
RESEARCH ARTICLE

Conservation genetics of the endangered San Francisco Bay
endemic salt marsh harvest mouse (Reithrodontomys raviventris)

M. J. Statham1
• S. Aamoth1 • L. Barthman-Thompson2 • S. Estrella2 •

S. Fresquez1,2 • L. D. Hernandez1,2 • R. Tertes3 • B. N. Sacks1,4

Received: 18 September 2015 / Accepted: 11 April 2016 / Published online: 19 April 2016

� Springer Science+Business Media Dordrecht 2016

Abstract The salt marsh harvest mouse (SMHM,

Reithrodontomys raviventris) is an endangered species

endemic to the San Francisco Bay region of California,

USA, where habitat loss and fragmentation over the past

century have reduced the mouse’s distribution to\25 % of

its historical range. To aid in conservation prioritization,

we first investigated the possibility of hybridization with

the morphologically similar western harvest mouse (WHM,

R. megalotis) in areas of sympatry and developed genetic

tools to differentiate the two species. We then investigated

the phylogeography and genetic structure of the SMHM,

including support for currently recognized SMHM sub-

species designations. Lastly, we evaluated the morpho-

logical criteria currently used for the identification of

species in the field. Analyses using mtDNA cytochrome

b sequences and 11 microsatellites from 142 mice indicated

complete and substantial separation of the SMHM and

WHM, with no evidence of hybridization. These genetic

markers as well as the mtDNA control region also identi-

fied a deep genetic division within the SMHM concordant

with the current subspecies designations, R. r. raviventris

and R. r. halicoetes. We identified the lowest genetic

diversity within the southern subspecies, which inhabits a

much reduced and highly fragmented portion of the species

range. Morphological field identification of harvest mouse

species was more successful at identifying SMHM (92 %)

than WHM (44 %), with a large portion of WHM being

incorrectly identified as SMHM. Field identification of

harvest mouse species in the range of the southern SMHM

subspecies was just above 50 %, indicating that current

methods for morphological differentiation of species in that

area are insufficient. Our confirmation of genetically dis-

tinct SMHM subspecies highlights the importance of

determining the status and genetic composition of relict

populations in the remaining patches of marshland in the

central San Francisco Bay where the two subspecies may

occur, as well as developing better tools for the discrimi-

nation of species, particularly in the range of the southern

subspecies

Keywords Field identification � Management �
Morphology � Population subdivision � Species

identification � Subspecies

Introduction

Understanding the underlying genetic architecture of a

species facilitates preservation of genetic diversity and

maintenance of maximum evolutionary potential. The

partitioning of genetic diversity within a species reflects its
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history (Moritz 1994; Statham et al. 2014). Recent parti-

tioning can result in subpopulations with similar but non-

identical allele frequencies, whereas longer term popula-

tion subdivision can allow for greater differentiation

through genetic drift, accumulation of novel mutations, and

local adaptation if exposed to different selective environ-

ments (Hewitt 2000). The magnitude of divergence or

population subdivision also depends in part on the sizes of

populations and the frequency of migration (Paetkau 1999).

Habitat destruction and fragmentation associated with

human alterations of landscapes increasingly threaten via-

bility of endemic species, and necessitates managing pop-

ulations to maintain genetic diversity (Allendorf and

Luikart 2007). The coastal salt marshes of the San Fran-

cisco Bay Area [consisting of San Francisco Bay proper

(hereafter, San Francisco), San Pablo Bay, and Suisun Bay]

have been reduced and fragmented by urban and agricul-

tural development, erosion, water management, and vege-

tation change (Shellhammer 1989; USFWS 2013). This

fragmentation will likely be exacerbated by future sea level

rise, which is predicted to range 50–200 cm during the

twenty first century (US National Research Council 2010).

The salt marshes of the San Francisco Bay Area of Cali-

fornia are home to five endangered species including the

endemic salt marsh harvest mouse (SMHM, Reithrodonto-

mys raviventris; USFWS 2013). The SMHM (Rodentia,

Cricetidae) is restricted to salt and brackish marshes, and is

highly dependent on dense cover for predator avoidance

(Shellhammer 1989). These mice can swim well and tolerate

high salt concentrations in their diets (Fisler 1963, 1965).

