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Abstract

The red wolf (Canis rufus), a legally recognized and critically endangered wolf, is known to 

interbreed with coyotes (Canis latrans). Declared extirpated in the wild in 1980, red wolves were 

reintroduced to northeastern North Carolina nearly a decade later. Interbreeding with coyotes was 

thought to be restricted to a narrow geographic region adjacent to the reintroduced population and 

largely believed to threaten red wolf recovery. However, red wolf ancestry was recently discovered 

in canids along the American Gulf Coast, igniting a broader survey of ancestry in southeastern 

canid populations. Here, we examine geographic and temporal patterns of genome-wide red wolf 

ancestry in 260 canids across the southeastern United States at over 164 000 SNP loci. We found 

that red wolf ancestry was most prevalent in canids sampled from Texas in the mid-1970s, although 

non-trivial amounts of red wolf ancestry persist in this region today. Further, red wolf ancestry was 

also observed in a subset of coyotes inhabiting North Carolina, despite management efforts to 

limit the occurrence of hybridization events. Lastly, we found no evidence of substantial red wolf 

ancestry in southeastern canids outside of these 2 admixture zones. Overall, this study provides a 

genome-wide survey of red wolf ancestry in canids across the southeastern United States, which 

may ultimately inform future red wolf restoration efforts.

Subject areas: Conservation genetics and biodiversity
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Characterizing geographic and temporal patterns of hybridization 

is critical for evaluating the conservation status and subsequent res-

toration of threatened species. In particular, the role of hybridization 

has been a predominant and contentious issue in the conservation 

of wolf populations in eastern North America (Waples et al. 2018). 

The red wolf (Canis rufus), a legally recognized wolf of the American 

southeast, was declared extirpated in the wild by 1980 as a result 

of habitat loss, predator control efforts, disease, and interbreeding 

with sympatric coyotes (Canis latrans) (Nowak 2002; Hinton et al. 

2013; Waples et al. 2018). Between 1973 and 1977, up to 400 canids 

were trapped from the Gulf Coast region of Louisiana and Texas 

and evaluated for canonical red wolf features, which include cra-

nial morphology and vocalizations (US Fish and Wildlife Service 

1989; Hedrick and Fredrickson 2008). Only 17 of these individuals 

were classified as red wolves and retained as founders for the Species 

Survival Plan’s captive breeding program, and most of the remaining 

“capture zone” canids were euthanized (Carley 2000). Twelve ani-

mals were reproductively successful in captivity, and following 

nearly a decade of captive breeding, red wolves were reintroduced 

to the Albemarle Peninsula in northeastern North Carolina in 1987.

At the time of red wolf reintroduction, coyotes were believed to 

be absent from the reintroduction area, with the first interbreeding 

documented in 1993 as coyote populations expanded eastward 

(Parker et  al. 1995; Kelly et  al. 1999). Consequently, various ac-

tive management strategies (e.g., coyote sterilization, removal of 

hybrid litters) were implemented to reduce the impact of coyote 

introgression on the red wolf genome (Gese et  al. 2015). Coyote 

and red wolf interbreeding in North Carolina is most commonly 

observed following the anthropogenic breakup stable wolf breeding 

pairs (Bohling and Waits 2015; Hinton et al. 2017), suggesting that 

human-caused mortality and mate availability are major factors in 

determining the frequency of these hybridization events (Hinton 

et al. 2018).

Interbreeding between red wolves and coyotes has been de-

tected with microsatellite markers ascertained for red wolf ancestry, 

where ancestry is inferred from STRUCTURE’s Q-values (Adams 

et al. 2003, 2007). Reciprocal introgression has been detected, with 

coyote ancestry present within the North Carolina red wolf popula-

tion and minor red wolf ancestry in coyote populations adjacent to 

the North Carolina reintroduction area (Adams et al. 2007; Bohling 

and Waits 2015; Bohling et al. 2016). Recently, 2 studies independ-

ently concluded that canonical red wolf genotypes have persisted 

in canids along the American Gulf Coast of Louisiana and Texas, 

where red wolves have been considered extirpated for nearly 4 dec-

ades (Heppenheimer et al. 2018a; Murphy et al. 2019). Prior to these 

studies, attempts to identify remnant red wolf populations in Texas 

were unsuccessful (Hailer and Leonard 2008), although phenotypic 

evidence suggested that red wolf-like canids may persist in this area 

(Giordano and Pace 2000; Mech and Nowak 2010). Additionally, 

Heppenheimer et al. (2018a) noted that 2 admixed individuals from 

Galveston Island, Texas, also carried alleles that were absent from 

all other North American Canis species, and speculated that these al-

leles may represent unique red wolf diversity that was lost as a result 

of captive breeding and genetic drift. Heppenheimer et al. (2018a) 

also suggested that Gulf Coast canids may be an important reservoir 

of unique red wolf diversity, but that further research was needed to 

determine the persistence of red wolf ancestry in this region.

