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Abstract
Understanding predator population dynamics is important for conservation manage-
ment because of the critical roles predators play within ecosystems. Noninvasive 
genetic sampling methods are useful for the study of predators like canids that can 
be difficult to capture or directly observe. Here, we introduce the FAECES* method 
(Fast and Accurate Enrichment of Canid Excrement for Species* and other analyses) 
which expands the toolbox for canid researchers and conservationists by using in- 
solution hybridization sequence capture to produce single nucleotide polymorphism 
(SNP) genotypes for multiple canid species from scat- derived DNA using a single 
enrichment. We designed a set of hybridization probes to genotype both coyotes 
(Canis latrans) and kit foxes (Vulpes macrotis) at hundreds of polymorphic SNP loci 
and we tested the probes on both tissues and field- collected scat samples. We en-
riched and genotyped by sequencing 52 coyote and 70 kit fox scats collected in and 
around a conservation easement in the Nevada Mojave Desert. We demonstrate that 
the FAECES* method produces genotypes capable of differentiating coyotes and kit 
foxes, identifying individuals and their sex, and estimating genetic diversity and effec-
tive population sizes, even using highly degraded, low- quantity DNA extracted from 
scat. We found that the study area harbours a large and diverse population of kit 
foxes and a relatively smaller population of coyotes. By replicating our methods in the 
future, conservationists can assess the impacts of management decisions on canid 
populations. The method can also be adapted and applied more broadly to enrich and 
sequence multiple loci from any species of interest using scat or other noninvasive 
genetic samples.
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1  |  INTRODUC TION

Studying the population dynamics of predators, including canids, 
is critical for conservation and ecosystem management because 
of the direct and indirect impacts predators have on prey species 
and the status of predators as sentinels, that is, they are sensitive to 
changes in the environment and can serve as indicators of ecosys-
tem health (Sergio et al., 2008). Both coyotes (Canis latrans) and kit 
foxes (Vulpes macrotis, Figure 1) are known to consume the federally 
threatened Mojave desert tortoise (Gopherus agasizzii; Cypher et al., 
2018). Coyotes are the primary cause of predation on adult tortoises 
(Esque et al., 2010), while kit foxes are the primary predators of tor-
toise nests (Bjurlin & Bissonette, 2004). It is therefore important for 
managers to monitor these canids in desert areas where the tortoise 
occurs.

Because canids tend to be elusive and difficult to study, noninva-
sive genetic sampling methods have been utilized extensively, for ex-
ample, to estimate abundance and genetic diversity of coyotes (e.g., 
Morin et al., 2016; Prugh et al., 2005; Woodruff et al., 2021) and 
kit foxes (e.g., Lonsinger et al., 2018; Lonsinger et al., 2018; Wilbert 
et al., 2015, 2019). Scat, the most commonly collected material in 
noninvasive genetic studies (Waits & Paetkau, 2005), is particularly 
easy to identify in the field because canids defecate to mark terri-
tories (Morin et al., 2016). In areas where visual detection is diffi-
cult, scat searching dogs (C. lupus familiaris) have proven effective 
at locating scats (Smith et al., 2001; Ralls et al., 2003). In addition, 
scats both enable high- resolution analysis of host genetics and allow 
researchers to study predation by identifying DNA from consumed 
species (Banks et al., 2003).

Historically, most noninvasive studies targeted mitochondrial 
DNA for host species identification (e.g., Bozarth et al., 2010; Dalén 
et al., 2004; Paxinos et al., 1997) and nuclear microsatellites to re-
liably identify individuals and estimate population genetic structure 

(Lampa et al., 2007; Schwartz et al., 2006; Smith et al., 2006). 
However, single nucleotide polymorphism (SNP) loci are being used 
more often as new genotyping methods have made it more effi-
cient and cost- effective to simultaneously genotype hundreds of 
individuals at hundreds to thousands of SNPs (Carroll et al., 2018). 
To date, the majority of noninvasive studies that have used SNP 
markers generated genotypes by using polymerase chain reaction 
(PCR) to amplify loci followed by measurement of fluorescence (e.g., 
with the Fluidigm platform; von Thaden et al., 2017) or direct am-
plicon sequencing (Natesh et al., 2019). However, the use of mul-
tiplex PCRs in noninvasive applications presents some challenges, 
including the need for species- specific references to design primer 
pairs, the potential for PCR inhibition due to coextracted inhibitors 
in scat- derived DNA, complex optimization of the multiplex reaction 
to avoid interactions between primers, and the requirement for DNA 
extracts >0.2 ng/µl (von Thaden et al., 2020).

In- solution DNA hybridization capture (“capture” hereafter) is an 
alternative to multiplex PCR amplification that is also well- suited to 
noninvasive DNA applications. First, unlike the primers used in PCR 
amplification, hybridization probes can be as much as 20% divergent 
from the target sequences in some cases (Li et al., 2018), precluding 
the need to have a reference genome for the target species. Second, 
capture methods do not require specialized equipment to generate 
genotypes (e.g., a Fluidigm machine). Finally, bait design is highly 
flexible, allowing one to minimize allelic dropout by probe tiling of 
the target region (Cruz- Dávalos et al., 2017) and including probes 
that match alternate alleles. It allows one to target as many regions 
as desired, including whole nuclear genome sequences or sequences 
from multiple taxa in a single assay (Campana, Hawkins, et al., 2016).

Despite the similar challenges posed by ancient and noninva-
sive DNA, capture methods have been widely adopted in ancient 
DNA studies but have rarely been used for noninvasive applications 
(Carroll et al., 2018). This may be due in part to the complexity of 

F I G U R E  1  Trail camera photographs 
of a coyote (left) and kit fox (right) in 
the BCCEA, Boulder City, Nevada, USA. 
Animals are shown next to Mojave Desert 
tortoise models. BCCEA, Boulder County 
Conservation Easement Area
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bioinformatics involved in probe design, the high cost of generating 
probes (Meek & Larson, 2019), or the incidence of off- target capture 
(Jensen et al., 2020; von Thaden et al., 2020). Although several au-
thors have demonstrated that it is possible to enrich and sequence 
primate DNA from scat samples (e.g., Hernandez- Rodriguez et al., 
2018; Perry et al., 2010; Snyder- Mackler et al., 2016; White et al., 
2019), to our knowledge these methods have not been applied to 
any taxonomic group outside of primates, have not been used to en-
rich for SNP loci, and have not targeted multiple species in a single 
enrichment.

We aimed to show that it is possible to generate SNP genotypes 
for individuals of two different canid species by using capture meth-
ods, and that these SNP data are capable of differentiating individ-
uals, assigning sex, and estimating kinship, genetic structure, and 
genetic diversity. Accordingly, our first objective was to characterize 
and validate a set of informative SNP markers capable of identify-
ing individual coyotes, desert kit foxes (V. macrotis arsipus, DKF), and 
San Joaquin kit foxes (V. macrotis mutica, SJKF).

Our second objective was to assess coyote and kit fox popula-
tions in the Boulder County Conservation Easement Area (BCCEA) 
in the Mojave Desert (Nevada, USA) by using capture methods to 
enrich and genotype by sequencing field- collected scat samples for 
our newly developed SNP loci. We aimed to estimate genetic diver-
sity, genetic population structure, and effective population sizes for 
both coyotes and kit foxes.

The methods described here can be replicated to monitor canid 
population dynamics to evaluate the effects of management actions 
including minimizing anthropogenic subsidies (e.g., refuse and water), 
the presence of which can result in elevated predation on federally 
threatened tortoises (Esque et al., 2010) and other prey species. The 
methods can also be adapted to enable the use of scats and other 
noninvasive samples for other applied or basic genetic research.