Although unverified by genetic criteria, two subspecies of

SMHM are recognized. The southern subspecies (R. r.

raviventris) inhabits central and South San Francisco Bay,

while the northern subspecies (R. r. halicoetes) occurs in San

Pablo and Suisun Bays (Fig. 1; Shellhammer 1989). Frag-

mentation and loss of[75 % of the species habitat through

reclamation of tidal areas led to the SMHM being state and

federally listed as endangered (Goals project 2000; Shell-

hammer 1982, 1989; USFWS 2013). The situation is mag-

nified in the range of the southern subspecies where[90 %

of the historical habitat has been lost, with most of the

remainder lacking in suitable high tide escape habitat

(USFWS 2013). Despite being listed as endangered for over

40 years there are a number of key outstanding questions

necessary for the management of the species.

Accurate species identification is one of the most basic

requirements for population monitoring. Salt marsh harvest

mouse are often difficult to identify in the field due to

extensive sympatry with the morphologically similar

western harvest mouse (WHM, R. megalotis). The WHM is

abundant and widespread, with a range across much of the

western U.S., extending into Canada and Mexico. Although

the WHM is primarily a grassland species, it also inhabits

the edges of salt and brackish marshes in the San Francisco

Bay Area (Fisler 1963). Differentiating between the two

harvest mouse species in the field requires several mor-

phological measurements to assign individuals to a species

(Shellhammer 1984). This method often identifies

ambiguous individuals of intermediate morphology, clas-

sified as unknown harvest mouse species, which has con-

tributed to speculation that the two species could be

undergoing hybridization (USFWS 2013). Discrepancies

regarding how personnel take measurements can result in

assignment of the same mouse to different species. In

addition, juvenile and sub-adult mice are especially diffi-

cult to identify to species. Thus additional tools are needed

to ensure accurate species assignment of harvest mice.

A central goal of the US Fish and Wildlife Service’s species

recovery plan for the SMHM is to maintain genetic diversity to

minimize the risk of inbreeding depression and enable future

evolution and resilience to environmental change (USFWS

2013). This goal is intended to secure self-sustaining popu-

lations of SMHM across the geographic and ecological range,

as well as distinct genetic units within the species. However,

no phylogeographic work has been conducted to assess

genetic subunits or genetic diversity within the SMHM

(Shellhammer 1989; USFWS 2013). Although two sub-

species of SMHM have been described, there is no morpho-

logical characteristic that discretely separates them. One of the

main characteristics used to distinguish between the sub-

species is the color of the ventral pelage. While many indi-

viduals of the southern subspecies have a striking cinnamon-

colored ventral fur, others have white, which is also found in

the majority of individuals of the northern subspecies (Shell-

hammer 1982). Thus the validity of currently recognized

subspecies needs to be investigated with genetic data.

We undertook this study to provide support to conservation

efforts for the endangered SMHM. The objectives were to: (1)

create genetic tools for accurate species identification; (2)

assess the possibility of hybridization between SMHM and

WHM; (3) characterize population sub-division in SMHM;

(4) characterize phylogeographic (prehistorical) patterns

among populations, including assessment of the distinctive-

ness of the currently recognized northern and southern SMHM

subspecies (R. r. halicoetes and R. r. raviventris); and (5)

quantify and compare the genetic diversity in Suisun, San

Pablo, and San Francisco bays, the three primary areas of

habitat where the species occurs.

Materials and methods

Fieldwork and sampling

We trapped 142 harvest mice for genetic sampling in

2011–2013 in three locations within each of the three bays
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of the San Francisco Bay Area (Fig. 1). These three bays

encompass the entire historical (and modern) SMHM

range. We used up to [100 Sherman live traps (H.B.

Sherman Traps, Tallahassee, FL), spaced at *10 m

intervals, with the layout depending on the wetland shape.

We baited traps with mixed bird seed and ground walnut,

added cotton or polyester batting for warmth, set the traps

at dusk, and checked them at dawn. We measured the

trapped mice for their total and tail lengths, tail diameter,

and weight. Morphological assignment to species was

based largely on these measurements, along with pelage

coloration, and a number of characteristics of the tail as

described in Shellhammer (1984). We plucked hair as a

source of DNA. Prior to sampling from an individual we

physically wiped down the forceps with a clean tissue,

sterilized the forceps in a 2 % bleach solution, rinsed with

water to remove the bleach, and dried the forceps with a

second tissue. We stored the hair in 95–100 % ethanol until

DNA extraction. Animal trapping, handing, and genetic

sampling procedures were approved by UC Davis Institu-

tional Animal Care and Use Committee (IACUC No.

17889) and authorized by the appropriate state and federal

agencies.

