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      ABSTRACT.—The Peromyscus maniculatus species complex is a diverse North American group comprising multiple 
wide-ranging clades and insular endemic forms, including Channel Island deer mice. This study employs complete mitochondrial 
cytochrome b sequences of 75 mice from all 8 California Channel Islands to better understand their origins and to test the 
phylogenetic placement of Channel Island deer mice within the broader context of the P. maniculatus species group for the 
first time. We recover a well-resolved clade within P. gambelii (Baird 1858) that includes mice from the Northern Channel 
Islands (Anacapa, Santa Cruz, Santa Rosa, and San Miguel), Santa Barbara Island, and San Nicolas Island. The resulting 
patterns of genetic structure are indicative of natural biogeographic processes on the Northern Channel Islands and suggest 
translocation via Chumash trade routes to San Nicolas Island. Notably, Santa Catalina and San Clemente Islands may 
represent independent colonizations from this 6-island clade, displaying signatures of connectivity with each other and the 
mainland. The recovery of unnested island mouse clades divergent (0.98%–1.08%) from the central mainland P. gambelii 
clade is striking given their relatively short (~11,000 years) presumed evolutionary history on the Channel Islands based on 
archaeological evidence. We propose that mitochondrial genomes of most Channel Island deer mice may originate from a 
now-rare, ancient mainland P. gambelii haplogroup, which may have also colonized other California islands. Our results 
also validate the assignment of all subspecies to P. gambelii under the latest proposed taxonomy, though this species 
designation itself is an active area of research without consensus.  
 
      RESUMEN.—El complejo de especies Peromyscus maniculatus es un grupo diverso de América del Norte que com-
prende varios linajes de amplia distribución, así como formas endémicas insulares, incluidos los ratones ciervo de las Islas 
del Canal (Channel Islands). En este estudio se analizan secuencias completas del gen mitocondrial citocromo b de 
75  ratones provenientes de las ocho Islas del Canal de California, con el objetivo de comprender mejor sus orígenes y 
analizar, por primera vez, la posición filogenética de los ratones ciervo insulares en un contexto más amplio del grupo de 
especies P. maniculatus. Recuperamos un clado, con buen soporte, de P. gambelii (Baird 1858) que incluye ratones de las 
Islas del Canal del Norte (Anacapa, Santa Cruz, Santa Rosa y San Miguel), así como de las islas Santa Bárbara y San 
Nicolás. Los patrones resultantes de estructura genética indican procesos biogeográficos naturales en las Islas del Canal 
del Norte y sugieren una posible translocación hacia la isla San Nicolás a través de las rutas comerciales de los Chumash. 
Es notable que las islas Santa Catalina y San Clemente podrían representar colonizaciones independientes a partir de este 
clado de seis islas, mostrando señales de conectividad entre sí y con el continente. La recuperación de clados de ratones 
insulares no anidados, divergentes entre un 0.98% y un 1.08% del clado continental central de P. gambelii, resulta sorpren-
dente dada su supuesta reciente historia evolutiva (~11,000 años) en las Islas del Canal, según la evidencia arqueológica. 
Proponemos que los genomas mitocondriales de la mayoría de los ratones ciervo de las Islas del Canal podrían haberse 
originado a partir de un haplogrupo continental antiguo y actualmente escaso de P. gambelii, que también podría haber 
colonizado otras islas de California. Nuestros resultados también corroboran la asignación de todas las subespecies a 
P. gambelii, según la taxonomía más reciente propuesta, aunque esta clasificación sigue siendo un área de investigación 
activa y sin consenso. 
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     Peromyscus is the most abundant and speciose 
mammal genus in North America (Bedford and 
Hoekstra 2015), and the genus includes numerous 
insular endemic forms throughout the California 
islands. Channel Island deer mice comprise 8 sub-
species within the large Peromyscus maniculatus 
species complex, each unique to a specific 
California Channel Island (Table 1). Composed 
of the sole nonhuman mammal found across all 
8 Channel Islands, these populations exhibit 
significant morphological and genetic differenti-
ation from mainland deer mice (Collins et al. 
1979, Gill 1980, Ashley and Wills 1987, 1989, 
Pergams and Ashley 2002, Durst 2014, Orrock 
et al. 2021a). Archaeological evidence currently 
suggests that deer mice arrived on the Northern 
Channel Islands (NCI) around 11 kya (Shirazi et 
al. 2018), likely via unintentional translocations 
by Indigenous people (Walker 1980, Rick 2013). 
Early genetic studies, based both on allozyme 
patterns (Gill 1980) and mitochondrial restric-
tion fragment length polymorphisms (RFLP), 
informed the hypothesis that the deer mouse 
colonization followed a general north-to-south 
pattern across the Channel Islands (Ashley and 
Wills 1987). Shared genotypes suggested that 
mice arrived on the NCI while these islands 
were connected to each other as a part of the 
“superisland” Santarosae. Further island-specific 
genetic studies such as those focusing on the 
conservation genetics of Anacapa (Pergams et 
al. 2000, Ozer et al. 2011) and exome-sequencing 
efforts on Santa Barbara and Santa Cruz Islands 
(Orrock et al. 2021a) have provided invaluable 
information for understanding these populations. 
However, recent genetic research has been lim-
ited in leveraging genetic information to clarify 
relationships within Channel Island Peromyscus, 
establishing relationships to mainland Peromys -
cus taxa, or inferring the colonization history of 
this group. For example, Durst (2014) found 
unique haplotypes and private microsatellite 
alleles on each island, but a plurality of samples 
shared a mitochondrial haplotype. Given the low 
sequence divergence between Channel Island 
and mainland deer mice (Ashley and Wills 
1987), it is difficult to parse whether these 
results reflect a shared recent evolutionary his-
tory consistent with the archaeological record or 
reflect current or historical connectivity (Durst 
2014). 
    In addition to important knowledge gaps that 
remain regarding relationships among island 
populations, our knowledge of evolutionary 