Such genome-wide ancestry surveys have not been exhaustively 

conducted on canid populations across the southeast, particularly 

within the geographic locations of the red wolf founders captured in 

the 1980s. The goal of our study was to evaluate broad geographic 

patterns of red wolf genome-wide ancestry in southeastern canids on 

a recent timescale (i.e., within the last 5 decades). Such genome-wide 

methods are preferred to microsatellite-based methods due to the 

lack of ascertainment bias and increased representation across the 

genome that supports ancestry analyses (e.g., Muñoz et al. 2017). 

Our objectives were to survey the southeastern United States for 

evidence of previously undetected red wolf ancestry and compare 

levels of red wolf allele sharing and ancestry among the distinct red 

wolf-coyote admixture zones. Further, we evaluate canid samples 

originating from Texas in the 1970s that were trapped as part of 

the red wolf captive breeding initiative but ultimately excluded from 

the program based on phenotypic criteria. Previous mtDNA analyses 

of 1970s samples from this region indicated that this population 

primarily carried coyote-like or gray wolf haplotypes (Wayne and 

Jenks 1991). Genome-wide ancestry, however, has not been evalu-

ated in these historical Texas samples. We predict that these canids 

will harbor allelic diversity that is absent from the contemporary 

southeastern coyote and captive red wolf population, with the origin 

of these alleles either derived from admixture events with historic-

ally sympatric gray wolves or representing unique red wolf diversity.

Methods

Study Areas and Sample Collection

Blood and tissue samples from 339 canids were collected from 22 

states in the United States, one Canadian province, and 4 US captive 

breeding facilities (Supplementary Table S1). Of these, 35 samples 

originated from the coyote historical range (Hinton et  al. 2019) 

and are the best available representation of putatively unadmixed 

coyotes (hereafter, referred to as reference coyotes). Additionally, 

260 coyotes were collected post-1980 from 10 southeastern US 

states that included geographic regions that likely experienced gene 

flow with red wolves (e.g., Albemarle Peninsula of North Carolina 

n  =  46; Louisiana and Texas n  =  14) (Figure  1; Supplementary 

Table S1), with the Texas samples including the 2 individuals from 

Galveston Island that were previously identified to carry unique 

red wolf alleles (Heppenheimer et al. 2018a). All captive red wolf 

samples were collected in 2014 or earlier under active management 

efforts in North Carolina (Supplementary Table S1). Coyote sam-

ples were obtained through state management programs, govern-

ment organizations archives, on-going research efforts, donation 

of legally hunted or trapped animals, or opportunistic sampling 

of roadkill.

In addition to the contemporary samples, we included 2 sets of 

historical samples. The first set included 10 canids collected in Texas 

during the mid-1970s as part of the red wolf captive breeding ini-

tiative but were not selected to be founders (hereafter, 1970s Texas 

canids). No genetic criteria, however, were considered in this initial 

evaluation. We completed mitochondrial DNA (mtDNA) sequencing 

for these 10 canids in Supplementary Appendix S1. The second set in-

cluded 7 captive-born and wild-released red wolves (hereafter, 1991 

red wolves), which were included as positive controls to evaluate the 

accuracy of ancestry inference methods.

A total of 40 captive red wolf samples (hereafter, reference red 

wolves) were obtained from the archives of the Point Defiance Zoo 

and Aquarium (Washington, DC, United States), the Know Wonder 

Museum of Life and Science (North Carolina, United States), the 

Wolf Conservation Center (New York, United States), and the 

Reflection Riding Arboretum (Tennessee, United States). While no 

original, wild-born genetic founders of the captive red wolf popu-

lation were available for this study, the reference red wolves were 
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representative of all 12 founder lineages. Red fox (Vulpes vulpes) 

samples (n = 35), which were included for analyses that required an 

outgroup, were collected from Zurich, Switzerland (sampling details 

described in DeCandia et al. 2019). Prior publication information 

for RADseq data on all samples is given in Supplementary Table 

S1. All samples were collected under Princeton University IACUC 

#1961A-13.