Lab methods

Hair samples were digested overnight in solution consisting

of 39 mM Dithiothreitiol (DTT), 100 mM NaCl, 3 mM

CaCl2, 8.13 mM tris EDTA pH 8 (TE), 2 % sodium

dodecyl sulfate (SDS), and 0.2 mg proteinase K in a total

volume of 400 lL. The digestion solution was purified

using a modified phenol/chloroform method (Sambrook

and Russell 2001), and then further cleaned using Amicon

Ultra centrifugal filters (Millipore Ltd). Each extraction set

of 11 samples included a negative control to monitor for

Fig. 1 Map of sampling

locations within the San

Francisco Bay area. Sampling

locations are indicated with a

red pentagon. Coarse outline of

the salt marshes is indicated

with a yellow line. (Color

figure online)
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contamination. The resulting purified DNA was then used

for polymerase chain reaction (PCR) amplification.

Mitochondrial DNA (mtDNA)

We amplified the 50 portion of the cytochrome b gene and a

small section of tRNA-Glutamate (hereafter, Cyt-b) in both

target harvest mouse species using the primers MVZ-05

and MVZ-04R (Smith and Patton 1993; Brown 2003). This

reaction was conducted in a total volume of 23 lL, con-

sisting of 2 lL DNA extract, 1 9 PCR buffer, 2.5 mm

MgCl2, 0.2 mm dNTPs, 0.1 lg/lL BSA, 0.5 lm of each

primer and 1 U of AmpliTaq DNA Polymerase (Applied

Biosystems, Inc), with the following cycle conditions:

94 �C for 5 min, followed by 40 cycles of 94 �C for 30 s,

56 �C for 30 s and 72 �C for 45 s; followed by a 10-min

extension period at 72 �C. We amplified the control region

in SMHM using the primers Nmic50 (Méndez-Harclerode

et al. 2005) and 30-phenylalanine (Castro-Campillo et al.

1999), otherwise using the same PCR mixture and cycling

conditions. PCR products were purified using ExoSap-IT

(Affymetrix, Inc.) and sequenced in both directions using

the BigDye Terminator v3.1 cycle sequencing kit (Applied

Biosystems, Inc.). We then electrophoresed products on an

ABI 3730 capillary sequencer (Applied Biosystems, Inc).

The resulting DNA sequences were aligned in the program

Sequencher v5.1.

We used the resulting Cyt-b sequences to assign indi-

viduals to species by comparing to published sequences

using BLAST in GenBank (Altschul et al. 1990). In addi-

tion, we investigated the phylogenetic relationship of the

Cyt-b sequences we obtained with published ones from

SMHM, WHM, and closely related harvest mouse species

(Bell et al. 2001; Arellano et al. 2005). We created a

phylogenetic tree using maximum likelihood in the pro-

gram MEGA v5 (Tamura et al. 2011), using the most

appropriate mutation model (GTR ? I ? G) as identified

using Akaike information criterion in MEGA, with 1000

bootstrap replicates. For both mtDNA regions we created a

median-joining network (Bandelt et al. 1999) in Network

4.2.0.1 (www.fluxus-engineering.com) to assess the phy-

logenetic relationships among haplotypes. We used Arle-

quin 3.5 (Excoffier and Lischer 2010) to estimate haplotype

and nucleotide diversity, and to estimate the degree of

subdivision among bay-specific populations (UST).

Splitting time estimates of salt marsh harvest mouse

populations

We estimated the effective population sizes and splitting

times between the North and South Bay SMHM using

Markov chain Monte Carlo (MCMC)-based simulations in

the program IMa2 (Hey and Nielsen 2007; Hey 2010).

Using jmodeltest v 0.1.1 (Posada 2008), we identified HKY

as the most appropriate nucleotide substitution model on

this single species dataset. We converted mutation scaled

parameters to more biologically meaningful values using a

range of mutation rates; we used 1 % per million years as

the slowest rate, 2 % as the median, and 3 % as the highest

given a 1.5–2 faster mutation rate in rodents than other

mammals (Arbogast 1999; Nabholz et al. 2008). We tested

both ‘isolation only’ and ‘isolation with migration’ models.

Initial runs were conducted with default settings. We then

used 40 geometrically heated chains sampling 10,000 steps

(1 million generations) after a burn-in of 20,000 steps. We

ran each analysis a second time using a different random

seed to assess consistency. Two runs with high ESS values

([1000) and trend plots indicative of good mixing were

combined in ‘‘Load Tree’’ mode to generate multi-dimen-

sional parameter estimates. The ‘isolation with migration’

analyses failed to resolve the ancestral population size or

population splitting time and results of this analysis were

therefore not presented.

Microsatellite analyses

We screened all samples at 10 specifically designed harvest

mice microsatellite loci (Reponen et al. 2014). In addition

we investigated the utility of 10 microsatellite loci devel-

oped in Reithrodontomys spectabilis, a harvest mouse from

Mexico (Vázquez-Domı́nguez and Espindola 2013). One

locus, R34, was polymorphic in both SMHM and WHM

and was subsequently used to screen all individuals. We

tested for deviations from Hardy–Weinberg and linkage

equilibrium using Genepop (http://genepop.curtin.edu.au/).