relationships between Channel Island mice and 
mainland taxa may also be incomplete. Studies 
have largely compared Channel Islands mice to 
local Southern California P. gambelii gambelii 
populations (Ashley and Wills 1987, Durst 
2014) without a robust examination of other 
neighboring groups such as P. g. coolidgei in 
Baja California or California populations of 
wide-ranging P. sonoriensis (Gill 1980). More-
over, Channel Island mouse comparisons to 
mainland taxa have never extended beyond the 
California region, failing to consider the rest of 
the P. maniculatus species complex’s vast range 
across North America, which is especially 
important given the recent suggestion of multi-
ple species within P. maniculatus (Greenbaum 
et al. 2017, 2019, Bradley et al. 2019). While 
most taxa from California islands have been 
recently recognized as subspecies of P. gambelii 
(Baird 1858) based on geographic type locality 
(Bradley et al. 2019), no Channel Island speci-
mens were examined or sequenced in this revi-
sion, leaving a critical gap in understanding the 
taxonomic status of the Channel Island deer 
mouse. The limited scope of these comparisons 
emphasizes the need for a more thorough exami-
nation of the Channel Island deer mouse and its 
relationships with various mainland populations 
within the P. maniculatus species complex. 
    Interrogating the taxonomy of the Channel 
Island deer mouse through a phylogeographic 
lens also provides useful insights into its evolu-
tionary history, uncovering information about 
its closest mainland common ancestor(s) and 
potential source population(s). Accordingly, one 
goal of this study was to resolve a sister group to 
island mice and establish their closest mainland 
relatives. The importance of placing a lineage in 
its phylogenetic context is illustrated by similar 
mitochondrial analyses of the Channel Island 
fox (Urocyon littoralis) and mainland gray fox 
(U. cinereoargenteus): these studies demonstrated 
that gray fox populations geographically closest 
to the Channel Islands are not the closest geneti-
cally related populations as might have been 
expected. Instead the results inferred closer 
relationships between haplotypes from island 
foxes and Northern California than any mainland 
Southern California individuals, likely reflecting 
demographic turnover in Southern California 
(Hofman et al. 2015, Sacks et al. 2022). Santa 
Catalina Island shrews (Sorex ornatus willetti), 
by contrast, are found in a clade of Baja and 
Southern California samples, but they are highly 
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divergent from all surveyed mainland popula-
tions, consistent with long-term insular isolation 
concurrent to mainland northward expansion 
(Maldonado et al. 2001). Resolving deer mouse 
island–mainland relationships will not only pro-
vide evolutionary context for current island 
mouse populations but will also signify how 
mainland demographics have shifted in the 
thousands of years since deer mice arrived on 
the Channel Islands. 
     To reevaluate hypotheses regarding the origins 
of Channel Island deer mice and test their taxo-
nomic assignment to P. gambelii, we adopted 
phylogenetic and phylogeographic approaches 
to position island mice within the broader P. 
maniculatus species complex. We generated 
mito chondrial cytochrome b gene sequence data 
from all Channel Island populations and geo-
graphically proximate mainland P. gambelii local-
ities. We present results from a phylogenetic 
analysis of these samples paired with the taxo-
nomically and geographically diverse dataset 
compiled by Bradley et al. (2019) from through-
out the P. maniculatus species group, including 
multiple taxa and localities collected across 
California, to comprehensively test taxonomic 
hypotheses in the Channel Island deer mouse. 
 

METHODS 

Sampling 
    Novel samples were either collected directly 
in the field (n = 71) or derived from museum 
specimens (n = 20). Tail tips were collected during 
field surveys as detailed in Orrock et al. (2021b) 
and approved by University of Wisconson– 
Madison RARC Protocol L005041. Frozen tissue 
samples from vouchered specimens (n = 13) were 
requested from multiple natural history collec-
tions: the Field Museum (FMNH), Los Angeles 
County Natural History Museum (LACM), and 