2  |  MATERIAL S AND METHODS

2.1  |  Study site and sample collection

We collected 340 scat samples at randomly selected points within 
the BCCEA and adjacent areas between September 2015 and April 
2018 (Figure 2). The BCCEA is a 34,800- hectare area of public land 
in the northeastern Mojave Desert within the Eldorado Valley in 
southern Nevada, USA that was established in 1995 for the conser-
vation of the Mojave desert tortoise and other desert wildlife. During 
the sampling period, weather was typical for the eastern Mojave 
Desert, with a mean annual temperature of 19.6°C (ranged from a 
mean minimum temperature of 0.5°C in January to a mean maxi-
mum of 32.5°C in July), and mean annual precipitation of 130 mm. 
August was the wettest month, with a mean monthly precipitation of 
21.6 mm, and June was the driest (2.7 mm mean rainfall).

We used stratified random sampling (Ratti & Garton, 1994) to 
select locations for scat collection. Using ArcGIS, we selected 84 
random points that were at least 1 km from any other sampling 

point. We included multiple sampling locations within three areas 
that we defined based on dominant land- use: city, BCCEA, and 
desert reference. City consisted of urbanized areas within Boulder 
City boundaries, the BCCEA zone included areas within and close 
to the BCCEA boundaries, and the desert reference area consisted 
of lands managed by the Bureau of Land Management south of the 
BCCEA, not including the highland mountains. Additional samples 
were collected opportunistically at power towers and fences. For 
consistency, at each sampling point circles of 10- m diameter were 
searched for scats and all scats within this area were collected. We 
recorded the collection date and location using a Garmin Montana 
650 GPS device.

Collectors visually estimated and recorded the species that pro-
duced the scat based on size— coyotes are approximately 4– 5× larger 
than kit foxes (Golightly & Ohmart, 1984). Coyotes and kit foxes are 
the most commonly found canids in the BCCEA; domestic dogs 
and grey foxes have also been observed, but they occur at very at 
low densities (W.I. Borman, personal communication). Scats were 
bagged individually unless they were found as part of a putative la-
trine site (Ralls & Smith, 2004); that is, if multiple pieces of scat were 
found at the same site, they were placed in a single bag. Based on 
visual inspection, the scats were rarely fresh and some may have 
been several weeks old.

Samples were stored dry in sealable plastic bags and shipped 
to the Center for Conservation Genomics (CCG), Smithsonian 
Institution, Washington, D.C. Upon receipt, subsamples of approx-
imately 1.5 cm3 were taken and stored in 15 ml conical tubes until 
DNA extraction. In cases where multiple pieces of scat were col-
lected at the same locality during the same sampling session (i.e. 
multiple samples were taken from a putative latrine), we collected 
one subsample from each individual piece of scat. Scat subsamples 
were stored in a cool, dry location away from direct sunlight to pre-
serve DNA (Goossens & Salgado- Lynn, 2013).

2.2  |  FAECES* probe design

We designed a set of probes to enrich scat- derived DNA samples 
for a subset of SNP loci that are polymorphic in both coyotes and 
kit foxes and a subset that are fixed (or with a low minor allele fre-
quency) in one species but polymorphic in the other to confirm spe-
cies identification, identify individuals of each species, and calculate 
population genetics parameters. We also designed and included 
probes targeting the zinc finger- Y and - X genes (ZFX/ZFY) for sex 
identification (Figure 3). We refer to this method of using capture to 
genotype multiple canid species using DNA extracted from scat as 
FAECES*, or Fast and Accurate Enrichment of Canid Excrement for 
Species* and other analyses.

First, we generated a reference data set from which to select SNPs 
by enriching and genotyping coyote and kit fox tissue- derived DNA 
samples for a set of ~20,000 SNP loci that we previously found to 
be polymorphic in African wild dogs (Lycaon pictus, Campana, Parker, 
et al., 2016; Supporting Information: Lycaon pictus myBaits RNA probe 
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design, Probes available in Figshare, 10.25573/data.14633298). We 
extracted DNA from eight western coyote tissue samples obtained 
from the Museum of Southwestern Biology (Accession numbers in 
Table S1) and one eastern coyote obtained from the tissue collection 
at the CCG using a DNeasy Blood and Tissue Kit (Qiagen), following 
the manufacturer's protocol for tissue. We also obtained nine DNA 
samples that were previously extracted from SJKF tissues collected 
in Bakersfield, CA (Wilbert et al., 2015, Table S1). We quantified 
DNA samples with a Qubit 4 fluorometer (Life Technologies) using a 
1× dsDNA HS assay. We sheared DNA to an average length of 250 
base pairs (bp) using a Bioruptor Pico sonicator (Diagenode, Inc.). The 
number of cycles required for adequate shearing varied by sample 
and ranged from 45 to 60; each cycle was 30 s on followed by 30 s 
off. We visualized the sheared DNA with a TapeStation 4200 System 
(Agilent Technologies) using High Sensitivity D1000 reagents. We 
then prepared dual- indexed libraries using the “BEST” single- tube 
method described in Carøe et al. (2017) with revisions as described 

in Mak et al. (2017). We quantified libraries after index PCR with the 
Qubit® fluorometer and enriched samples in single- plex reactions 
following the myBaits Manual v3 standard protocol. We quanti-
fied the enriched libraries using Qubit and visualized them on the 
TapeStation as described above. Finally, we pooled samples equim-
olarly and sequenced with paired- end 150 bp reads on an Illumina 
MiSeq at the CCG (Illumina, Inc.).

We downloaded demultiplexed sequence data from the 
BaseSpace Server (Illumina) and used the program FastQC v0.11.8 
(Andrews, 2010) to check for sequence quality and adapter content. 
We removed adapter sequences using TrimGalore v0.6.4 (Krueger, 
2019). We aligned reads to the domestic dog (C. familiaris) refer-
ence genome (Hoeppner et al., 2014; GenBank: CanFam3.1) using 
the “mem” algorithm in BWA v0.7.17 (Li, 2013). We used SAMTools 
v1.3.1 (Li et al., 2009) to sort BAM files and convert to the SAM for-
mat. Following the SAMtools variant calling workflow v1.0 (http://
www.htslib.org/workf low/#mappi ng_to_variant), we then marked 

F I G U R E  2  Map of sample collection 
localities. Data organized and map 
generated using Esri ArcMap 10.4.1. 
Base map Source: Esri © OpenStreetMap 
contributors 2021

http://www.htslib.org/workflow/#mapping_to_variant
http://www.htslib.org/workflow/#mapping_to_variant
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duplicates with Picard Tools v 2.20.6 (Picard Toolkit, 2019, https://
github.com/broad insti tute/picard) and realigned reads around indels 
(insertions/deletions) using the GenomeAnalysisToolKit (GATK v3.7, 
McKenna et al., 2010). We identified sequence variants (minimum 
quality 20) using the SAMtools ‘mpileup’ command (- C50 option) and 
the BCFtools v1.4.1 “call” command (Li et al., 2009). We removed 
indels, any site with more than 10% missing data, and sites with av-
erage coverage <10 reads using VCFtools v0.1.15 (Danecek et al., 
2011). We then used the “vcf2baits” command in BaitsTools v1.2.0 
(Campana, 2018) to generate probe sequences. We utilized three 
options to improve the likelihood of enrichment success: (1) gener-
ating short (80 bp) probes (option - L 80), (2) designing probes with 
alternate alleles represented (option - a), (3) tiling probes to cover 
each variant site with ~4× average depth with an offset of 20 bp be-
tween probes (option - O 20). Probably because wild dogs are more 
closely related to coyotes than to kit foxes, and our initial probe set 
was designed to target wild dog variants, we initially recovered more 
coyote variants (1155 SNPs) than kit fox variants (454 SNPs). We 
then incorporated an option in BaitsTools to balance the number of 
probes by taxon, i.e. so that we would target approximately equal 
numbers of polymorphic coyote and kit fox loci. We set a maximum 
of 500 loci for each species, including some loci that are fixed within 
species in our samples but that vary between, as well as loci that 
are variable within each species. We used the options “taxacount” 
and “popcategories” to select the first 500 variants for each species.

