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Abstract

We assessed the genetic structure and diversity of Reithrodontomys spectabilis, a critically
endangered, endemic rodent from Cozumel Island, México. A total of 90 individuals were
trapped from September 2001 to January 2005. Microsatellite data analysis revealed high
genetic diversity values: a total of 113 alleles (average 12.5 per locus), Ho = 0.78, He = 0.80.
These high values can be related to Cozumel’s size (478 km?) and extensive native vegetation
cover, factors that could be promoting a suitable population size, high heterozygosity and the
persistence of rare alleles in the species, as well as some long-term movement of individuals
between sampling localities. A strong genetic structure was also observed, with at least four
genetic groups, associated with a pattern of isolation by distance. We found a strong allelic and
genetic differentiation shown between localities, with negligible recent gene flow and low
inbreeding coefficients. The species life history and ecological characteristics —being nocturnal,
semi-terrestrial, a good tree climber, having lunar phobia and significant border effect— are likely
affecting its genetic structure and differentiation. The high genetic diversity and population
structure award R. spectabilis a significant conservation value. Our results can serve as a basis
for future research and conservation of the species, particularly considering the problems the
island is facing from habitat perturbation, urbanization and introduction of exotic species. In
view of the structure and genetic variability observed, it is essential to establish and reinforce
protected areas and management programs for the conservation of the endemic and

endangered Cozumel Harvest mice.

Keywords: Cozumel Island; genetic diversity; Mexico; microsatellites; Reithrodontomys

spectabilis

Introduction

Genetic diversity is one of the most basic components of biodiversity and its preservation is of
fundamental concern for conservation biology. Indeed, genetic diversity is of prime importance
for the long-term survival and evolution of species, and even more so for populations and
species that are threatened or endangered (Booy et al. 2000; Vazquez-Dominguez and Vega
2006; Allendorf and Luikart 2007). On islands, populations are often small and isolated, and
have ecological and genetic characteristics that render them as ideal natural experiments in

which to address questions about population genetics and evolution (White and Searle 2007).
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Oceanic islands in particular are geographically and genetically isolated and represent closed
biological systems with limited area, low species numbers and high rates of endemism.
Endemism is usually associated with the genetic differentiation of populations after their
establishment from a reduced number of mainland migrants (Grant 1998). Other genetic factors
related to geographic isolation that make island populations particularly vulnerable are founder
effects, genetic bottlenecks, loss of genetic and allelic variability, genetic drift and inbreeding.
The interaction of these factors with environmental and ecological processes, i.e. habitat
perturbation, introduction of exotic species, reduced competitive ability, high disease
susceptibility and lack of biological mechanisms to avoid introduced predators, are all associated
with the higher risk of extinction that island populations have compared with their mainland
counterparts (Frankham 1997; Hinten et al. 2003).

Among insular mammals, rodents deserve special attention because of their relatively
high degree of representation in the insular fauna and high endemism. Additionally, there is a
general lack of information regarding their population status and less attention is paid to their
conservation in comparison with other non-endemic, continental rodents (Amori et al. 2008).
Ironically, rodent species on island ecosystems are often considered under a negative context,
associating them with the well-known ecological damage caused by a few widely introduced
pest species (e.g. Rattus rattus and Mus musculus), while the fate of endemic species is
frequently overlooked. In fact, islands maintain an enormous and largely irreplaceable heritage
of rodent biological diversity (Ceballos and Brown 1995). In Mexico, 27 islands harbor endemic
mammal species, 23 of which are rodents, and many are considered threatened (Ceballos et al.
1998; Semarnat 2010). In addition, there is still rather limited knowledge regarding their genetic
status (Vazquez-Dominguez and Vega 2006).

Our study was carried out on Cozumel Island, Mexico, an oceanic island that harbors at
least 31 taxa of endemic animals (crustaceans, fishes, reptiles, terrestrial mammals and birds;
Cuardn et al. 2009). Although the island retains much of its natural vegetation, in recent years
serious threats such as exotic species, hurricanes and habitat fragmentation have jeopardized
its native biota (Walton 2004; Cuaron et al. 2009). Three endemic rodent species inhabit
Cozumel, Oryzomys couesi cozumelae, Reithrodontomys spectabilis and Peromyscus
cozumelae, although the latter is probably extinct (Vega et al. 2007; Fuentes-Montemayor et al.
2009). We have gathered, through the long-term study of their populations, detailed information
about the ecology and demography of the former two species (Fortes-Corona 2004; Fuentes-
Montemayor et al. 2009; Vazquez-Dominguez et al. 2012), although the population genetics has