Museum of Vertebrate Zoology (MVZ). The 
remaining museum-derived samples comprise 
whole claws excised from preserved study skins 
(n = 7) from LACM and the Santa Barbara 
Museum of Natural History (SBMNH) using 
sterile techniques (McDonough et al. 2018). The 
majority (n = 75) of these samples represent 
populations of Peromyscus from the 8 Channel 
Islands, while the rest (n = 16) were collected 
from mainland California (Los Angeles, Orange, 
San Diego, San Luis Obispo, Santa Barbara, and 
Ventura Counties and Baja California Norte) 
and are currently recognized as P. gambelii 
(Sup plementary Material: sheets S1A–B). All 
novel sequences have been deposited in Gen-
Bank (PP746607–PP746697). 
    All other samples from the P. maniculatus 
species group (n = 109) comprise cytochrome b 
sequences on GenBank generated from several 
studies (Conroy and Cook 1999, Rinehart et al. 
2005, Dragoo et al. 2006, Gering et al. 2009, 
MacDonald et al. 2009, Kalkvik et al. 2012, 
Cornejo-Latorre et al. 2017, Sawyer et al. 2017, 
Bradley et al. 2019) previously analyzed together 
by Bradley et al. (2019). The subset of samples 
selected from these studies includes representa-
tives from each clade described by Bradley et 
al. (2019) throughout their ranges including all 
samples described as P. gambelii (n = 45) and 
P. sonoriensis samples collected in California 
(n = 19). These specimens and our novel sam-
ples are mapped by taxon and locality in Fig. 1. 
Additional selected samples from Bradley et al. 
(2019) include P. keeni (n = 4), P. labecula (n = 
7), P. maniculatus (sensu stricto) (n = 8), P. 
melanotis (n = 2), P. polionotus (n = 1), P. sejugis 
(n = 1), P. sonoriensis outside of California (n = 
16), and the undescribed Yukon species (n = 1). 
Additionally, we included their outgroups from the 
P. leucopus species group: P. leucopus (n = 3) 
and P. gossypinus (n = 2). Locality information, 
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   TABLE 1. Channel Island deer mouse subspecies names by island before and after proposed reassignment by Bradley 
et al. (2019).  
                                                        Former name                               Proposed name                   
Island                                               (Musser and Carleton 2005)        (Bradley et al. 2019)          Taxonomic authority  
Anacapa Island (AI-E)                    Peromyscus maniculatus             Peromyscus gambelii         von Bloeker 1942 
                                                            anacapae                                     anacapae                        
Santa Catalina Island (CAT)           P. m. catalinae                             P. g. catalinae                    Elliot 1903 
Santa Barbara Island (SBI)              P. m. elusus                                  P. g. elusus                         Nelson and Goldman 1931 
San Clemente Island (SCL)             P. m. clementis                            P. g. clementis                    Mearns 1896 
Santa Cruz Island (SCZ)                 P. m. santacruzae                        P. g. santacruzae               Nelson and Goldman 1931 
San Miguel Island (SMI)                 P. m. streatori                              P. g. streatori                     Nelson and Goldman 1931 
San Nicolas Island (SNI)                 P. m. exterus                                P. g. exterus                       Nelson and Goldman 1931 
Santa Rosa Island (SRI)                  P. m. sanctaerosae                      P. g. sanctaerosae             von Bloeker 1940  



GenBank accession numbers, and voucher speci-
men institutional codes are available in Supple-
mentary Material 1: sheet S1C. 

Laboratory Methods and Sequencing 
    All cytochrome b sequences were computa-
tionally reconstructed from larger genomic 
datasets rather than targeted directly. Samples 
processed at Harvard University (n = 76; Sup-
plementary Material 1: sheet S1B) were origi-
nally prepared for medium-high coverage whole 

genome sequencing (WGS) as part of a large-
scale population genomic study as in Wooldridge 
et al. (2022). In brief, whole genomic DNA was 
extracted from tissue samples (tail tips and 
museum frozen tissue samples). Libraries were 
prepared using Illumina kits (Illumina, Inc., San 
Diego, CA) and sequenced (150 bp paired-end) 
on an Illumina NovaSeq S4 machine. 
    For samples processed at the Center for 
Conservation Genomics (CCG) at Smithsonian’s 
National Zoo and Conservation Biology Institute 
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    Fig. 1. A, Novel sampling of deer mice across the Channel Islands. B, Total sampling of mainland Peromyscus gambelii, 
California P. sonoriensis, and other California Island taxa P. sejugis and P. gambelii margaritae. The inset black box high-
lights the Channel Islands archipelago and regions shown in detail in panel A. 
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(n =15; Supplementary Material 1: sheet S1A), 
libraries were either prepared for genomic 
analysis with (1) low-coverage (~10×) WGS or 
(2) target capture methods yielding mitochon -
drial bycatch, following Castañeda-Rico et al. 
(2022). Supplementary Material 2 contains 
detailed laboratory methods for each sample 
type and technique employed. All libraries pre-
pared at the CCG were pooled equimolarly and 
sequenced (150 bp paired-end) on an Illumina 
NovaSeq 6000 at the Clinical Genomics Center 
(Oklahoma Medical Research Foundation, Okla-
homa City, OK). 

Sequence Processing and Alignment 
    Harvard shotgun sequences were mapped to 
the P. maniculatus bairdii reference genome 
(GCF_003704035.1) using bwa mem v0.7.17 
(Li and Durbin 2009). PCR and optical duplicate 
reads were flagged with Picard v2.27.1 (Broad 
Institute 2019) and not considered in any down-
stream analyses. Finally, variant and genotype 
calls across the mitogenome were performed 
with GATK v4.2.6.1 (Van der Auwera and 
O’Connor 2020). 
    Using this callset, for each sample, we used 
bcftools consensus v1.19 (Danecek et al. 2021) 
to apply its alternate alleles to the mitogenomic 
reference sequence, thereby reconstructing the 
haploid mitogenomic sequences. Per sample, 
sites with missing data and those with <20% 
average read depth across the mitogenome—
inferred with samtools depth v1.19—were 
masked as “N,” yet none were detected within 
the cytochrome b region. We delineated the 
cytochrome b region by aligning all recon-
structed sequences together with the reference 
cytochrome b sequence (P. maniculatus bairdii 
NC_039921.1) using MAFFT v7.471 (Katoh and 
Standley 2013), and then we manually extracted 
the corresponding region in AliView v1.28 
(Larsson 2014). 
    The raw data obtained for the samples pre-
pared at the CCG were quality-checked with 
Fastqc v0.11.8 (Andrews 2010) using default 
parameters, and then trimmed with Trimgalore 
v0.6.4 and Cutadapt v2.4 (Martin 2011) with a 
quality cutoff -q 20. To assemble mitogenomes, 
sequence data was subsampled from trimmed 
whole-genome data files, between 5% and 15% 
of reads depending on file size. Target-captured 
libraries were not subsampled. Reads were 
mapped to the P. maniculatus bairdii reference 
mitogenome (NC_039921.1) in Geneious Prime 