To test the ability of the selected variants to differentiate species 
and individuals, we ran principal component analysis (PCAs) and pair-
wise relatedness analyses with the SNPRelate v1.8.0 package (Zheng 
et al., 2012) in R v4.0.3 (R Core Team, 2020, applies to all uses of 

R). First, we filtered the multisample VCF file to restrict loci to only 
those selected by BaitsTools. We then ran three PCA analyses: one 
with coyotes only, one with kit foxes only, and one with both species. 
We calculated pairwise kinship values by maximum likelihood estima-
tion (MLE) with minor allele frequency ≥0.1. To simulate the effect of 
locus dropout, we randomly removed 20% of loci from each data set 
and ran all analyses again to ensure that the patterns were consistent.

Finally, we downloaded reference sequences for ZFX and ZFY 
genes for coyotes (Williams et al., 2003, GenBank AY145847 and 
AY145848, respectively) and kit foxes (Ortega et al., 2004, GenBank 
AY310919 and AY310920, respectively) and aligned them using the 
MAFFT v7.450 plugin (Katoh, 2005) in Geneious v9.1.2 (Biomatters 
Ltd). We exported the alignment in FASTA format and generated 
probes using the “aln2baits” command in BaitsTools with the same 
options as above (80 bp probes with 20 bp offset and c. 4× tiling). 
The final set of probe sequences, targeting both autosomal and sex- 
linked loci, was further filtered by Arbor Biosciences using their 
standard pipeline to remove loci that overlapped >25% with repeat- 
masked regions in the dog genome. Finally, we purchased myBaits 
RNA probes (myBaits- 1 kit) from Arbor Biosciences (Probes available 
in FigShare, 10.25573/data.146332988).

2.3  |  Scat samples

2.3.1  |  Laboratory methods: DNA extraction

We extracted DNA from scat samples using a Mag- Bind Stool 
DNA kit (Omega Bio- Tek) following the manufacturer's standard 

F I G U R E  3  Workflow for FAECES* probe design, testing, and implementation

https://github.com/broadinstitute/picard
https://github.com/broadinstitute/picard
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protocol with several modifications. First, bead bashing was omit-
ted and replaced with overnight digestion with 30 µl DS buffer, 
20 µl proteinase k (>600 mAU/ml), and enough SLX- Mlus Buffer 
to completely cover the sample. Samples were incubated at 56°C 
with agitation at 40 RPM. After digestion, samples were centri-
fuged for 2 min at 3000 g, and approximately 700 µl supernatant 
was transferred to a 2.2 ml 96- deepwell plate. The plate was then 
centrifuged again at 4000 g for 10 min, and 600 µl supernatant 
was transferred to a new 2.2 ml 96- deepwell plate, taking care not 
to disturb the pellet. We then added 1.2 ml Mag- Bind particles in 
XP2 buffer to each sample and mixed by pipetting. After a 5- min 
incubation, the plate was centrifuged for 2 min at 3000 g and then 
placed on a magnetic separation device. After elution with 100 µl 
of water, DNA extracts were quantified using a Qubit fluorometer 
with a 1× dsDNA HS assay.

2.3.2  |  Library preparation and enrichment using 
FAECES* probes

Before making genomic libraries from the scat- derived DNA sam-
ples, we performed a PCR- based species identification assay follow-
ing Bozarth et al. (2010). Briefly, we amplified a small fragment of the 
mitochondrial control region that is a different length in each canid 
species in the study area. We included both positive and negative 
controls in each set of reactions. Fragment length was determined 
by running PCR products on an ABI 3130xl at CCG. We excluded 
from further analysis all samples that produced PCR products for 
more than one canid species, that were identified as a nontarget 
canid species (i.e., dog or grey fox), or that failed to amplify. We pro-
ceeded with library preparation on the remaining samples that were 
identified as either coyote or kit fox.

To validate our SNP genotyping and sexing methodology, we 
included five of the tissue- derived coyote DNA samples used for 
probe design and 21 additional SJKF DNA samples collected in 
LoKern, CA from previous studies: seven tissue- derived samples 
and, for each individual, two additional fecal- derived samples that 
were previously identified genotype matches (Ralls et al., 2003) at 
six microsatellite loci shown to be sufficient to identify individu-
als (Smith et al., 2006). The kit fox faecal and tissue samples were 
previously sexed following PCR- based protocols developed by 
Ortega et al. (2004). Finally, we included previously extracted DNA 
from hair samples of five SJKF individuals from Bakersfield, CA 
(Bremner- Harrison et al., 2006) to test whether our methodology 
would result in SNP genotypes capable of discriminating SJKF from 
different populations.

We sheared all DNA samples to an average length of 250 bp 
using a Q800R sonicator (QSonica). We then prepared dual- indexed 
libraries using the single- tube method as described above (Carøe 
et al., 2017; Mak et al., 2017). We quantified libraries after index 
PCR with a Qubit fluorometer and pooled three samples equim-
olarly into each capture reaction. The total amount of starting 
DNA in each capture reaction ranged from approximately 100 to 

2.5 µg— we added the maximum amount available for each library 
after index PCR. We diluted the probes three- fold and performed 
target enrichment using the standard protocol in the myBaits 
Manual v4. Briefly, the capture process involved heating to de-
nature the libraries in solution with adapter blockers, followed by 
a cooling step to allow the blockers to hybridize. The baits were 
added when the solution reached the hybridization temperature 
(60°C). We allowed the hybridization to continue for at least 24 h. 
We then used streptavidin- coated magnetic beads to bind the bioti-
nylated probes and pull the targeted molecules out of solution with 
a magnet. Nontarget DNA was washed away, followed by a PCR 
amplification step (14– 18 cycles). After post- capture PCR, we quan-
tified the enriched library pools using a Qubit fluorometer and vi-
sualized them on a 4200 TapeStation System (Agilent Technologies) 
with High Sensitivity D1000 reagents. Finally, we pooled captured 
libraries equimolarly and sequenced with paired- end 150 bp reads. 
We sequenced a random subset of 23 samples on an Illumina MiSeq 
(CCG) to validate that our methods were working; all remaining 
samples were then sequenced on one Illumina NovaSeq 6000 SP 
lane (Vincent J. Coates Genomics Sequencing Laboratory at the 
University of California Berkeley).