We corrected for multiple test using the sequential Bon-

ferroni method (Rice 1989). We calculated the Observed

(Ho) and Expected Heterozygosities (He), and average

number of alleles per locus (A) in Microsatellite tool kit

(Park 2001). We calculated the inbreeding coefficient (FIS)

and allelic richness (Ar) in FSTAT v 2.9.3.2 (Goudet

1995). We calculated pairwise FST among sampling sites

using Arlequin 3.5 (Excoffier and Lischer 2010).

We examined population substructure using a model

based Bayesian clustering method implemented in the

program STRUCTURE v 2.3.3 using the admixture model

with correlated allele frequencies (Pritchard et al. 2000;

Falush et al. 2003). This technique allowed us to evaluate

population substructure without the need for a prior

assignment of individuals to populations. Several loci

amplified only in one of the harvest mouse species (as

ascertained through mtDNA sequencing). Thus different

loci were included depending on whether both species, just

SMHM, or just WHM, were being analyzed. We first ran

an analysis on all specimens, regardless of mtDNA species

assignment, using only loci that amplified in both harvest
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mice species. Subsequently, we ran independent analyses

on each of the highest supported clusters evident in the first

analysis. Iterations were run for K values of 1–5, with a

burn-in of 100,000 followed by a run of 500,000 genera-

tions. Simulations were run 5 times at each value of K to

assess consistency across runs. We determined the most

meaningful K values by plotting the Ln P(D) values and

determining where the greatest support was found

(Pritchard and Wen 2002).

Results

Interspecific comparisons

We identified 8 SMHM haplotypes (Table 1) and 11 WHM

haplotypes based on our 426 bp Cyt-b fragment. All hap-

lotypes were deposited in GenBank (Accession Nos.

KU528725-KU528750 and KU532155-KU532173). Only a

single SMHM haplotype (B) had been previously identified

(Arellano et al. 2005). The phylogenetic tree confirmed the

species identifications of SMHM and WHM haplotypes,

grouping them with published sequences from the same

species with high bootstrap support (99 and 93 % respec-

tively; Fig. 2). The SMHM haplotypes were most closely

related to those from R. montanus (plains harvest mouse;

Texas), whereas WHM haplotypes were most closely

related to those from R. zacatecae (Zacatecas harvest

mouse; Mexico). We observed 40 fixed nucleotide differ-

ences between the SMHM and WHM. The sequence

divergence between SMHM and WHM (11.06 %) minus

the average sequence divergence within species (0.21 %)

resulted in a net sequence divergence between species of

10.85 %. Converting this value to years using mutation

rates 1, 2, and 3 % per million years (see methods) resulted

in divergence time estimates of 10.85, 5.43, and 3.62

million years between SMHM and WHM species. In con-

trast we observed only 1–5 nucleotide differences between

any two SMHM haplotypes, equivalent to 0.23–1.17 %

sequence divergence.

We excluded microsatellite locus Rrav15 from analyses

due to ambiguous alleles. Within the SMHM nine loci

amplified. Within the WHM six loci amplified. We

observed fixed allelic differences between species at three

loci: Rrav 6, 8, and 21 (Supplemental Table). We noted 5

occurrences of significant deviation from HWE, each of

which occurred in just one of three bay populations (Sup-

plemental Table). The only occurrences of significant

deviation from LD occurred between loci Rrav6 and

Rrav29 in the San Pablo Bay population of SMHM. None

of the deviations from linkage and Hardy–Weinberg

equilibria were consistent among populations, suggesting

substructure rather than allelic dropout or physical linkage

as the cause; therefore all loci (except Rrav15) were

retained for subsequent analyses.

Bayesian cluster analysis of all harvest mice in the

program STRUCTURE indicated highest support for

K = 2, after which support values plateaued (Supplemental

Figure). The discrete groups identified were consistent with

the mtDNA species assignment indicating that they repre-

sented the SMHM and WHM species (Fig. 3). Individuals

were assigned on average 99.6 % to a single species

cluster.