v2020.1.2 (https://www.geneious.com) using the 
Geneious mapper with up to 5 iterations and 
default parameters. Bases with a coverage below 
5 and sequencing ambiguities were assigned as 
missing data (“N”). Novel mitogenomes were 
aligned with MAFFT v7.407 (Katoh and Stand-
ley 2013) together with previously published 
mitogenomes including P. maniculatus bairdii, 
P. boylii (MZ433362.1), P. californicus 
(OP524493.1), P. leucopus (NC_037180.1), and 
P. polionotus (ON528117) (Castañeda-Rico et 
al. 2022). We extracted the entire cytochrome b 
gene from the complete mitogenome alignment 
in Geneious and re-aligned all Harvard and CCG 
novel sequences with the previously published 
cytochrome b sequence dataset (n =109). We 
also transferred annotations from each species-
specific reference to rule out the presence of 
nuclear copies of mitochondrial genes (NUMTs) 
and translated all protein-coding genes to check 
for frame shifts or stop codons. 

Phylogenetic Analyses 
     We analyzed the final cytochrome b alignment 
using Maximum Likelihood in IQTree v2.1.3 
(Minh et al. 2020) and Bayesian Inference in 
MrBayes v3.2.7a (Ronquist and Huelsenbeck 
2003) both with and without partitioning by 
codon. We used ModelFinder (Kalyaanamoorthy 
et al. 2017) as implemented in IQTree to infer 
optimal models of evolution for Maximum 
Likelihood analysis, using the TPM2 + F + I + 
G4 model for the unpartitioned alignment and 
TN + F + G4, TIM2 + F + I + G4, and HKY + F + 
I for each codon in the partitioned alignment, 
respectively. We ran PartitionFinder v2.1.1 
(Guindon et al. 2010, Lanfear et al. 2012, 
2017) to search for models available in MrBayes 
with a greedy search and corrected Akaike 
information criterion for model selection, 
choosing HKY + I + G for the unpartitioned 
alignment, GTR + I + G for the first 2 codons 
of the partitioned alignment, and HKY + I + G 
for the third codon. MrBayes ran for 20 million 
generations with a burn-in of 25%, a sample 
frequency of 1000, and 4 Monte-Carlo Markov 
Chains. Posterior probabilities and final topolo-
gies result from 50% majority-rule consensus 
trees, with a probability of >0.95 indicating 
support. Maximum Likelihood support scores 
are based on 1000 Ultrafast bootstraps (Hoang 
et al. 2018), with a score of >95 indicating 
support. Only unique haplotypes were analyzed, 
and all trees were rooted with P. californicus, 
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P. boylii, and P. truei as outgroups. These analy-
ses were conducted on the Smithsonian High 
Performance Cluster (SI/HPC; Smithsonian 
Institution 2024). 

Genetic Diversity and Distance 
    Using only sequences without missing data 
(Ns), we calculated basic genetic diversity metrics 
of Channel Island deer mice (n = 74), other 
California island taxa (P. sejugis, Isla Santa 
Cruz [n = 1], and P. gambelii margaritae, Isla 
Santa Margarita [n = 4]), and across mainland 
P. gambelii (n = 53). We used DnaSP v6.12 
(Rozas et al. 2017) and Arlequin v3.5.2.2 
(Excoffier and Lischer 2010) to estimate haplo-
type diversity (Hd), parsimony informative sites, 
nucleotide diversity (π), and Watterson’s esti-
mator (qS) within geographic populations and 
clades identified by phylogenetic analysis. Fol-
lowing Bradley et al. (2019), we also calculated 
genetic distance between these clades in Arle-
quin using Kimura’s 2-parameter model of evo-
lution (Kimura 1980). 
    Lastly, we constructed a median-joining hap -
lo type network (Bandelt et al. 1995, 1999) in 
PopART (Leigh and Bryant 2015) of sequences 
assigned to P. gambelii. Only sequences 1143–
1144 bp long without missing data were 
included to maximize the genetic data used in 
this analysis: Channel Islands populations (n = 
74; all but 1 CAT sample), P. gambelii margari-
tae (n = 4), and mainland P. gambelii (n = 18) 
from Los Angeles, Orange, San Luis Obispo, 
Santa Barbara, and Ventura Counties, Califor-
nia; Churchill County, Nevada; and Baja Cali-
fornia Norte. A detailed inventory of which 
sequences were used in each analysis is avail-
able in Supplementary Material 3. 
 