DNA Extraction and RAD Sequencing

We extracted high molecular weight DNA from blood or tissue 

samples with the Qiagen DNeasy Blood and Tissue Kit protocol or 

the BioSprint 96 DNA Blood Kit in combination with a Thermo 

Scientific KingFisher Flex Purification platform, following manufac-

turer instructions. DNA quality was assessed on a 1% agarose gel 

and only samples with high molecular weight DNA were retained 

for sequencing. We quantified DNA with PicoGreen or Qubit 2.0 

fluorometry and samples were standardized to 5 ng/µL.

We prepared restriction-site associated DNA (RADseq) libraries 

following a modified version of the protocol described by Ali et al. 

(2016), with full details given in Heppenheimer et  al. (2018b). In 

brief, DNA was digested with Sbf1 restriction enzyme, followed by 

the ligation of a unique 8 bp barcode adapter to each sample. We 

sheared DNA to 400 bp using a Covaris LE220 and a streptavidin 

bead binding assay was used to enrich for adapter-ligated fragments. 

We used the NEBnext Ultra or NEBnext Ultra II DNA library Prep 

Kit and selected for 300–400  bp insert sizes. Final libraries were 

sequenced on 2 lanes of an Illumina HiSeq 2500 platform (2x150nt) 

in pools of 96 samples per lane.

Variant Calling

We filtered forward and reverse raw sequencing reads to retain those 

containing the remnant Sbf1 restriction enzyme cut site and one 

of the possible unique 8-mer barcodes using a custom perl script 

(flip_trim_sbfI_170601.pl, see Supplementary Material). We used 

the Stacks pipeline for paired-end RADseq data to discover vari-

ants (Catchen et  al. 2013). Sequence data was demultiplexed and 

for polymerase chain reaction (PCR) duplicates  were removed in 

Stacks v.  1.42, as in Heppenheimer et  al. (2018b). This reduced 

computational time and allowed for greater modularity in sample 

selection, as the Stacks 2.0 pipeline (Rochette et al. 2019) combines 

the PCR duplicate filtering with SNP calling, and therefore samples 

with low read counts could be removed prior to variant calling. 

Samples with >500 000 read pairs assigned to their unique barcode 

following the removal of PCR duplicates were mapped as read pairs 

to the CanFam3.1 assembly of the dog genome in STAMPY v 1.0.21 

(Lunter and Goodson 2011). We then sorted the resulting SAM 

files, filtered for a minimum MAPQ score of 96, and exported as 

BAM files in samtools v 0.1.18 (Li et al. 2009). We used the gstacks 

module of Stacks v. 2.2 with the Maruki model of SNP calling for 

low coverage data (--marukilow; Maruki and Lynch 2017). To fur-

ther increase confidence in inferences from low coverage data, we 

decreased the alpha threshold from 0.05 to 0.01 for both SNP dis-

covery and genotype calling (--var-alpha 0.01 and --gt-alpha 0.01, 

respectively).

We filtered genotype calls using VCFtools v. 0.1.12b (Danecek 

et al. 2011) to remove the following: 1) loci with >10% missing data 

across all individuals, 2) singletons and private doubletons, and 3) in-

dividuals with >20% missing data. For the subset of analyses that 

required genotypes to be filtered for linkage disequilibrium (LD), we 

removed loci with >50% correlation using Plink v. 1.90b3i (--indep-

pairwise 50 5 0.5) (e.g., Heppenheimer et al. 2018b). We completed 

the calling and filtering of genotypes for 2 separate datasets, with 

and without an outgroup: 1) red wolf and coyote samples only, here-

after, Canis dataset, and 2) red wolf, coyote, and red fox samples, 

hereafter, Canis/Vulpes dataset.

Diversity Statistics

We estimated observed and expected heterozygosity (H
O
 and H

E
, re-

spectively), and private allele counts using Stacks for all Canis sam-

pling groups over the unlinked SNP dataset. We calculated private 

allelic richness using a rarefaction approach implemented in ADZE 

(Szpiech et al. 2008), with a maximum standardized sample size (g) 

of 14, the highest obtainable given a tolerance of 10% missing data 

per group.

Population Structure and Allele Sharing Analyses

We conducted Principal Component Analyses (PCA) in flashpca 

(Abraham and Inouye 2014) to visualize clustering and identify 

Figure 1. Map of southeastern canid sampling locations and sample sizes. For simplicity, contemporary sampling locations are shown at the state level. 

Complete sampling details for all individuals are given in Supplementary Table S1. The coyote historical range was adapted from (Hody and Kays 2018) and the 

red wolf historical range was adapted from https://www.fws.gov/southeast/wildlife/mammals/red-wolf/.
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outliers. Outlier clusters were removed and PCAs were repeated. 