Testing morphological identification of species

Species assignment of SMHM based on morphology cor-

rectly identified 92 % of individuals (83 of 90), with one

Table 1 mtDNA Cytochrome

b haplotype occurrence in

SMHM in all sampling

locations across the three bays

Location n Haplotype

A B C D E I L M

San Pablo Bay

Napa/Sonoma Marshes 15 10 – – 4 – 1 – –

Fagan Slough 10 – 10 – – – – – –

Napa Plant Restoration Area 5 3 – – 2 – – – –

Suisun Bay

Hill Slough 10 6 – – 2 2 – – –

Point Edith 10 10 – – – – – – –

Denverton 10 6 2 – – 1 – – 1

San Francisco Bay

Warm Springs Mouse

Pasture

4 – – 2 – – – 2 –

Eden Landing 20 – – 18 – – – 2 –

Mayhew’s Landing 6 1 – – – – – 5 –

Total 90 36 12 20 8 3 1 9 1
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animal misidentified as WHM, and 6 animals unidentified

to species. Species assignment of WHM based on mor-

phology was much less successful, with 44 % (23 of 52)

correctly identified and 27 % (14 of 52) misidentified as

SMHM. In addition the proportion of harvest mice cor-

rectly assigned to species using morphology differed

among the three bays. Correct species assignment was

substantially lower in the San Francisco Bay (50.9 %) than

either of the two northern bays (San Pablo, 100 %; Suisun,

84.6 %). The abundance of WHM relative to SMHM was

similar in Suisun and San Francisco Bays (0.73:1, 0.9:1,

respectively), suggesting greater difficulty in identifying

harvest mouse species in the San Francisco Bay, which

represented the southern portion of the SMHM range.

Salt marsh harvest mouse analyses

The SMHM Cyt-b haplotypes divided into two clades. Clade

1 was ubiquitous, while clade 2 was found only in San Pablo

and Suisun bays (Fig. 4), indicating greater ancestral

diversity in the northern portion of the species range. There

was a greater degree of haplotypes sharing between the two

northern Bays (San Pablo and Suisun), than between either of

these Bays and the San Francisco Bay (Table 1). Individuals

from San Francisco Bay had 3 closely related haplotypes, of

which only 1, the ancestral A haplotype, was shared with the

two northern bays. Haplotype A was only identified in a

single San Francisco individual, while the remaining hap-

lotypes (C and L) were found in multiple locations only in the

San Francisco Bay (Fig. 2a). Analyses of the same individ-

uals with the more highly resolving control region also

identified only 3 haplotypes in San Francisco Bay, none of

which were shared with populations in the northern bays

(Fig. 4b). San Pablo and Suisun had substantially more

control region haplotypes (11 and 13, respectively). Analy-

ses of the combined mitochondrial gene regions (Cyt-b and

control region) estimated that San Pablo and Suisun had

nearly twice the haplotype diversity, and 4–5 times the

nucleotide diversity found in San Francisco (Table 2).

Analyses of population subdivision using pairwise UST

values indicated that all bays were significantly differen-

tiated from one another (Table 3). Both mitochondrial gene

regions indicated a substantially closer relationship

between San Pablo and Suisun, than between either of

these bays and San Francisco Bay. The control region

haplotype network suggested little phylogenetic divergence

between the two northern populations, including sharing of

one haplotype.

meg A
meg M
meg C
meg K
meg B
meg E
meg D
meg F
meg J
meg L
meg N

D
I

E
B

A
L
C
M

99

93

94

90

0.02

R. mexicanus Mexico

R. raviventris California

R. raviventris California
R. raviventris California

R. montanus Texas
R. humulis Oklahoma

R. zacatecae Mexico
R. megalotis Texas
R. megalotis Texas

Western Harvest 
Mouse

Salt Marsh 
Harvest Mouse

Fig. 2 Maximum likelihood consensus tree of salt marsh harvest

mouse, western harvest mouse, and closely related members of the

genus Reithrodontomys. Based on analyses of 403 bp of the

cytochrome b gene, with 1000 BS replicates. The asterisk indicates

nodal support of 68–94 %. Harvest mouse reference sequences are

from Bell et al. (2001; AF176248-58), and Arellano et al. (2005;

AY859470)
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The San Francisco Bay population of SMHM exhibited

the lowest Observed (Ho) and Expected Heterozygosities

(He), and average number of alleles per locus (A; Table 4).