RESULTS 

Cytochrome b Alignment and  
Genetic Diversity 

    All novel cytochrome b sequences were 1144 
bp long, with no ambiguities from any shotgun-
sequenced samples. However, there were some 
missing data (2.9%–22.4%) in bycaught samples 
(n = 4) captured for UCEs (Supplementary 
Material 4). Previously published sequences 
varied in length (437–1205 bp), resulting in a 
total final alignment length of 1221 bp. 
    Unique cytochrome b haplotypes were recov-
ered for each of the Channel Islands, and no 
haplotypes were shared among islands or between 

island and mainland samples. Of the 3 historical 
island samples, the haplotypes sequenced from 
SMI and SBI specimens (collected in 1939) 
were also present in mouse samples collected in 
2015. The historical CAT specimen collected in 
1949 seemingly represents a unique haplotype, 
though missing data (9.4%) makes it difficult to 
quantify how closely related this specimen is to 
mainland or other CAT samples. Despite uneven 
sample sizes, all islands contained multiple 
cytochrome b haplotypes except for Anacapa’s 
East Islet. Catalina harbored the highest genetic 
diversity among island populations by all metrics, 
even when the haplotype with missing data was 
removed (Table 2). 

Phylogenetic Analysis 
    Overall topologies from both Maximum 
Likelihood and Bayesian trees (Figs. 2, 3) reca-
pitulate the findings of Bradley et al. (2019), with 
interclade relationships similarly unresolved. 
These unsupported nodes include the relation-
ships between P. labecula, P. maniculatus, P. 
sonoriensis, and P. polionotus, as well as the 
placement of the clade including P. keeni and a 
proposed species from the Yukon that has yet to 
be formally described (Bradley et al. 2019), 
labeled in all trees as “Yukon clade.” All Channel 
Island samples group within or as sister to a 
primary P. gambelii clade and/or P. gambelii 
sequences. Trees constructed with both methods, 
with or without partitions, generally recovered 
the same topologies (although the above unre-
solved relationships appear to differ). 
    All samples from AI-E, SCZ, SMI, and SRI 
(the Northern Channel Islands) as well as SBI 
and SNI form a well-supported clade in all trees 
(Figs. 2, 3; Supplementary Materials 5, 6). In 
maximum likelihood trees (Fig. 3), this well-
supported clade resolves as sister to a P. gambe-
lii sample collected in 1995 at Vandenberg Air 
Force Base (now Space Force Base), Santa Bar-
bara County, California (MSB:Mamm:87492; 
Dragoo et al. 2006). This haplotype is closer to 
the 6-island haplogroup than other mainland 
sequences in the cytochrome b haplotype net-
work (Fig. 4) and shows a 1.33% divergence 
from the main P. gambelii clade (Table 3). This 
divergence from the rest of P. gambelii and the 
3 other Vandenberg sequences appears consis-
tent with phylogenies presented by previous 
authors (Dragoo et al. 2006, Bradley et al. 2019), 
although this outlier is not explicitly addressed. 
Another divergent (0.96%) P. gambelii haplo-
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type from a specimen collected from Yosemite 
National Park is recovered as sister to the 
main P. gambelii clade and P. sejugis, though 
this relationship is unresolved and polytomic 
(Figs. 2, 3). While the phylogenetic position 
and support of a clade including P. gambelii 
margaritae, P. sejugis, and mainland P. gam-
belii are consistent with trees presented by 
Bradley et al. (2019), the addition of more 
related sequences reveals a Peromyscus gam-
belii complex of uncertain relationships be -
tween these taxa and Channel Island deer 
mice. Genetic distance between clades within 
the Peromyscus gambelii complex is between 
0.82% and 1.33% (Table 3). These values are 
lower than genetic distance between typical 
deer mouse species, which are 2% to 5% 
(Bradley and Baker 2001, Bradley et al. 2019). 
Nonetheless, these between-clade divergences 
are greater than all estimated values of within-
clade genetic distance. 
    Within the 6-island clade, there is limited 
genetic structure, and relationships between or 
within islands are largely unresolved with very 
short branch lengths (Fig. 3). Nonetheless, SBI 
and SRI were recovered as monophyletic. SNI 
may be paraphyletic with respect to SBI, but 
this relationship is only supported in ML trees. 
The remaining Channel Islands, CAT and 
SCL, are present in 2 clades. Four of the CAT 
haplotypes make up their own clade, supported 
in Bayesian but not ML trees (Fig. 2). Con-
versely, the other CAT (n = 2) and SCL (n = 2) 
haplotypes are within the largely unresolved 
mainland P. gambelii clade. SCL samples are 
monophyletic, while 1 CAT haplotype is sister 
to the SCL group in ML trees. While the his-
torical CAT haplotype forms an unsupported 
relationship with this group in the partitioned 
ML tree, this sequence is found in the P. gambelii 
polytomy in other trees. 
    Novel samples identified as P. gambelii all 
clustered within the central P. gambelii poly-
tomy. However, 2 samples obtained from museum 
specimens, LACM 044994 and SBMNH 4250, 
were likely misidentified. The LACM 044994 
cytochrome b sequence is highly supported as 
sister to the P. boylii reference, while SBMNH 
4250 is sister to this clade. Additional BLAST 
searches confirmed that LACM 044994 is a 
member of P. boylii, while SBMNH 4250 is a 
member of P. truei. Accordingly, these sequences 
are now labeled with their corrected identifica-
tions on all trees. 
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    Fig. 2. Bayesian Inference (MrBayes) 50% majority-rule consensus tree with partitions. Nodes with black dots indicate 
high support with posterior probabilities >0.95. 
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    Fig. 3. Maximum Likelihood (IQTree) 50% majority-rule consensus tree with partitions. Nodes with black dots indicate 
high Ultrafast bootstrap support >95. Inset shows 6-island-clade branching patterns in more detail and most closely related 
haplotype, which is also labeled in the larger trees by its locality (Vandenberg Space Force Base, Santa Barbara County, 
California) and GenBank accession number. 
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DISCUSSION 