PCAs were then conducted for both the Canis and Canis/Vulpes 

LD-filtered datasets. Following outlier removal, we evaluated popu-

lation structure in the Canis LD-filtered dataset using ADMIXTURE 

(Alexander et al. 2009) for K = 1–10 with the cross-validation (CV) 

flag, and considered the lowest CV value indicative of the best-fit K.

To evaluate the number of shared private alleles (S
PAr

) among red 

wolves and various combinations of southeastern canids, we imple-

mented a rarefaction approach in ADZE (Szpiech et al. 2008). This 

approach evaluated the number of shared alleles between a stand-

ardized sample size of the 2 focal groups that were absent from all 

other groups. The focal groups considered included: reference coy-

otes, Texas and Louisiana coyotes, North Carolina coyotes, and all 

other southeastern coyotes. The standardized sample size (g) was 

set to 18, the maximum obtainable given the tolerance threshold of 

10% missing data per group.

Detection of Introgression

To detect red wolf introgression among groups of southeastern 

canids, we calculated the D-statistic (also known as ABBA/BABA 

test; Durand et al. 2011; equation 1). This method determines if the 

proportion of shared-derived alleles between putatively admixed 

coyotes and red wolves exceeds that which would be expected 

under incomplete lineage sorting alone (i.e., no recent introgression). 

Specifically, the D-statistic measures the excess of shared-derived 

sites between a potential introgressor (P3, reference red wolves) and 

a putatively admixed group (P2, southeastern canids; ABBA sites) 

over the shared-derived sites between P3 and a third group that is 

assumed to be unadmixed and sister to the P2 group (P1, reference 

coyotes; BABA sites). Under an incomplete lineage sorting scenario 

with no subsequent gene flow, the frequency of ABBA and BABA 

sites are expected to be equal, and D should be approximately zero. 

Alternatively, when interbreeding has occurred between the P3 and 

P2 groups, D is expected to be positive.

As we had multiple samples from each putatively admixed 

group, we implemented an allele frequency-based approach to de-

fine ABBA and BABA states, following Martin et al. (2013). In brief, 

using the Canis/Vulpes dataset, we first retained sites fixed in the 

red fox outgroup. We then calculated the frequency of the derived 

allele in the P1, P2, and P3 groups. ABBA and BABA states were 

calculated as a number between 0 and 1 to reflect the extent to 

which the population-level allele frequencies were skewed towards 

either the ABBA or BABA configuration. We evaluated significance 

using a block jackknife approach with a block size of 1.75  Mb. 

The D-statistic was calculated separately over 4 combinations of 

southeastern canids as P2 (Figure 5; Supplementary Table S3).

To directly evaluate the proportion of the genome shared be-

tween each possible P2 and red wolves, we calculated the admixture 

proportion, f (Durand et  al. 2011; equation 8), for all significant 

values of D. This approach compares the observed excess of ABBA 

sites to what would be expected under complete genome replace-

ment, that is, if P2 and P3 represented the same genetic population. 

To accomplish this, reference red wolves were randomly split into 2 

equal-sized groups (P3a & P3b), with P3b used to represent a com-

plete genome replacement population.

Local Ancestry Inference

We inferred local ancestry for all SNPs in each putatively admixed 

individual using a 2-layer hidden Markov model implemented in 

ELAI (Guan 2014). This approach evaluates LD within and between 

the pre-defined parental groups to return allele dosage scores be-

tween 0 and 2 (for 2-way admixture) at each SNP, reflecting the most 

likely ancestry proportion at that site. That is, an allele dosage of 0 

or 2 indicate the homozygous states, and an allele dosage of 1 is the 

heterozygous state.

We analyzed 96  532 unphased autosomal SNPs that had not 

been filtered for LD and applied only a filter for global minor allele 

frequency > 1%, which improved accuracy in preliminary tests. The 

number of upper-layer clusters (-C) was set to 2 (i.e., red wolves 

and reference coyotes) and the lower-layer clusters (-c) was set to 

10 (5× the value of C, as recommended). To account for both uncer-

tainty in the precise timing of admixture and increased complexity 

in admixture scenarios (i.e., beyond the “single pulse” assumption), 

we analyzed 4 possible values of the admixture generation param-

eter (-mg): 5, 10, 15, and 20 generations since admixture. We im-

plemented ELAI 3 times for each admixture generation value with 

30 EM steps, and averaged results over all 12 independent runs. We 

considered sites with allele dosage between 0.8 and 1.8 to be hetero-

zygous, and sites with allele dosage > 1.8 to be homozygous for the 

red wolf allele, following thresholds proposed by Seixas et al. (2018).