2.4  |  Data analysis

2.4.1  |  SNP calling

We trimmed raw reads for adapter content and quality, aligned reads 
to the dog reference genome (using BWA v0.7.17), and identified 
variants following the SAMtools workflow as described above— first, 
we identified variants in the combined coyote and kit fox data set 
in order to confirm species identification. We removed indels (op-
tion - - remove- indels) and filtered sites to include only autosomal 
variants in the 140 bp regions targeted by the baits (option - - bed) 
using VCFtools. We then filtered the all- sample VCF file (includ-
ing coyotes and kit foxes) for sites with a minimum depth of five 
reads and no more than 80% missing data, and then used the op-
tion “thin −500000” to select only one variant per baited region. 
We confirmed species identification by performing a PCA analysis 
with the SNPRelate package in R as described above, and for subse-
quent analyses, we retained only samples which could be identified 
as either coyote or kit fox according to separation by PC1. We then 
separated samples according to species and called variants for coy-
otes and kit foxes separately using SAMtools mpileup and BCFtools 
v1.9 call as described above. We repeated this for coyote tissue 
samples (n = 5) and for kit fox tissue samples (n = 12) only so that 
we could compare locus dropout between tissue and scat samples. 
Using VCFtools, we filtered each all- sample VCF file to include one 
variant per autosomal baited region and only sites with a minimum 
depth of five reads, minor allele count ≥2, and no more than 25% 
missing data. Finally, for the scat sample data, we removed all sites 
that were out of Hardy- Weinberg equilibrium after Bonferroni cor-
rection (α = .05).
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2.4.2  |  Identification of individuals and recaptures

Using the SNPRelate package in R, we performed PCA on both the 
kit fox and coyote variant data. For kit foxes, we performed analy-
ses with both DKFs and SJKFs included and also on each subspecies 
separately. We then calculated identity- by- state (IBS) and identity- 
by- descent (IBD) with the MLE, which has been shown to be more ac-
curate than the method of moments procedure (Blue et al., 2016). We 
characterized recaptures and resampling events (i.e., samples from 
the same individual) as pairs of samples with IBD >0.4 (IBS >0.95). 
Theoretically, two samples from the same individual should produce 
identical genotypes with IBD = 0.5 (IBS = 1); however, we used IBD 
>0.4 as the cutoff for individuals because we expect some level of al-
lelic dropout due to DNA degradation, as well as stochasticity in gen-
otyping. For microsatellite genotypes generated from noninvasive 
genetic samples, it is common to consider pairs of samples with one, 
two, or three differences as the same individual (e.g. Eggert et al., 
2014; Roon et al., 2004). For SNP genotypes derived from hair sam-
ples via PCR and genotyping with the Fluidigm system, approximately 
five to six mismatches (6% dissimilarity) has been used as the maxi-
mum allowed dissimilarity to consider two samples from the same 
individual (von Thaden et al., 2020). Here, we used a genotyping- by- 
sequencing method following hybridization enrichment with probes 
for alternate alleles and applied genotyping quality controls— for 
these methods, there is not an established best practice for deter-
mining unique individuals. We chose the IBD >0.4 cutoff based on 
the range of kinship values expected for duplicate (or monozygotic 
twin) samples in human SNP data sets (Manichaikul et al., 2010).

We considered pairs of samples to represent first- order rela-
tives (parent- offspring or full- siblings) if pairwise IBD ≥0.2 and ≤0.4 
(Manichaikul et al., 2010; Milligan, 2003). We classified resampling 
events as occasions when the same individual was identified from 
multiple samples collected at the same site on a given date (i.e., 
multiple scats from a single individual at the same site during one 
sampling session), because we cannot rule out the possibility that 
multiple samples from the same individual were deposited on the 
same day. We defined recapture events as multiple samples from the 
same individual collected on different days and/or at different sites 
(Johnson et al., 2019). Using GenAlEx v6.503 (Peakall & Smouse, 
2012), we calculated the probability of identity assuming siblings are 
present in the data (pIDsibs, Waits et al., 2001).

We used VCFtools to calculate observed (Ho) and expected het-
erozygosity (He) and the inbreeding coefficient (FIS) for all unique indi-
viduals and all “unrelated individuals”, that is, with first degree relatives 
removed. For kit foxes, we calculated diversity metrics for SJKFs and 
DKFs separately. To determine if our SNPs are capable of discrimi-
nating between kit fox subspecies and between SJKF populations, 
we ran STRUCTURE v2.3.4 (Pritchard et al., 2000) on the data set in-
cluding all unique individuals and for SJKFs and DKFs separately. For 
each STRUCTURE run, we used a burnin of 250,000 steps followed 
by 1,000,000 recorded steps. We used the admixture model, no lo-
cation priors, and assumed correlated allele frequencies (Falush et al., 
2003). We performed simulations with K = 1– 8 with five replicates 

each, and identified meaningful K values using the ΔK method (Evanno 
et al., 2005) implemented in STRUCTURE HARVESTER v0.6.94 (Earl 
& vonHoldt, 2012). We combined replicate runs using CLUMPP v1.1.2 
(Jakobsson & Rosenberg, 2007). We quantified the differentiation 
between kit fox groups by running an analysis of molecular variance 
(AMOVA) and estimating pairwise FST in GenAlEx. We assessed statis-
tical significance with a permutation test of 10,000 replicates.

We estimated the effective population sizes (Ne) of coyotes and 
kit foxes in the BCCEA using the linkage disequilibrium model with 
random mating (Waples & Do, 2008) in NeEstimator v2.1 (Do et al., 
2014). We report Ne values using minor allele frequency pcrit = 0, 
because our variants were already filtered for frequency, and 95% 
confidence intervals generated by the “parametric method” (Waples 
& Do, 2008). For coyotes, we then estimated the census popula-
tion size based on the number of recaptures of different frequen-
cies using the maximum likelihood program CAPWIRE v1.1.4 in R 
(Pennell et al., 2013). We used the likelihood ratio test to select be-
tween the null even capturability model (ECM) and the two innate 
rates model with default parameters.

For kit foxes, population turnover is generally high— previous 
studies have reported mean annual survival to be 0.42 (Cypher et al., 
2000). Because our total sampling period spans multiple years, lead-
ing to a violation of the assumption of population closure, we esti-
mated the census population size of kit foxes by using the estimated 
Ne/Nc ratio as 0.55 (Wilbert et al., 2019).

Finally, we investigated local spatial structure in both species. 
Using a Mantel test implemented in GenAlEx, we tested for a correla-
tion between pairwise genotypic distance and Euclidean geographic 
distance, with 9999 permutations to generate the null distribution. 
Also using GenAlEx, we generated a Mantel correlogram to test for 
spatial correlation between pairs of individuals at different distance 
classes. We used the Sturges rule (Sturges, 1926) to determine the 
number of classes, and defined each class to ensure a sufficient num-
ber of comparisons within each class. We selected the “Spatial” op-
tion and performed 9999 permutations.

2.4.3  |  Sex identification

For each sample positively identified as either a kit fox or coyote by 
PCA, we aligned trimmed reads to the appropriate species reference 
for ZFX and ZFY separately. We followed the steps outlined above 
for alignment and variant calling except for the “mpileup” command, 
during which we omitted the - C50 option. This option downgrades 
map quality for reads with excessive mismatches. Although omission 
of the - C50 option increases the likelihood of spurious alignments, 
we disabled it because the multiple SNPs separating the ZFX and 
ZFY gene copies in the short reference region produced strong bias 
towards the reference gene copy (e.g., inclusion of the - C50 option 
yielded 99.25% kit fox Y alleles when aligned against ZFY but only 
7.62% Y alleles when mapped against ZFX).