    This study is the first to test the phylogenetic 
placement of Channel Island deer mice within 
the Peromyscus maniculatus species group and 
provides additional insight into the genetic 
structure and origins of island mice. Contrary 
to our expectations given the recent expansion 
of Channel Island deer mice, most island mice 
are not nested within the large mainland clade 
or do not demonstrate clear relationships with 
source population(s). Instead, we recover a well-
supported clade of haplotypes from 6 islands: 
the Northern Channel Islands (Anacapa, Santa 
Cruz, Santa Rosa, San Miguel), Santa Barbara 
Island, and San Nicolas Island (Figs. 3, 4). We 
also detect a clade from Santa Catalina Island, 
although this clade is not well supported in all 
trees. However, 2 additional samples from 
Santa Catalina Island and both San Clemente 
haplotypes are nested within the mainland P. 
gambelii polytomy. Relationships within P. gam-
belii, including these 3 clades and the insular 
subspecies from Baja California Sur, P. g. mar-
garitae Osgood 1909, and with the insular 
species P. sejugis Burt 1932, remain largely un -
resolved, forming a tangled P. gambelii com-
plex within this already taxonomically fraught 
group. 

Genetic Structure and Insights into Channel 
Island Deer Mouse Colonization 

    The lack of genetic structure within mainland 
P. gambelii and the divergence observed in 
the 6-island and Catalina-only clades present 
challenges in inferring the source population(s) 
of Channel Island deer mice. Nonetheless, our 
mitochondrial DNA analysis suggests that 
there have been at least 2 colonizations of the 
Channel Islands by P. gambelii: (1) at minimum 
1 colonization which gave rise to the Catalina 
and 6-island clades and (2) at least 1 introduction 
to San Clemente that may be related to secondary 
contact on Santa Catalina Island. The haplotypes 
from this second group are only 1–4 bp divergent 
from the closest related mainland haplotype(s) 
(Fig. 4). Therefore, it is conceivable that further 
sampling and genetic data could reveal shared 
haplotypes or source populations. 
    On Santa Catalina Island, we find strong evi-
dence of secondary gene flow, with 4 haplotypes 
recovered in a clade while the other 2 haplo-
types resolved within the P. gambelii polytomy. 
The small sample size on San Clemente Island 
(n = 4) makes it unclear whether the mainland-
associated haplotypes are the only lineage pres ent 
on this island, or whether a second haplogroup 
was just not recovered by this study. Ashley and 
Wills (1987) also found evidence of secondary 
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Vandenberg
DQ385714

    Fig. 4. Median-joining network of complete cytochrome b haplotypes (1143–1144 bp) assigned to P. gambelii, including 
the Channel Islands, mainland localities, and Isla Santa Margarita, Baja California Sur. Black nodes represent inferred 
missing haplotypes. The mainland haplotype most closely related to island haplotypes is labeled by its locality (Vanden-
berg Space Force Base, Santa Barbara County, California) and GenBank accession number (DQ385714).



contact on Catalina but hypothesized a direct 
colonization of San Clemente from the mainland 
because they too did not detect a second, more 
divergent San Clemente lineage. We infer a 
relationship between the mainland-associated 
Catalina and San Clemente haplotypes (Figs. 3, 4), 
suggesting connectivity between these 2 islands 
and to the mainland. We did not conduct diver-
gence dating due to the low amount of variation 
in this dataset (Fig. 4) and because these analy-
ses can be inflated both (1) in cases of recent 
divergence due to a relatively high substitution 
rate (Ho et al. 2005, 2007) and (2) when based 
on a small number of loci, especially from mito-
chondrial DNA (Zheng et al. 2011). Therefore, we 
cannot determine whether these mainland-nested 
samples were a product of ancient, historical 
(i.e., during the ranching period), or contem-
porary connectivity. Nonetheless, detection of 
connectivity between Santa Catalina and San 
Clemente Islands aligns with patterns observed 
in other southern Channel Islands organisms 
likely facilitated by Gabrielino/Tongva trade 
routes (Rick et al. 2005). Further analyses with 
additional genetic loci and, ideally, fossil data as 
employed by Hofman et al. (2015) for the island 
fox will be essential for elucidating the timing 
of these introductions and the structure of these 
lineages on Catalina. 
    Within the 6-island clade recovered in our 
phylogenetic analyses, the relationships between 
populations generally follow established biogeo-
graphical patterns on the Northern Channel 
Islands, while likely reflecting ancient human 
activity in their connectivity to Santa Barbara 
and San Nicolas Islands. Santa Barbara Island 
and East Anacapa Islet, both of which are very 
small islands, were monophyletic and mono -
morphic, respectively. The recovery of a single 
Anacapa haplotype is consistent with prior 
analysis of the cytochrome c oxidase subunit II 
gene, which found a single haplotype in 1400 
mice across all Anacapa islets (Ozer et al. 2011). 
Multiple northern populations (Santa Cruz, San 
Miguel) were not recovered as monophyletic, 
but no shared haplotypes between islands were 
recovered with our limited sample sizes. While 
interisland migration cannot be completely ruled 
out, morphological data suggest that this phe-
nomenon is unlikely (Pergams and Ashley 1999), 
and this pattern is congruent with incomplete 
lineage sorting after the breakup of Santarosae. 
Archaeological evidence places the appearance 
of island mice after human arrival but before 
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rising sea levels completely separated the North-
ern Channel Islands from each other ~9 kya 
(Shirazi et al. 2018). This timeframe suggests 
that matrilines could still partially reflect the 
genetic structure of this larger ancient popula-
tion. Interestingly, this clade also includes Santa 
Barbara and San Nicolas Islands. Differentiating 
between signatures of anthropogenic versus nat-
ural dispersal on Santa Barbara Island is chal-
lenging, but San Nicolas is the most remote of 
the Channel Islands, situated 80 km south of the 
Northern Channel Islands. Nevertheless, San 
Nicolas haplotypes are largely undifferentiated 
from the northern island populations, suggesting 
a comparatively recent expansion more consis-
tent with translocation rather than a natural raft-
ing event (Ashley and Wills 1987). Furthermore, 
the Chumash maintained trade networks between 
San Nicolas and the northern islands, providing 
a mechanism for this expansion (Hudson et al. 
1978). It is worth noting that San Nicolas Island 
foxes are more closely related to foxes on the 
other southern islands than to those on the north-
ern islands (Hofman et al. 2015), despite also 
likely being translocated by Indigenous people. 
This difference in genetic structure could be 
related to their different modes of translocation: 
deer mice were likely unintentionally translo-
cated, perhaps stowed away in food supplies 
(Walker 1980), while island foxes were proba-
bly purposefully brought to the southern islands 
(Collins 1991a, 1991b). Therefore, it is reason-
able that island mouse phylogeography more 
closely recapitulates different aspects of histori-
cal trade routes than island foxes. Nonetheless, 
further sampling is needed to interrogate this 
pattern and determine whether any haplotypes 
from the other southern islands are also present 
on San Nicolas. 