This trend was particularly pronounced when the two

northern bays were considered a single unit. Here the

average number of alleles rarefied to control for sample

San 
Francisco

San 
Pablo SuisunSan Francisco San Pablo Suisun

0%

25%

50%

75%

100%

0%

25%

50%

75%

100%

All Harvest Mice from Greater San Francisco Bay

Salt Marsh Harvest Mouse                      Western Harvest Mouse

(a)

(b) (c)

0%

25%

50%

75%

100%

Fig. 3 Harvest mouse genetic subdivision as evident from

microsatellite loci and cluster analysis using the program STRUC-

TURE. All analyses were performed without prior information

regarding the population of origin or putative species. a Genetic

cluster analysis of all harvest mice (based on 5 microsatellite loci)

separated animals into two groups, salt marsh harvest mouse and

western harvest mouse, consistent with the species assignment from

mtDNA analyses. b Cluster analysis of the salt marsh harvest mouse

(based on 8 microsatellite loci) separated animals from the south bay

from those in the two northern bays, consistent with previously

described subspecies. c There was no evidence of population

subdivision within the western harvest mouse dataset (based on

analyses of 6 microsatellite loci)

Suisun
San Pablo
San Francisco

Clade 1 Clade 2 Clade 1 Clade 2

(a) (b)

Fig. 4 Haplotype networks of salt marsh harvest mouse mtDNA. a Is based on 403 bp of cytochrome b from 90 animals. b Is based 785 bp of

the control region from 87 animals. Circle sizes are proportional to the number of individuals represented
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size indicated lower diversity in the San Francisco Bay

relative to the northern two bays, in addition to a lower

number of private alleles. Consistent with locus-specific

tests of Hardy–Weinberg and linkage disequilibrium

(above), all populations exhibited positive multilocus FIS

values, reflecting a deficit of heterozygotes apparently

caused by population substructure. Similarly to mtDNA

analyses, pairwise FST based on microsatellites revealed

significant differentiation among all populations, with

divergence of the San Francisco Bay population from the

two northern populations (average FST = 0.144) greater

than that between the two northern populations (FST =

0.019; Table 4).

Bayesian cluster analysis in the program STRUCTURE

indicated that K = 2 had the highest support across five

replicate runs. Without any prior geographic information

this separated SMHM from the southern San Francisco Bay

from those in the northern two bays (Fig. 3). Separate

analyses conducted on SMHM from the southern San

Francisco Bay, and from the combined samples of San

Pablo and Suisun did not support additional subdivisions.

Cluster analysis of the WHM dataset did not support sub-

division of the population (Fig. 3).

Based on our coalescent analysis of Cyt-b data in IMa2,

estimates of the splitting time between northern and

southern populations ranged between from 3.7–194 kya,

5.6–291 kya, 11–582 kya, depending on the mutation rate

assumed (3, 2, or 1 % per MY, respectively; Table 5). We

estimated the ancestral effective size of the northern pop-

ulation at approximately 3 9 that of southern population

(Table 5).

Discussion

Our most significant findings were: (1) the clear and

ancient difference between the sympatric and morpholog-

ically similar harvest mouse species; (2) the lack of

hybridization between them; (3) the inadequacy of mor-

phological tools to discriminate them in the field, espe-

cially in the range of the southern SMHM subspecies; and

(4) the deep genetic subdivision between subspecies of the

SMHM. Below, we discuss the evidence for and implica-

tions of each of these findings.

Distinguishing between harvest mouse species

Both mtDNA and nuclear DNA datasets clearly resolved

SMHM and WHM species. We observed no haplotypes

shared between species, and phylogenetic analyses of

Table 2 Diversity statistics for

combined mitochondrial

cytochrome b and control region

(1121 bp) within the salt marsh

harvest mouse

Bay n Haplotypes Haplotype diversity SD Nucleotide diversity SD

San Pablo 29 11 0.89 0.03 0.0076 0.0040

Suisun 29 14 0.94 0.02 0.0066 0.0033

San Francisco 29 3 0.49 0.07 0.0014 0.0009

Table 3 Population

subdivision within SMHM as

evident with mtDNA and

microsatellites

Population Cytochrome b Control region Microsatellites

SP SU SF SP SU SF SP SU SF

San Pablo – – –

Suisun 0.09 – 0.11 – 0.019 –

San Francisco 0.36 0.38 – 0.37 0.41 – 0.145 0.142 –

Values for mitochondrial regions indicate pairwise UST, while values for microsatellites indicate pairwise

FST between the three bays

All pairwise comparisons were significant at P B 0.05

Table 4 Microsatellite

diversity statistics within

SMHM across eight

polymorphic loci

Population n A AR
a Pr HE SD HO SD FIS

San Pablo 30 4.9 3 0.63 0.06 0.56 0.03 0.11

Suisun 30 4.8 2 0.59 0.09 0.57 0.03 0.04

San Francisco 30 3.9 3.8 6 0.52 0.09 0.49 0.03 0.06

Northern 2 Bays 60 5.1 4.9 15 0.62 0.07 0.57 0.03 0.09

A average number of alleles per locus; AR allelic richness, Pr private alleles, HE expected heterozygosity,