Preliminary sex designations were automatically assigned using 
a voting algorithm (script available: https://github.com/campa nam/

https://github.com/campanam/FAECES
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FAECES). For the automated sexing assignments, we discarded the 
ZFY alignments because mapping against the coyote ZFY yielded 
100% Y alleles after removing the - C50 option, indicating significant 
asymmetric alignment bias. We catalogued SNP alleles that separate 
canid ZFY (male) alleles from their ZFX (female) homologues. At each 
sex- specific site, each read “voted” for the “male” or “female” allele. 
A minimum of 10 allele copies (across all sex- specific sites) was re-
quired to call sex. Since our data were unphased, we assumed that 
each allele and every site was independent. We recognize that al-
leles are linked on individual reads within the short region examined, 
which could potentially bias these preliminary assignments (e.g., 
through dropout of multiple Y SNPs if a single male DNA sequence 
is not retained). For each sample, we determined false negative (Y 
dropout) and false positive (Y drop- in/sequence misalignment) male 
determinations using the binomial probability of the deviation of the 
Y allele vote distributions from the expected Y allele frequency. We 
used an uncorrected α = .05 for these statistical tests. Hybridization 
capture bias and reference bias can produce strong deviations from 
the expected 0.5 Y allele frequencies. Therefore, we empirically 
estimated the expected Y allele frequencies including these biases 
for each species using samples of known sex. These known samples 
were derived from tissues, where we can expect a minimum of allelic 
dropout and empirical frequencies closer to the expected 0.5. This 
penalizes male sex estimation in the scat samples, where dropout is 
more likely and statistical artefacts due to low DNA concentrations 
are much more likely to generate strong deviations from expected 
allele frequencies. To maximize sensitivity for males, we used the 
minimum observed Y allele frequency for each species in the known 
data sets as the expected Y allele frequency for the unknown sam-
ples. While we also experimented using the mean Y allele frequency 
and hard cut- offs at set z- scores, we found that the minimum Y fre-
quency produced the results most consistent with the known sam-
ples (Table S2).

After initial automated sex estimation, we manually checked all 
results against known individuals and between sample replicates. 
We also checked all samples preliminarily identified as “female” 
where a significant number of Y alleles were detected (>10) as these 
probably represent Y dropout events, skewing the Y allele distribu-
tion from that expected from the known tissue samples. First, we 
imported BAM files into Geneious and generated consensus se-
quences with options “Assign Quality Total”, call “N” if coverage <2 
reads, and call heterozygotes >30%. We then aligned ZFX and ZFY 
consensus sequences to the appropriate reference ZFX/ZFY align-
ment and confirmed sex by visual inspection.

3  |  RESULTS

3.1  |  FAECES* probe design

The nine coyote and nine San Joaquin kit fox tissue samples that 
were enriched for ~20,000 SNP loci using the African wild dog 
probe set (see Supporting Information) were sequenced with a mean 
of approximately 1 million reads per sample (range of 65,3640– 
1,254,195; SRA data PRJNA767395). Our final probe set targeted 
835 autosomal SNP loci and the ZFY/ZFX genes for both coyotes 
and kit foxes and comprised 4132 unique baits (FigShare 10.25573/
data.14633298). Of the 835 autosomal SNPs, 382 were polymor-
phic in coyotes and 364 were polymorphic in SJKFs— the remaining 
89 were variable between species but not within either species (i.e., 
fixed in our data set between species). The PCA including all samples 
showed separation of kit foxes and coyotes, and eastern coyote from 
western coyote (Figure 4). Results of PCA and kinship analyses on 
coyote and kit fox data sets were similar after simulating the effect 
of dropout by randomly removing 20% of loci. The kinship analysis 
including all SNP loci with a minor allele frequency ≥0.1 included 249 

F I G U R E  4  PCA of SNPs derived from 
coyote (n = 9) and San Joaquin kit fox 
(n = 9) tissues. PC1 accounts for 6.3% 
of variance; PC2 accounts for 4.1%. 
Eastern coyotes are shown in light grey 
circles, kit foxes in charcoal squares, and 
western coyotes in black triangles. PCA, 
principal component analysis; SNP, single 
nucleotide polymorphism

https://github.com/campanam/FAECES
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SNPs, and after simulating 20% dropout, 89 SNPs; the coefficient of 
determination (R2) between kinship estimates was 0.80.

3.2  |  DNA sequencing of FAECES* probe 
enriched libraries

After excluding samples that failed to amplify in the species identi-
fication PCR, mixed- species samples, and nontarget canid samples 
(dog and grey fox), we proceeded with library preparation and se-
quencing on 275 scat samples (81% of the 340 collected) from the 
BCCEA. Failure of the species identification PCR could have been 
due to poor DNA quality, the presence of PCR inhibitors, or the scats 
may have been produced by a noncanine species. Of these 275 sam-
ples, 84 were identified as coyote and 191 kit fox by the species 
identification PCR (Bozarth et al., 2010). Collectors correctly identi-
fied the canid species (i.e., the visual classification matched the spe-
cies identification based on PCR product length) in 82% of samples 
(225/275). Including the known individual SJKF and coyote tissue 
samples (n = 31), we sequenced a total of 306 samples with a mean 
of 1.5 million reads per sample (376– 11.3 million; SD = 1,045,501). 
Across all samples, a mean of 75% of reads (0.19%– 99%; SD = 21%) 
mapped to the dog reference genome. For scat samples, a mean 
of 73% (SD = 19%) of reads mapped; for tissues, a mean of 99% 
(SD = 0.2%) of reads mapped.

3.3  |  Species identification of canid samples using 
SNP data

After filtering variants from the joint species all- sample VCF (includ-
ing coyotes and kit foxes), 668 sites remained. Based on the ability of 
the PCA to discriminate species (PC1, 57% of variation in the data), 
we filtered out samples with fewer than 30 SNPs, leaving 70 kit fox 
samples and 52 coyote samples (122 samples/275, 44%, Table S3). 
The species identification based on PCA matched the known spe-
cies for all tissue samples and matched the identification based on 
our PCR assay in all but two of the scat samples. These two scats 
were classified as kit foxes by the species ID assay, but clustered with 
coyotes in the PCA. For these two samples, we assembled reads that 
did not map to the dog reference genome to both a coyote and a 
red fox mitochondrial genome (GenBank Accessions NC_008093 
and AM181037, respectively) using the Geneious algorithm (medium- 
low sensitivity and up to five iterations). We generated consensus 
sequences (options “Total” quality), assigning ambiguity codes if at 
least 40% of reads disagreed at a given site, and aligned consensus 
sequences and references using the MAFFT v7.450 (Katoh, 2005) pl-
ugin. Visual inspection of alignments at the 12S rRNA gene revealed 
bases matching both the coyote and kit fox reference. These two 
mixed samples were either the result of contamination, perhaps due 
to a mixed- species latrine (Ralls & Smith, 2004) or coyote predation of 
kit fox (Ralls & White, 1995) and were removed from further analyses.

3.4  |  Individual identification, genetic diversity, and 
estimates of coyote population size

For all samples confirmed as coyotes (n = 52), 301 polymorphic 
sites remained (out of 382 targeted) after filtering for missingness, 
minor allele count, depth of coverage, and Hardy- Weinberg equilib-
rium. For tissue samples only (n = 5), 361 SNPs remained; all filters 
were the same, except we did not filter this small data set for loci 
in Hardy- Weinberg equilibrium. The PCA showed no apparent pat-
tern of clustering among coyote samples (Figure S1). Among the 
47 coyote samples from the BCCEA, we identified five individuals 
that were recaptured in different locations during multiple sampling 
sessions (Figure 5), and five that were resampled in a single session 
(pairwise kinship >0.40 or IBS >95%), leaving 30 unique individu-
als. Two of the recaptured individuals were sampled from latrines; 
this suggests that latrine samples did not necessarily have sufficient 
cross- contamination to generate novel genotypes. We identified 11 
individuals in 13 samples in 2015, four individuals in five samples in 
2016, and 22 individuals in 23 observations in 2017; three individu-
als were recaptured in multiple years. The maximum distance ob-
served between recaptured individuals was 25.5 km, between two 
samples collected in September 2015 and March 2017; the shortest 
distance was 1.1 km between two samples collected in January 2016 
and May 2017.