Results

Of the final Canis and Vulpes samples retained for analyses 

(n = 350), raw read counts ranged 551 390 – 16 558 569 (average: 

2  059  232.21) per sample, with an average of 18.21% of reads 

discarded as PCR duplicates (Supplementary Table S2). Average 

mappability (i.e., percentage of reads mapped) to the dog genome 

was 86.93% and 69.46% for all Canis and Vuples samples, re-

spectively. For the Canis dataset, we retained 221  322 unfiltered 

biallelic SNPs and 182  667 SNPs after filtering for LD. Further, 

for the Canis/Vulpes genotype set, 164  597 unlinked autosomal 

SNPs were fixed in red foxes and retained for analysis. In all cases, 

total genotyping rate was approximately 96%. Heterozygosity was 

highest in the reference coyotes (H
E
 = 0.035), lowest in both groups 

of red wolves (1991 red wolves, H
E
 = 0.016; reference red wolves, 

H
E
  = 0.018), and moderate in all southeastern canid groups (e.g., 

North Carolina Coyotes, H
E
 = 0.028; Table 1). These relative trends 

were also reflected in both allelic richness and private allelic richness 

(Table 1) and were consistent with the known demographic history 

of each group. Furthermore, the private allelic richness rarefaction 

curve for the reference red wolves converged at a minimum sample 

size of 8, indicating that unique red wolf diversity in the captive 

population was sufficiently represented, despite not including ori-

ginal wild-born genetic founders in the sample set (Supplementary 

Figure S1).

Population Structure and Allele Sharing Analyses

PCA revealed species delineation along PC1 (1.4% of variance ex-

plained), while PC2 (1.2% of variance explained) primarily reflected 

intra-specific variation (Figure  2A). Overall, southeastern coyotes 

tended to have intermediate placement along PC1, as did most canid 

samples from the 1970s Texas canids, whereas the 1991 wild red 

wolf samples clustered entirely within the reference red wolf group 

(Figure 2A). ADMIXTURE analysis indicated that 2 genetic popula-

tions were best represented by the data (CV = 0.094; Supplementary 

Figure S2), corresponding to reference and 1991 red wolves and all 

other samples, with notable canid admixtures of coyotes and red 

wolves across several southeastern sampling locations (Figure 2B). 

Assignments to the red wolf cluster were highest in the 1970s Texas 
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canids (Average Q
red wolf

 = 0.16), followed by Texas and Louisiana 

(Average Q
red wolf

 = 0.15), and North Carolina coyotes (Average Q
red 

wolf
  =  0.03). In the remaining southeastern sampling areas, assign-

ment to the red wolf cluster was minimal (Average Q
red wolf

 = 0.002; 

Figure 2B). Furthermore, the 1991 wild red wolves had 100% as-

signment to the reference red wolf cluster. Three reference coyotes 

exhibited small assignments to red wolf cluster (Q
red wolf

 = 0.03, 0.03, 

and 0.01, respectively; Figure 2B). To prevent circular analyses re-

sulting from on-going gene flow between southeastern and historical 

range coyotes, these individuals were removed as reference individ-

uals from the subsequent ancestry analyses.

We observed similar trends in the private allele sharing analysis, 

as reference red wolves shared the most private alleles with the 1970s 

Texas canids (SPAr = 0.006), followed by the Texas and Louisiana 

coyotes (SPAr = 0.004), and North Carolina coyotes (SPAr = 0.003; 

Figure 3). Private allele sharing between reference red wolves and all 

other southeastern sampling locations was lower (SPAr = 0.002) and 

approximately comparable to that observed for reference coyotes 

(Figure 3).

Detection of Introgression

When all contemporary southeastern coyotes were considered as a 

single group, D was weakly positive, indicating a slight excess of 

shared derived sites with reference red wolves, though this value 

was not significantly different from zero (D = 9.5 × 10–3, P = 0.345; 

Figure 4; Supplementary Table S3). When coyotes sampled from 

areas known to have experienced gene flow with red wolves (i.e., 

North Carolina, Texas, Louisiana) were removed, D decreased 

Figure 2. (A) Admixture and (B) Principal Component Analysis (PCA) of all 315 canids genotyped for 182 667 genome-wide SNPs. SE Coyotes refers to all 

Southeastern coyotes, except those sampled from NC, LA, and TX.