HO observed heterozygosity, FIS inbreeding coefficient
a Rarefaction estimate for a sample of 25 individuals
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Cyt-b indicated that both species formed well resolved

monophyletic lineages (Fig. 2). Moreover, the topology of

the tree was consistent with previous analyses (Arellano

et al. 2005) indicating that SMHM and WHM were not

sister species. Rather the SMHM was the sister species to

the plains harvest mouse (R. montanus) from the central

U.S. and northern Mexico, and the WHM was the sister

species to the Zacatecas harvest mouse (R. zacatecae) from

Mexico. Coarse divergence time estimation indicated that

SMHM and WHM most recently shared a common

ancestor *3–10 million years ago, during the Pliocene or

Miocene, and, based on the phylogenetic tree, that ancestor

would likely have been shared among multiple species

within the genus Reithrodontomys. This estimate is similar

to other divergence time estimates within the genus (Bell

et al. 2001). Because mtDNA is a maternally inherited

marker, we relied on autosomal nuclear microsatellites to

assess the possibility of male mediated hybridization.

Consistent with the mtDNA, microsatellites indicated

unambiguous assignment of individuals to one or the other

harvest mouse species. Despite their similar morphology

and overlapping ranges our results make it clear that sig-

nificant gene flow has not occurred historically between

harvest mice species in the Bay Area.

The clear genetic differentiation between species

allowed us to assess the efficacy of conventional species

assignment based on morphology. Overall, morphological

field identification of SMHM was more successful than

identification of WHM. Specifically 92 % of SMHM, and

44 % of WHM were correctly identified. Our results indi-

cated that a large portion (27 %) of WHM were incorrectly

assigned as SMHM, whereas many WHM (29 %) were not

assigned to one species or the other due to ambiguous

characters. In areas of high WHM abundance such inac-

curate species identification could falsely inflate the

SMHM counts. This problem has potentially significant

ramifications for ongoing surveying and monitoring efforts.

We also noted a substantially lower species identification

rate in the southern portion of the species range, despite a

similar capture ratio of WHM to SMHM in Suisun Bay. In

the North Bay (Suisun and San Pablo) tail length, and tail

length to body length ratio ([79 mm and [115 %,

respectively) are most heavily relied upon to identify

SMHM (Brown 2003). In the South Bay (San Francisco)

the species exhibits considerable morphological variation,

including in coat color and tail length. Here the main

characteristics used to differentiate species are tail diame-

ter, pattern, coloration and shape (Shellhammer 1984).

These characteristics are acknowledged to be difficult to

use (Shellhammer 1984). With a success rate just 50.9 %, it

is clear that the morphological species identification key

used in the San Francisco Bay is insufficient to accurately

discriminate between these species. Future efforts using

genetically identified SMHM and WHM from the San

Francisco Bay should be used to determine if there are

distinguishing traits that can be used for morphological

identification in the field.

Salt marsh harvest mouse

We identified major, long-standing, population differenti-

ation within the salt marsh harvest mouse species. Multiple

lines of evidence indicate that the species is divided into

two distinct populations, one in the southern San Francisco

Bay and one in the two northern Bays (San Pablo and

Suisun). Most mtDNA haplotypes were found only in one

population, with only a single, apparently ancestral, Cyt-

b haplotype shared between northern and southern popu-

lations. Consequently we identified substantially higher

UST values in pairwise comparisons between the San

Francisco Bay population and either of the two northern

bays relative to that between the two northern bays. The

nuclear microsatellite dataset identified the same major

subdivision within SMHM using both pairwise FST and

Table 5 Mitochondrial DNA

splitting time and demographic

analyses of salt marsh harvest

mouse populations in the North

and South of the San Francisco

Bay

Parameter Mutation rate per million years

1 % 2 % 3 %

Splitting time 240,000 120,000 80,000

(11,000–582,000) (5,583–291,000) (3,722–194,000)

Ne North Bay 609,000 304,000 203,000

(123,000–1,195,000) (61,000–597 000) (41,000–398,000)

Ne South Bay 204,000 102,000 68,000

(11,000–488,000) (5,583–244,000) (3722–163,000)

Ne Ancestral 1,136,000 568,000 378,000

(0–4,076,000) (0–2,038,000) (0–1,359,000)

Analyses based on 403 bp of cytochrome b using the ‘isolation only’ model with the program IMa2.

Parameter values were calculated using mutation rates of 1, 2, and 3 % per million years. The 95 % highest

posterior density (HPD) intervals are given in parentheses after each of the parameter estimates
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model based clustering methods. These patterns were

consistent with previously recognized subspecies, Rei-

throdontomys raviventris raviventris from the San Fran-

cisco Bay and R. r. halicoetes from San Pablo and Suisun

Bays.