For subsequent estimation of genetic diversity, we used only 
unique individuals, selecting the sample with the least missing data 
for each. We also identified several first- order relatives (parent- 
offspring or full sibling pairs, kinship >0.2)— after removing the indi-
vidual with the most missing data in each related pair, 22 individuals 
remained. Including first- order relatives, the average observed het-
erozygosity across variable sites was 0.24 (SD 0.04) and the inbreed-
ing coefficient, FIS was 0.050 (SD 0.2); excluding these individuals, 
average observed heterozygosity was 0.25 (SD 0.04) and FIS was 
0.050 (SD 0.1, Table 1). Bartlett's test revealed that the observed 
and expected heterozygosity were not significantly different in ei-
ther data set (p > .1). The probability of two individuals having iden-
tical genotypes, pID, was 1.30 × 10−65; assuming siblings are present 
in the data, the probability (pIDsibs) was 1.1 × 10−33. The number of 
SNPs at which the pIDsibs was <.0001 was 38.

Including first order relatives (n = 30), the NeEstimator esti-
mated effective population size (Ne) of coyotes in the BCCEA was 38 
individuals (95% confidence interval [CI] = 34– 42). Inclusion of close 
relatives can result in artificially lower estimates of Ne, so we also ran 
the analysis on a data set with first order relatives removed (n = 22). 
As expected, the estimated Ne was higher when using this data set: 
Ne =65 (95% CI =54– 82). We did not find significant isolation- by- 
distance (IBD, Rxy = 0.14, p = .169), or spatial autocorrelation among 
individuals.

Because of the small number of recaptures, we pooled recapture 
data across years for the CAPWIRE analysis. We were not able to 
reject the ECM (p = .1); based on this model, the estimated census 
population size in the BCCEA was 83 (95% CI = 48– 210).
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3.5  |  Individual identification, genetic diversity and 
structure, and estimates of kit fox population size

After filtering for missingness, minor allele count, depth of coverage, 
and Hardy- Weinberg equilibrium, 136 polymorphic SNPs remained 
in our full kit fox data set (of 364 targeted by our probe set). For tis-
sue samples only (n = 12), 257 SNPs remained after filtering with the 
same filters as in the full data set except we did not filter for loci in 

Hardy- Weinberg equilibrium. Most of the filtered loci in the full data 
set were removed due to missingness.

These 136 loci in the full data set were able to differentiate be-
tween SJKFs and DKFs, as well as between SJKF from two locali-
ties in California. Including all 62 unique kit fox individuals (SJKFs 
and DKFs), PCA separated the two subspecies (PC1, accounting 
for 15.6% of variation, Figure 6). Analysing only the 13 SJKF sam-
ples, the PCA separated the SJKFs from the two localities, LoKern 

F I G U R E  5  Map of coyote and kit 
fox recaptures coloured by individual. 
Triangles represent desert kit foxes 
and circles represent coyotes. Data 
organized and map generated using 
Esri ArcMap 10.4.1. Base map Source: 
Esri © OpenStreetMap contributors, 
2021

Ho He FIS Ne (95% CI)

All coyotes (n = 52) 0.24 (0.04) 0.25 (0.009) 0.037 (0.2) N/A

Unique BCCEA individuals 
(n = 30)

0.24 (0.04) 0.25 (0.01) 0.049 (0.2) 38 (34– 42)

Unrelated BCCEA 
individuals (n = 22)

0.25 (0.04) 0.26 (0.007) 0.050 (0.1) 65 (54– 82)

Note: Standard deviations are in parentheses (95% CIs for the Ne estimates).
Abbreviations: BCCEA, Boulder County Conservation Easement Area; CI, confidence interval.

TA B L E  1  Mean observed and expected 
heterozygosity (Ho and He), inbreeding 
coefficients (FIS), and effective population 
sizes (Ne) for coyotes
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and Bakersfield (PC1, accounting for 16.4% of variation, Figure S2). 
Including all unique kit foxes (n = 62), the results of the STRUCTURE 
analysis indicated the most likely number of population clusters is 
two, with individuals separated by subspecies (Table S4). Analysing 
only SJKF (n = 13, 12 tissue- derived and one scat- derived sample), 
the most likely number of population clusters was one when using 
no location priors, and two with location priors (Table S5). Individuals 
were divided between those from LoKern and Bakersfield. Pairwise 
FST between the two kit fox subspecies was 0.16 (p = .0001); the 
results of the AMOVA showed that between- subspecies variation 
accounts for 15% of total variation in the data set. Between the two 
SJKF localities, FST = 0.094 (p = .005). The average observed het-
erozygosity among SJKFs is 0.32 (SD 0.04), and Bartlett's test re-
vealed no significant difference in variances between observed and 
expected heterozygosity (p > .1). The average FIS was 0.04 (SD 0.13).

Of the seven sets of matching LoKern SJKF scat (two each) and 
tissue pairs, only one scat sample produced enough sequencing 
reads for individual identification. The estimated pairwise kinship 
between the tissue and its putative corresponding scat sample was 
0.27, indicating probable first- degree relatives. Based on pIDsibs, our 
SNP data set provides more statistical power than the microsatellite 
data previously used to distinguish between individual recaptures 
and first- degree relatives (1.2 × 10−18 and 7.95 × 10−3, Smith et al., 
2006, respectively).

Among the 57 BBCEA desert kit fox samples, we identified 49 
unique individuals, four recaptured individuals (Figure 5), and three 
individuals that were resampled. Of the four recaptured individuals, 
two were captured in multiple years (2015 and 2017), and one was 
sampled from a latrine. The maximum geographical distance between 
observations of individuals was 4.4 km, sampled on October 2015 
and January 2018. We identified 27 first- degree relative pairs; after 
removing the individual with the most missing data in each pair, 36 
“unrelated” individuals remained. Average observed heterozygosity 

among the 49 individuals was 0.30 (SD 0.06), and average FIS was 
– 0.016 (SD 0.2). Excluding putative first- degree relatives, average 
observed heterozygosity was 0.29 (SD 0.05) and FIS was −0.017 (SD 
0.2, Table 2). Bartlett's test revealed that the variances in observed 
and expected heterozygosity were not significantly different in ei-
ther data set (p > .1). pID was 1.30 × 10−34 and pIDsibs was 1.2 × 10−18. 
The number of SNPs at which the pIDsibs was <.0001 was 34. Using 
genotypes from unrelated individuals captured between January 
and April 2017 (n = 34), the NeEstimator estimated effective popu-
lation size was 179 (95% CI = 92– 1644). Assuming an Ne/Nc ratio of 
0.55, Nc = 325 (166– 2989), or 0.4 kit foxes/km2 (0.2– 3.7 foxes/km2). 
The Mantel test revealed no significant correlation between genetic 
distance and genotypic distance (Rxy = – 0.054, p = .250), and the 
Mantel correlogram showed no evidence of spatial autocorrelation 
of individuals at any distance class.

3.6  |  Sex identification

The estimated expected Y allele frequencies using samples of known 
sex were 0.8315 for kit foxes and 0.4382 for coyotes. The minimum 
observed Y allele frequencies in the known data set for each spe-
cies, which we used for the expected Y allele frequency for unknown 
samples, were 0.7994 for kit fox and 0.4036 for coyotes. Of the 30 
individual coyotes identified in our surveys of the BCCEA, 16 were 
male, 12 were female, and 2 were undetermined. The estimated sex 
across all samples representing resamples of individuals (n = 5 indi-
viduals, n = 6 resample events) matched; all recaptures (n = 4 individ-
uals, n = 6 recapture events) also matched, except for one recapture 
event, where the sex of one sample could not be determined. Our 
sex assignments matched the known sex for all tissue references.

