of coyotes on the Olympic
Peninsula would be useful for estimating the degree of isolation and time since colonization
for Vashon coyotes. Olympic coyotes would be a more informative “mainland” population
than the northern coyote populations used in this report.
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