The deep genetic subdivision between SMHM sub-

species stands in contrast to patterns observed in other San

Francisco Bay Area salt marsh endemics. Microsatellite

analyses of morphologically distinct salt-marsh-associated

subspecies of song sparrows (Melospiza melodia) indicated

generally low levels of genetic differentiation and high

gene flow across the San Francisco Bay Area, thus chal-

lenging current subspecies designations (Chan and Arcese

2002). Analyses of the endangered Ridgway’s rail (Rallus

obsoletus) within the San Francisco Bay found that popu-

lation differentiation was strongly correlated with geo-

graphic distance, and that the single mtDNA haplotype

present was shared with all other California subspecies

(Chan et al. 2006; Maley and Brumfield 2013; Takekawa

et al. 2014). The shallower subdivision in these bird species

is likely affected by their relatively high dispersal ability.

Thus the deeper subdivision we identify in the SMHM may

be more representative of other, less vagile, marshland

species.

The ancient split within the SMHM is more in line with

pre-historical processes than with recent human induced

habitat fragmentation. Even the extreme end of our 95 %

HPD for splitting time, and assuming the upper end of

reasonable mutation rates (3 % per MY), indicated that the

split occurred at least 3700 years ago. More reasonably,

our average estimates of the splitting time between north-

ern and southern subspecies were on the order of tens to

hundreds of thousands of years ago, during the last glacial

period or earlier. This timeframe also agrees with our

understanding of physical processes of the region during

that period. During the Pleistocene, changes between gla-

cial and interglacial periods led to fluctuations in sea level,

which in turn impacted the extent and location of salt

marshes of the San Francisco Bay. During the Wisconsin

glaciation, when sea levels were considerably lower than

the present, the area was a riparian valley through which

the combined Sacramento and San Joaquin rivers flowed

(Atwater 1979). Rising sea level after the last glacial

maximum brought the sea into the golden gate around

10,000 years ago. Inundation slowed around 5000 years

ago, at close to the present level, thus the current marshes

surrounding the Bay stem from this time (Atwater 1979).

Endemism and diversity

Both SMHM subspecies exhibited private haplotypes and

alleles, with the southern subspecies exhibiting substan-

tially lower diversity in both genomic markers.

Specifically, the multilocus nuclear microsatellite dataset

indicated consistently lower values across all diversity

estimates. The mitochondrial dataset supported this general

trend, with the San Francisco Bay population having about

20 % of the nucleotide diversity found in either of the

northern bays, thus reflecting a lower effective population

historically. Such reduced genetic diversity has a bearing

on the adaptive potential of the southern subspecies, which

is particularly important in light of ongoing climate

change. This concern is elevated by the reduced and

fragmented nature of remaining salt marsh habitat in the

southern San Francisco Bay (USFWS 2013).

Management implications and future work

Better tools for the differentiation of harvest mouse species

are needed, especially in the range of the southern SMHM

subspecies. Investigation of ultraviolet reflectance to dif-

ferentiate between harvest mouse species has shown pro-

mise based on museum specimens (Ichiyanagi 2010).

Further work involving live mice in the field (with genetic

confirmation to species) will be necessary to determine the

efficacy of this or other techniques. Until such tests are

developed the use of genetic tools will be critical for the

monitoring and surveying of the SMHM.

The magnitude of the genetic divergence we identified

for the two SMHM subspecies was sufficient to warrant

their consideration as evolutionary significant units (ESU,

Moritz 1994, Paetkau 1999), which has important man-

agement implications. As suggested in guidelines set forth

by U.S. Fish and Wildlife Service (2013), the range of

genetic variation of the SMHM must be maintained to

allow for evolution and response to environmental change.

Thus, both units identified should be managed for persis-

tence. This is important as the two subspecies have a

degree of morphological differentiation and live in very

different environments (water salinity and associated veg-

etation, as well as competitors and predators).

Although we have identified genetic subdivisions within

the SMHM consistent with recognized subspecies the

actual geographic distribution of each subspecies as well as

strength of the subspecies boundary is unclear. The puta-

tive division between SMHM subspecies is considered to

occur between San Rafael and Richmond Marsh (Fig. 1;

Shellhammer 1989). Genetic sampling of individuals from

these intervening marshes would allow assessment of

whether the deep differentiation we observed corresponds

to the putative subspecies dividing line, indicating a degree

of reproductive isolation, or whether intervening popula-

tions facilitate gene flow between northern and southern

populations more consistent with an isolation-by-distance

pattern or porous boundary (i.e., hybrid zone).
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