Relationships to Mainland Deer Mice 
and Implications 

    The near-complete lineage sorting of the  
6-island clade and the Catalina clade with a 
small amount of data (~1144 bp) is striking 
among Channel Island mammals. For example, 
the island fox demonstrates very little diver-
gence from mainland California gray foxes at 
cytochrome b, with at least 1 shared haplotype 
(Hofman et al. 2015). Another rodent on the 
Channel Islands, the western harvest mouse 
Reithrodontomys megalotis, meanwhile shows 
minimal mitochondrial and morphological diver -
gence with mainland populations (Ashley 1989, 

Collins and George 1990). Nonetheless, genetic 
divergence between mainland P. gambelii and 
recovered Channel Island deer mouse clades is 
dwarfed by animals whose arrival on the Chan-
nel Islands predates human occupation (Mal-
donado et al. 2001, McCormack et al. 2011, 
Salerno et al. 2023). The recovery of island 
mouse clades outside of mainland P. gambelii 
rather than nested within the mainland clade, 
co-incident with the presence of 2 rare diver-
gent mainland haplotypes, may be better ex -
plained by the loss or rarity of intermediate 
mainland haplotypes that gave rise to the island 
mouse, as opposed to inference of a substan-
tially earlier date of initial colonization based 
on divergence and substitution rate alone (Ash-
ley and Wills 1987). 
    The 6-island clade is sister to a haplotype 
from a mouse originally collected on Vanden-
berg Air Force Base in 1995 (MSB:Mamm:87492; 
Vandenberg_DQ385714; Figs. 2–4). Assuming 
no contamination or sequencing artifacts in this 
highly divergent haplotype, this locality is not a 
straightforward island mouse source population. 
Dragoo et al. (2006) sequenced 4 other speci-
mens collected at Vandenberg at the same time, 
and their haplotypes were all recovered in the 
unstructured mainland gambelii polytomy, so 
this is likely a rare haplotype. Furthermore, the 
relative lack of phylogenetic structure through-
out the range of P. gambelii, including in 
peripheral localities in Arizona and Nevada, 
suggests that this particular haplotype is not 
likely representative of structure driven by recent 
biogeography. We recovered another divergent 
haplotype derived from a gambelii specimen 
collected in Yosemite, which is sister to the 
mainland polytomy and Baja California’s Isla 
Santa Cruz species P. sejugis. These singular 
haplotypes are between 0.88% and 1.33% genet-
ically distant to each other, the mainland P. 
gambelii polytomy, and both island mouse clades, 
while the other P. gambelii sequences (n = 43) 
show little differentiation (Table 3). We suggest 
that mitochondrial lineages of Channel Island 
deer mice originated from a divergent group of 
P. gambelii that is now extirpated or rare on the 
mainland. The divergent Vandenberg sequence 
may have stemmed from this rare lineage, 
though more parsimonious explanations should 
be ruled out. Nonetheless, even discounting the 
Vandenberg haplotype, the complete lineage 
sorting and genetic distance between island 
mouse and mainland haplogroups is significant, 
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with multiple inferred “missing haplotypes” 
central to our median-joining network that could 
represent the links between these divergent 
groups. 
    While we did not date the divergence 
between haplogroups, a study by Sacks et al. 
(2022) dated mitogenome haplotype divergence 
in the island fox and found a similar gap in 
haplogroups at odds with the timing of known fox 
colonization 10–13 kya (Rick et al. 2009). They 
explained this discordance with a hypothesized 
extinction of an ancestral mainland population 
in Southern California shortly after the initial 
colonization of Urocyon to the northern Channel 
Islands, followed by eventual replacement by 
other clades (Sacks et al. 2022). This hypothe-
sis is corroborated by massive extinction and 
turnover events throughout Southern California 
contemporaneous to the arrival and spread of 
mice and foxes on the Channel Islands. Analysis 
of the fossil record and climatic data in the Los 
Angeles Basin uncovered the local extinction of 
7 species of megafauna by 12.9 kya, coincid-
ing with dramatic changes in fire regimes, and 
more broadly, the “transition from a postglacial 
megafaunal woodland to a human-mediated 
chaparral ecosystem” (O’Keefe et al. 2023). 
Small mammals like Peromyscus were possibly 
also affected by this massive and rapid change 
in habitat on the Southern California mainland. 
Since deer mice readily evolve into ecotypes 
across their range (Osgood 1909), a woodland-
adapted clade could have been supplanted by a 
more scrub-adapted clade in the kind of turn -
over hypothesized by Sacks et al. (2022). While 
much of this is speculative, subfossils and 
ancient DNA from island and mainland specimens 
could greatly clarify these complex biogeo-
graphic dynamics and help answer key related 
questions about the timing of colonization. 
Additionally, further phylogeographic study of 
P. gambelii on the mainland and other Califor-
nia islands may reveal how rare these divergent 
matrilines are while also assessing how diver-
gent their nuclear genomes are from other P. 
gambelii populations. 