Of the 49 individual kit foxes from the BCCEA, 22 were female, 
26 male, and one undetermined. The assigned sex matched across all 

F I G U R E  6  PCA of all kit fox individuals 
(n = 62); PC1 accounts for 15.6% of 
variation and PC2 accounts for 4.5% 
of variation. PCA, principal component 
analysis
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samples for recaptured individuals (n = 4 individuals, n = 5 events) 
and resampled individuals (n = 3 individuals, n = 3 events). For all 
SJKF tissue samples, the sex estimated from the data matched 
the known sex of each individual (n = 12). Regarding the matching 
LoKern SJKF scat and tissue pairs, for which scat sexing was previ-
ously conducted using a PCR method (Ortega et al., 2004), only one 
scat produced enough sequencing reads for sex identification (the 
same sample that produced enough reads for individual identifica-
tion). Although the estimated sex of this sample (F) did not match 
the expected sex based on the PCR method (M), as discussed above, 
based on pairwise kinship, these two samples most probably repre-
sent first- order relatives. Based on the high mean sequence depth, 
it is unlikely that this scat sample represents dropout of ZFY alleles; 
mean sequencing depth was 711 reads (0– 1618) with 2577 reads 
mapped to the ZFX reference. It is more likely that the PCR- based 
method incorrectly identified the sample as male.

4  |  DISCUSSION

4.1  |  Canid populations in the BCCEA and 
implications for the conservation of Mojave desert 
tortoises

Given the proportion of scats that were identified as coyotes (31%) 
and estimated effective and census population sizes, our data sug-
gest that the population of coyotes in the BCCEA is smaller than that 
of kit foxes and on the low end of estimates reported in previous 
studies. From our scat DNA analyses, we estimated the census pop-
ulation size (Nc) of the coyotes in this study area to be 83. Assuming 
that the total suitable habitat in the sampled region is 800 km2, that 
is, the total area sampled not including the mountainous habitat in 
the southeast, the density of coyotes in the area is 0.10 individuals/
km2 (95% CI = 48– 210 or 0.06– 0.26 coyotes/km2). Previous studies 
of western coyotes have reported values including 0.053– 0.112 coy-
ote/km2 (Woodruff et al., 2021), 0.14 coyotes/km2 (Ralls & White, 
1995), and 0.07– 0.08 coyotes/km2 (Lonsinger, Lukacs, et al., 2018). 
In general, coyote densities tend to be lower in desert areas where 
they are sympatric with kit foxes because coyotes have higher water 
needs than kit foxes which are better adapted to arid environments 
(Lonsinger, Lukacs, et al., 2018). In undisturbed landscapes, coyote 
densities are expected to be lower than those of kit foxes because of 

their larger size (4– 5×) and higher energetic requirements (Golightly 
& Ohmart, 1984). However, coyote densities can be higher than 
those of kit fox in landscapes with anthropogenic disturbances in-
cluding invasive plant species and artificial water sources, both of 
which decrease available kit fox habitat and prey species while in-
creasing the number of coyotes, the primary competitors (and occa-
sional predators; Ralls & White, 1995) of kit foxes (Arjo et al., 2007).

Because we pooled recapture data across several years, we 
probably violated the assumption of population closure; that is, it 
is probable that there were immigration, emigration, birth, and/or 
death events during the total sampling period. However, it is un-
likely that we underestimated the coyote population size because 
violating the closure assumption decreases the likelihood of recap-
ture and increases the estimated population size. Another source of 
potential bias could come from how we identified unique individuals 
and recaptured/resampled individuals. As is the case with any gen-
otypes derived from noninvasive samples and unknown individuals, 
it is possible that a portion of the samples that we characterized as 
unique individuals were actually recaptures, with variation between 
genotypes due to contamination (false alleles) or allelic dropout, 
which would also lead to an overestimation of the population size.

We estimated that the population of kit foxes is relatively large 
compared to that of coyotes. Sixty- nine percent of scats collected 
were identified as kit foxes; of 54 genotyped DKF scats, we identi-
fied 49 individuals. The estimated mean Ne of the DKF population is 
more than 2× that of coyotes (179 compared to 65). The estimated 
population density (0.4/km2) overlaps with a previous study of 
SJKF based on mark- recapture at the Naval Petroleum Reserves in 
southern San Joaquin Valley, California (0.2– 1.7/km2, Cypher et al., 
2000) but is higher than the density reported for SJKF in the Ciervo- 
Panoche Natural Area (CPNA, 0.12– 0.24 foxes/km2, Wilbert et al., 
2019), and greatly exceeds contemporary estimates of DKF in UT 
(0.02 foxes/km2, Lonsinger, Adams, et al., 2018).

While we found no evidence of isolation- by- distance or spatial 
autocorrelation among DKF individuals, Wilbert et al. (2019) re-
ported that SJKF individuals in the CPNA found within 6 km have 
significantly higher relatedness than expected by chance. These 
authors also reported a strong signature of IBD and population 
structure probably caused by bisection of the landscape by a major 
highway and the complex, heterogenous habitat. This suggests that 
by contrast, the landscape around the BCCEA provides adequate kit 
fox habitat capable of supporting high and unimpeded gene flow.

Ho He FIS

All (n = 70) 0.27 (0.06) 0.29 (0.008) 0.078 (0.2)

SJKF (n = 13) 0.32 (0.04) 0.33 (0.002) 0.040 (0.1)

DKF (n = 57) 0.29 (0.06) 0.29 (0.008) – 0.0071 (0.2)

Unique DKF individuals (n = 49) 0.30 (0.06) 0.29 (0.008) – 0.016 (0.2)

Unrelated DKF individuals 
(n = 36)

0.29 (0.05) 0.29 (0.006) – 0.017 (0.2)

Note: Standard deviations are in parentheses.
Abbreviation: BCCEA, Boulder County Conservation Easement Area.

TA B L E  2  Mean observed and expected 
heterozygosity (Ho and He) and inbreeding 
coefficients (FIS) for San Joaquin kit foxes 
(SJFK) and desert kit foxes (DKF) in the 
BCCEA
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Given the large DKF population and its potential impact on 
threatened Mojave desert tortoises by nest predation (Bjurlin & 
Bissonette, 2004), land managers should consider limiting factors 
that can support increased canid populations during times of low 
prey availability, for example, reducing supplemental, anthropo-
genic sources of food including garbage (Cypher et al., 2018). Both 
coyotes and kit foxes are known to consume anthropogenetic food 
sources during times of low prey availability such as during winter 
and after periods of low precipitation when rodent and lagomorph 
populations decline (Kelly et al., 2019). Anthropogenic subsidization 
could sustain canid abundance through these times of natural food 
shortages, which could in turn increase predation pressure on prey 
species including the Mojave desert tortoises (i.e., hyperpredation, 
Esque et al., 2010). By replicating the methodology we used here, 
managers in the BCCEA could monitor canid populations over time 
to assess the effects of actions to prevent subsidization of canid 
populations. Future studies could also estimate the frequency of 
canid predation on tortoises by developing efficient molecular meth-
ods to detect tortoise DNA in scats and thus evaluate the impact 
that canids are having on this protected species.