Table 1. Summary statistics for all Canis sampling groups (n = 312) genotyped for 182 570 unlinked biallelic SNPs

Private allele

Group Locationa N Count Richness H
O

H
E

A
R

Reference Coyotes AZ, CA, ID, NE, NM, NV,  

OK, SK, WA, WY, MO, KS

32 9374 0.091 0.033 0.035 1.184

Reference Red Wolves Captive 40 2169 0.010 0.018 0.018 1.041

Southeastern Coyotes AL, FL, GA, SC, SC, KY, TN, VA 163 26 293 0.068 0.028 0.029 1.157

North Carolina Coyotes NC 46 3237 0.066 0.028 0.028 1.153

Texas and Louisiana Coyotes TX and LA 14 1690 0.055 0.027 0.027 1.139

1970s Texas Canids TX 10 881 0.057 0.028 0.027 1.150

1991 Red Wolves Captive 7 122 0.005 0.019 0.016 1.031

n, sample size; H
O
, Observed Heterozygosity; H

e
, Expected Heterozygosity; A

R
, Allelic Richness. Unless otherwise noted, samples were collected post-1980.

aAdditional details regarding sample collection are available in Supplementary Table S1.
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slightly and remained nonsignificant (D = −5.1 × 10–3, P = 0.628; 

Figure  4; Supplementary Table S3). However, when North 

Carolina and Texas and Louisiana coyotes were each considered 

separately, we observed a significant signal of red wolf intro-

gression in each group (D
NC

 = 0.038, P < 0.001; D
TX&LA

 = 0.080, 

P  <  0.001; Figure 4; Supplementary Table S3). Interestingly, the 

admixture proportion was approximately twice as high in Texas 

and Louisiana coyotes (f  =  0.047) than in North Carolina coy-

otes (f  = 0.021; Supplementary Table S3). Furthermore, we also 

detected a significant excess of shared derived alleles between red 

−0.2 −0.1 0.0 0.1 0.2

D(Reference Coyote, P2, Reference Red Wolf, Red Fox)

P
2 NC Coyotes

SE Coyotes 

(Excluding NC, TX, & LA)

All SE Coyotes

1970s Texas Canids

TX & LA Coyotes

Reference 

Coyotes

(P1)

Reference 

Red Woves

(P3)

 

P2 Red Foxes 

(O)

D < 0

Reference 

Coyotes

(P1)

Reference 

Red Woves

(P3)

 

P2 Red Foxes 

(O)

D > 0D = 0

Figure 4. D-Statistics for all possible P2 groups. Error bars represent the standard error estimated via jackknife resampling with a block size of 1.75 MB. Under 

incomplete lineage sorting, D is expected to be zero. Positive values of D indicate introgression between P3 (reference red wolves) and P2. Significant negative 

values of D were not observed but would indicate introgression between P3 (reference red wolves) and P1 (reference coyotes).
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Figure 3. Private allele sharing with captive red wolves as a function of standardized sample size across 5 groups of coyotes.
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wolves and the 1970s Texas canids (D  =  0.132, P  <  0.001), at 

an even higher level of genome replacement (f = 0.085; Figure 4; 

Supplementary Table S3).

Local Ancestry Inference

Overall, inferred genome-wide ancestry values were highly correlated 

across both methods (ELAI and ADMIXTURE, Pearson’s r = 0.98, 

P < 0.001; Supplementary Figure S3). We found the highest inferred 

red wolf ancestry in the 1970s Texas canids, with intermediate esti-

mates in Louisiana and Texas, and in North Carolina, and lowest in 

all other southeastern sampling locations (Supplementary Table S4). 

However, we observed substantial individual variation in genome-

wide ancestry. In the 1970s Texas canids, genome-wide red wolf 

ancestry ranged from 2 to 51% (mean = 15%, standard deviation 

[SD] = 17%; Supplementary Table S4). Similarly, in Louisiana and 

Texas, genome-wide red wolf ancestry ranged from 1% to 45% 

(mean = 10%, SD = 14%; Supplementary Table S4). Within this re-

gion, the highest levels of red wolf ancestry were observed in the 2 

Galveston Island animals that were previously documented to carry 

red wolf alleles, at 45% and 39%, respectively. Further, 2 Louisiana 

coyotes from Plaquemines Parish exhibited moderate levels of red 

wolf ancestry (18% and 16%, respectively), while all other animals 

from Texas and Louisiana had relatively low levels of red wolf an-

cestry (i.e., 1–7%; Supplementary Table S4). In North Carolina, 

genome-wide ancestry ranged from 1% to 71% (mean  =  8%, 

SD = 12%), with 26 individuals exhibiting >5% red wolf ancestry, 

and 6 individuals with >10% red wolf ancestry. Outside of the re-

gions known to have experienced recent gene flow with red wolves, 

red wolf ancestry was consistently low, ranging from 1% to 9% 

(mean = 5%, SD = 2%; Supplementary Table S4).