Taxonomy of the Channel Island Deer Mouse 
    Phylogenetic analyses of cytochrome b 
sequences from Channel Island deer mice and 
various samples throughout the Peromyscus 
maniculatus species group consistently support 
the placement of all island mouse subspecies 
within the species P. gambelii (Baird 1858). In 

our Bayesian and Maximum Likelihood phylo-
genetic trees, every island mouse haplotype 
demonstrated the closest relationships with 
mainland P. gambelii sequences compared to 
any of the other clades identified by Bradley et 
al. (2019), except for the very closely related 
P. sejugis, which is nested within P. gambelii 
(Figs. 2, 3). 
    While our results support Channel Island 
deer mice as members of P. gambelii in the 
framework presented by Bradley et al. (2019), it 
is essential to acknowledge the complexity and 
provisional nature of these revisions in the 
absence of genome-wide nuclear data (Mammal 
Diversity Database 2024). The mitochondrial 
data utilized represent a single locus and gene 
tree, introducing the possibility of discordance 
with nuclear data and offering an incomplete 
picture of evolutionary history. The observed 
divergence between P. gambelii and California 
P. sonoriensis based on mitochondrial lineages 
contrasts with recent findings by Boria and Blois 
(2023), who conducted a phylogeographic 
analysis within the Peromyscus maniculatus 
species group using nuclear data from both 
species of mice from throughout California. 
Their results revealed a pattern indicative of iso-
lation by distance and minimal genetic structure 
between taxa (Boria and Blois 2023), prompting 
questions regarding the validity of the species 
designations. 
     Determining whether P. gambelii constitutes a 
valid species extends far beyond the scope of this 
paper and remains an active area of research. 
Nonetheless, the taxonomic names assigned to 
Channel Island deer mice ultimately depend on 
the acceptance of a particular taxonomy of the 
broader Peromyscus maniculatus species complex. 
 

CONCLUSIONS 

     Phylogenetic analyses of complete cytochrome 
b sequences of the Channel Island deer mouse 
reveal unique haplogroups in an unresolved 
Peromyscus gambelii complex. Our study 
reveals 1 well-supported clade of the Northern 
Channel Islands, Santa Barbara Island, and San 
Nicolas Island, demonstrating genetic structure 
consistent with both vicariance—the breakup of 
Santarosae and anthropogenic connectivity—
and Chumash-facilitated translocation to remote 
San Nicolas Island. Santa Catalina Island may 
possibly represent an independent colonization 
from this clade, while also displaying signatures 
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of secondary contact with the mainland or San 
Clemente Island or both. San Clemente Island 
haplotypes are unique and monophyletic but 
show low levels of divergence from mainland P. 
gambelii. While the timing of these colonizations 
could not be reliably estimated with a single 
1144-bp locus, resolving the chronology of these 
events is a priority for future research. Channel 
Island deer mouse cytochrome b sequences also 
contextualize rare divergent haplotypes in main-
land P. gambelii detected by prior research 
(Bradley et al. 2019). The California island taxa 
of deer mice—including most Channel Island 
deer mice, P. sejugis on Isla Santa Cruz, and  
P. g. margaritae on Isla Santa Margarita in Baja 
California—may descend from an ancient matri-
line of P. gambelii that is extremely rare on the 
mainland today. In addition to these populations’ 
morphological distinction and crucial role in 
contemporary island ecosystems, their divergent 
ancestry should warrant their special considera-
tion as evolutionarily significant units within the 
Peromyscus maniculatus species group despite 
their presumed recent history on the islands 
and human-assisted expansion. Further genomic 
analysis of Peromyscus on California islands, 
paired with phylogeographic research into these 
cryptic lineages on the mainland, may provide a 
powerful window into understanding the complex 
and dynamic biogeography of Southern Califor-
nia faunal transitions from the Pleistocene to the 
Holocene.  
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