4.2  |  Use of the FAECES* method to genotype 
scat samples

We showed that by using the FAECES* method, employing in- 
solution hybridization capture, it is possible to generate SNP geno-
types capable of identifying individual canids and their sex using scat 
samples from multiple canid species in a single assay. We enriched 
for 382 and 364 polymorphic SNPs in coyotes and kit foxes, respec-
tively, and successfully genotyped individuals of both species using 
even very low quantity scat- derived DNA extracts (<1 ng/μl). The 
average amount of starting DNA (ng) that went into library prepara-
tion was significantly higher (Wilcoxon two- sample t test, p = .003) 
for samples that successfully produced genotypes of at least 35 SNP 
loci than for those that did not (199.9 and 113.5 ng, respectively); 
however, we generated successful genotypes from scats of both 
species with starting DNA concentrations as low as 0.1 ng/μl (~3 ng 
total). Our method worked reliably for DNA extracted from tissue 
samples— all tissue- derived samples resulted in full genotypes with 
no missing data, even using low quantity DNA that was extracted 
more than 20 years ago and stored at – 20°C (LoKern kit fox DNA, 
1.34– 5.5 ng/μl). However, only one of the 14 scat extracts of similar 
age yielded enough reads for individual and sex identification, sug-
gesting poorer long- term preservation of scat DNA extracts relative 
to DNA extracted from tissue. The high concentration scat DNA 
extracts that failed to generate genotypes probably had low per-
centages of endogenous canid DNA content (i.e., they had a high 
percentage of prey or microbial DNA), which we did not quantify 
(Cruz- Dávalos et al., 2017).

Our final data sets consisted of 136 polymorphic kit fox SNPs 
and 301 coyote SNPs. Fifty- eight percent of coyote samples and 
33% percent of kit fox samples were successfully genotyped. The 

lower success rate and smaller number of SNPs recovered from kit 
fox samples is most likely due to divergence between probe and 
target DNA sequences, as has been documented in previous stud-
ies (van der Valk et al., 2017). Dogs and kit foxes are separated by 
approximately 9– 10 million years of evolution (Lindblad- Toh et al., 
2005), while dogs and coyotes only diverged ~1 million years ago 
(vonHoldt et al., 2011). In this study, we recovered more of the 
targeted kit fox SNP loci (257/364, 71%) when we analysed the 
12 kit fox tissue samples separately— the lower locus recovery rate 
(136/364, 37%), was only observed in the scat- derived kit fox DNA 
samples. We observed a higher recovery (lower dropout) rate in the 
coyote scats (301/384, 79%) than the kit fox scats, suggesting that 
capture efficiency using scat- derived DNA is diminished when there 
is a higher sequence divergence between the capture bait and the 
target DNA. However, our success rates for both species fall within 
the range of success previously reported in microsatellite studies on 
coyotes and kit foxes using scat (27.5%– 91.4%, Eriksson et al., 2020; 
Lonsinger, Adams, et al., 2018).

Although our success rates were lower than previous studies 
that genotyped amplicons using the Fluidigm platform (80%– 97%, 
von Thaden et al., 2017), by using the FAECES* method we were able 
to generate sequence data and include a larger number of loci than 
the Fluidigm platform in a single enrichment (i.e., >96) without the 
need for specialized equipment (only a thermocycler is needed in- 
house— samples can be sequenced by an off- site sequencing core). 
We were able to recover sufficient kit fox SNPs with enough power 
to differentiate between subspecies and populations of SJKFs, and 
to identify DKF individuals with a very low probability of identity 
(pID = 1.3 × 10−34).

Given that the aim of this study was to test the use of capture 
methods to generate SNP genotypes from field- collected scat sam-
ples which vary greatly in quality and quantity, we did not selectively 
collect fresh scat or prescreen DNA extracts for quality beyond 
species identification. Future studies could improve the FAECES* 
method success rate by (1) preferentially collecting fresh scat sam-
ples in the winter when DNA degrades at a slower rate due to lower 
temperatures and less UV radiation (Lonsinger, Lukacs, et al., 2018) 
and freezing subsamples prior to extraction, (2) prescreening sam-
ples for endogenous nuclear DNA content through qPCR assays, 
amplification success with microsatellite loci, or shotgun sequenc-
ing (Fontsere et al., 2021), and/or (3) performing multiple DNA ex-
tractions and/or library preparations on each sample and pooling 
prior to enrichment (Fontsere et al., 2021; Hernandez- Rodriguez 
et al., 2018; Perry et al., 2010).

Although van der Valk et al. (2017) showed no difference in con-
sensus mitogenome sequences derived from multiple scat samples 
from the same individual, future studies should also investigate 
the average amount of allelic dropout in nuclear SNP genotypes 
derived from hybridization enrichment followed by genotyping- by- 
sequencing of noninvasive samples. This would ideally be done by 
collecting multiple scats from the same known individual at various 
time points post- defecation to allow for differential degredation in 
the field. These estimates could then be used as benchmarks for the 
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average number of mismatches to expect between SNP genotypes 
derived from multiple samples from the same individual. Future 
work is also needed to establish if replicates are necessary and, if 
so, how many and at what step (e.g., library preparation, index PCR, 
hybridization, and/or sequencing).

Capture methods provide greater flexibility for SNP genotyping 
than methods based on the generation of amplicons and subsequent 
genotyping by sequencing or fluorescence because of the ability 
for probes to hybridize with sequences as much as 25% divergent 
in some cases (van der Valk et al., 2017), precluding the need for 
a species- specific reference as well as the need to optimize PCR 
conditions for large multiplexes. Here, to select kit fox and coyote 
variants for probe design, we enriched with probes previously de-
signed to target sites of known canid variation, that is, targetting 
polymorphic SNPs identified in African wild dogs, and used the do-
mestic dog reference genome for SNP calling. We chose enrichment 
over RADseq because our tissue- derived DNA references were 
themselves relatively degraded, and DNA degradation significantly 
decreases the efficiency of RADseq (Graham et al., 2015). However, 
given higher quality reference samples, RADseq is another option 
for genome subsampling for SNP selection that is especially useful in 
the case where a genomic reference is not available.

Because of the flexibility of the in- solution capture approach, 
the methods we described here could be applied to population 
genetics studies of any species of interest for which scat or other 
nonivasive samples can be collected. For SNP identification and bait 
design, preliminary sequence data can be obtained from shotgun se-
quencing or RADseq (e.g., Hoffberg et al., 2016) performed on refer-
ence tissue samples. In addition to putatively neutrally evolving SNP 
loci, researchers could also include baits targeting genes that may be 
under selection, sex identification genes, etc. Designing enrichment 
probes and generating SNP genotypes using sequence capture data 
requires some bioinformatics skills (Meek & Larson, 2019) which 
can be a barrier to the use of capture methods. However, the use of 
BaitsTools (Campana, 2018), a fast and user- friendly software, auto-
mates and facilitates probe design.

Finally, we implemented several cost- saving measures that in-
creased the economic feasibility of our methodology, including 
probe dilution, multiplexing three samples per capture reaction 
(Hernandez- Rodriguez et al., 2018), and using a single- tube library 
preparation method (Carøe et al., 2017; Mak et al., 2017). Including 
the cost of probes, our estimated per- sample cost (for 400 samples) 
including library preparation, capture, and sequencing was approx-
imately half (47% less) of the estimated per- sample cost to geno-
type 96 samples for 96 SNPs using the Fluidigm platform (Table S6; 
Carroll et al., 2018).

4.3  |  Conclusion

We described and validated the FAECES* method, utilizing in- 
solution DNA hybridization capture of SNPs to genotype canids from 

noninvasively collected scat samples. Using this method, we showed 
that the landscape in and surrounding the BCCEA in the Mojave 
Desert harbors a relatively large and genetically diverse population 
of desert kit foxes and a smaller population of coyotes. The FAECES* 
method can be replicated and adapted in the future to enable non-
invasive population genetic studies, including capture- recapture, in 
multiple sympatric species using a single capture assay— thus ex-
panding the toolbox available to researchers and conservation prac-
titioners studying rare or elusive taxa including canids, felids, or any 
other species of interest for which scat or other noninvasive samples 
can be collected.
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