In the 1970s Texas canids, red wolf ancestry tracts were an 

average of 7780 Kb and 4195 Kb, for heterozygous and homozygous 

segments, respectively (Supplementary Table S4). In the Texas and 

Louisiana coyotes, heterozygous ancestry tracts were shorter (5091 

Kb), whereas homozygous tracts were similar in length (4503 Kb; 

Supplementary Table S4). In North Carolina, heterozygous red wolf 

ancestry tracts were comparable to the 1970s Texas canids, with an 

average length of 8017 Kb, and homozygous tracts were longer than 

in the 1970s Texas canids (5804 Kb; Supplementary Table S4). In 

the remaining southeastern coyotes, average red wolf ancestry tracts 

were 6348 Kb and 4850, for heterozygous and homozygous seg-

ments, respectively (Supplementary Table S4). Local ancestry assign-

ments for representative individuals from all sampled regions across 

the 38 autosomes are given in Figure 5A–C. Selected individuals ex-

hibited overall ancestry scores within 1 SD of the mean for each re-

spective sampling region and had a known county of origin.

Discussion

We evaluated genome-wide red wolf ancestry in canids across the 

southeastern United States. Though red wolves have been declared 

Figure 5. Local ancestry assignments across 38 autosomes for representative individuals sampled from (A) Louisiana (Plaquemines Parish), (B) 1970s Texas 

canid (Harris Co), (C) North Carolina (Tyrell Co.), and (D) South Carolina (McCormick Co.).
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extirpated throughout most of this region for nearly 4 decades, the persist-

ence of red wolf ancestry could be facilitated by isolating landscape fea-

tures (e.g., islands; Hargreaves et al. 2010) or by assortative mating with 

respect to ancestry fractions (e.g., Murphy et al. 2019), which has been 

observed in the North Carolina admixture zone (e.g., Bohling et al. 2016; 

Hinton et al. 2018). Further, some red wolf alleles may be locally adapted 

and maintained by selection (i.e., adaptive introgression, Wellenreuther 

et al. 2018). We consistently identified 2 distinct geographic occurrences 

of red wolf ancestry in southeastern coyotes, concordant with previous 

reports of historical and on-going hybridization between coyotes and red 

wolves across Texas and Louisiana, and in North Carolina, respectively 

(Bohling et al. 2016; Heppenheimer et al. 2018a; Murphy et al. 2019). 

We found no compelling evidence of substantial red wolf ancestry in 

southeastern canids outside of the 2 known admixture zones, which have 

not been previously evaluated via molecular methods. We acknowledge 

these results are contingent upon the individuals we sampled, where more 

systematic sampling north of the historical admixture zones could dem-

onstrate a spread of red wolf ancestry. However, our sampling east of the 

historical admixture zones was extensive, providing limited evidence of 

admixed coyotes carrying red wolf alleles eastward.

Though explicit analyses to determine the precise timing of ad-

mixture events between red wolves and coyotes were beyond the 

scope of this study, our observed trends were consistent with the-

oretical expectations for red wolf ancestry tracts to shorten with 

each subsequent generation as a result of recombination (e.g., Pool 

and Nielsen 2009). For instance, overall ancestry tract length was 

slightly shorter in the Texas and Louisiana samples (4797 kb across 

heterozygous and homozygous regions), where red wolves have 

been extirpated for nearly 4 decades, compared with the 1970s 

Texas canids and the North Carolina samples, where red wolves 

and coyotes were sympatric at the time of sampling (5969 kb and 

6911  kb, respectively). Future studies may incorporate higher 

density SNP sets and complex statistical models (e.g., Liang and 

Nielsen 2014) to precisely estimate the timing of admixture in 

southeastern canid populations based on the mean and variance of 

ancestry tract lengths.

We observed that southeastern coyotes originating from outside 

of the 2 known admixture zones exhibited limited, but detectable 

levels of red wolf ancestry assignments. Shared ancestry can be due 

to interspecific gene flow mediated by long-distance dispersal events 

(Sasmal et al. 2019) or incomplete lineage sorting (i.e., shared an-

cestral polymorphisms; Degnan and Rosenberg 2009). Our analyses 

support the latter mechanism, although the D-statistic may lack the 

sensitivity to detect low rates of gene flow among the admixture 

zones given the large population size of southeastern coyotes (Durand 

et al. 2011; Kilgo et al. 2017). Within the 2 southeastern admixture 

zones, we observed considerable individual and geographic variation 

in red wolf ancestry. Approximately 11% of the North Carolina coy-

otes exhibited substantial genome-wide red wolf ancestry (ancestry 

> 15%). In contrast, 29% of contemporary Louisiana and Texas 

canids had similarly high levels of red wolf ancestry. This higher level 

of red wolf ancestry in contemporary Louisiana and Texas than in 

North Carolina likely reflects the success of management efforts to 

limit hybridization events in the latter region (e.g., Gese et al. 2015).

Historical Comparison of Genomic Ancestry

To determine how red wolf ancestry has changed since extirpation 

in the 1970s, we examine red wolf ancestry in 10 canids collected in 

Texas in the mid-1970s. On average, allelic diversity was marginally 

higher in the 1970s Texas canids relative to their contemporaries, 

suggesting that both red wolf ancestry and unique alleles have been 

lost from Texas and Louisiana over the last 4 decades. Alleles pri-

vate to this area (both from the 1970s and present day) may repre-

sent variation that was unique to the historical red wolf population, 

which were lost in the bottlenecked of establishing their captive 

breeding colony (i.e., ghost alleles; Bouzat et al. 1998; Groombridge 

et al. 2000). Our analysis did not evaluate whether these ghost alleles 

originated in the red wolf genome or if they derive from admixture 

events with historically sympatric gray wolves that are now extir-

pated (Hailer and Leonard 2008).

The existence of unique red wolf alleles that are absent from ref-

erence populations of North American canids has recently been used 

as partial evidence for the species status of red wolves (National 

Academies of Sciences, Engineering, and Medicine 2019). It is crit-

ical to emphasize that unique alleles may occur among populations 

of conspecifics under many evolutionary and demographic scenarios, 

including selection associated with environmental variables (e.g., 

gray wolves, Schweizer et  al. 2016) or reduced effective popula-

tion sizes (e.g., coyote range expansion, Heppenheimer et al. 2018b). 

Overall, red wolves are expected to carry unique alleles regardless 

of evolutionary origin and the interpretation of our results neither 

confirms nor rebuts any of the proposed evolutionary scenarios (for 

review, Waples et al. 2018).

Admixtures of red wolves and coyotes outside of the North 

Carolina recovery area likely represent an important reservoir of red 

wolf genetic diversity that has been lost in the captive breeding and 

wild populations due to demographic contraction over the last cen-

tury (Heppenheimer et al. 2018b). Furthermore, it is important to 

recognize that estimates of red wolf ancestry are based entirely on 

the genetic diversity that is found in the captive population; thus, 

estimates of red wolf ancestry in wild canids are likely to be under-

estimated as the captive population is not expected to represent the 

full diversity of wild red wolves prior to extirpation. Given our find-

ings that genome-wide red wolf ancestry in the southeast is highest 

in Texas and Louisiana, these regions may represent a candidate for 

the location for future red wolf reintroduction or genetic augmen-

tation efforts.

Lastly, one aspect that remains unevaluated is the selective 

benefit of red wolf-coyote hybridization events and subsequent 

introgression. Though hybridization with coyotes is largely viewed 

as a threat to red wolf recovery (e.g., Hinton 2013), additional evo-

lutionary scenarios are possible. For instance, hybridization could 

be adaptive for expanding coyotes by introducing genetic material 

that has already been filtered by natural selection as beneficial in 

the southeastern environment (for review: Pfennig et al. 2016). This 

process of adaptive introgression as a facilitator of coyote range ex-

pansion has been demonstrated in northeastern coyotes, where hy-

bridization with remnant wolf populations in eastern Canada (gray 

wolves, Canis lupus and eastern wolves, Canis lycaon) has resulted 

in selection on genes associated with body size and skeletal propor-

tions (vonHoldt et  al. 2016). Additionally, for the red wolf popu-

lation, which is characterized by severe inbreeding (Brzeski et  al. 

2014), coyote genetic material may increase the adaptive potential of 

the population (i.e., genetic rescue; for review: Whiteley et al. 2015). 

In this study, sample sizes were prohibitively small and character-

ized by highly related individuals (e.g., the Galveston Island samples; 

identity-by-state = 0.93; Heppenheimer et al. 2018a) to confidently 

evaluate patterns of selective introgression. Future studies should in-

corporate finer-scale sampling of canids along the Gulf Coast, along 
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with wild reintroduced red wolves from North Carolina, to address 

these intriguing outstanding questions.

Supplementary Material

Supplementary data are available at Journal of Heredity online.
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