only been studied for O. c. cozumelae (Vega et al. 2007; Sunny 2010).
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The Cozumel Harvest mouse, Reithrodontomys spectabilis (Jones and Lawlor 1965) is
slightly bigger than its closest relative, the geographically adjacent R. gracilis. The tail is scantily
haired, long in relation to the head and body, with an overall brownish ochraceous coloration on
the upperparts and brighter on the sides, while the underpart is grayish white (Jones 1982). Itis
nocturnal, semi-terrestrial, a good tree climber; it shows lunar phobia, i.e. little individual
dispersal during full moon days, a strategy to avoid predators (Fuentes-Montemayor et al. 2009).
A significant border, or edge, effect has also been observed for this rodent, directly associated
with age and reproductive condition (e.g. the proportion of adults and reproductive individuals is
higher near edges and juveniles are only found far from edges; Fortes-Corona 2004; Fuentes-
Montemayor et al. 2009). R. spectabilis is extremely scarce on the island as a result of a
significant population decline over the last decades (3.3 ind/ha; Fuentes-Montemayor et al.
2009), mainly as a consequence of introduced species (boas, feral dogs and cats, house mouse
and black rat) as shown by our group’s research (Fortes-Corona 2004; Bautista-Denis 2006;
Gonzalez-Baca 2006; Romero-Néjera et al 2007; Sotomayor-Bonilla 2009; Vazquez-Dominguez
et al. 2012). Itis currently classified as Threatened by Mexican law (Semarnat 2010) and as
Critically Endangered by the IUCN red list (Cuarén et al. 2008).

Considering the necessity of incorporating genetic information into conservation efforts,
our aim in this study was to assess the genetic structure and diversity of R. spectabilis. We
expected, based on the species life history, ecological characteristics and island endemic status,
that it will show low genetic variability levels, high genetic structure and differentiation and
reduced gene flow. Our results provide crucial information for the conservation of this endemic
species and more generally for efforts aimed at the long-term preservation of the genetic wealth

of Cozumel’s native biota.

Material and methods

Population sampling and DNA extraction

Cozumel Island is the largest island in the Mexican Caribbean (ca. 486 km?), located 17.5 km off
the Yucatan peninsula in the Caribbean Sea (20°16’'18.2’ ’- 20°35’32.8” N; 86°43'23.3’ -
87°01’31.1” W). The island was formed between the Oligocene and the Pleistocene, for which
no land bridge is recognized, thus it is classified as oceanic (Weidie 1985). It has a vegetation
gradient, formed mainly by semi-evergreen tropical forest and less extended subdeciduous

tropical forest and mangroves (Romero-Najera et al. 2007; Vazquez-Dominguez et al. 2013). It
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is practically flat with no geographical barriers or superficial water bodies except for a few
cenotes (sinkholes).

Intensive fieldwork was done throughout the island between September 2001 and
January 2005, during which we systematically performed trapping sessions with Sherman and
other kinds of traps, as a part of an ongoing study on the ecology, evolution, genetics and
conservation of the Cozumel biota (e.g. Cuardn et al. 2004, 2009; Romero-Najera et al. 2007,
Vega et al. 2007; Vazquez-Dominguez et al. 2012). In each site, we placed two quadrants,
each with 49 Sherman live traps separated by approximately 8.5 m from each otherina 7 x 7
trap-grid arrangement. They were baited with a mixture of rolled oats, peanut butter and vanilla
extract. Despite the geographically extended sampling effort we successfully trapped R.
spectabilis only at six localities distributed in the north (MANGLAR and POTABILIZADORA
localities), northwest (PALMAS), east (MEZCALITOS) and central regions (CAPA4.4 and
CAPAA4.8) of the island (Fig.1). Nonetheless, the distribution of these six localities covers almost
all the island, with the exception of the southernmost part. A total of 90 R. spectabilis individuals
were obtained. Tissue samples from each individual were ethically obtained, with the
corresponding collecting permits (Semarnat-FAUT-0168), and stored in labeled Eppendorf tubes
with 90% ethanol until later use. Techniques used are in compliance with guidelines published
by the American Society of Mammalogists for use of wild mammals in research (Gannon et al.
2007).

We performed DNA extraction with the QuickGene DNA Tissue Kit (Fujifilm Life
Sciences), following the manufacturer’s protocol. We assessed DNA quantity and quality with

1% agarose gels stained with 0.5 ug/ml ethidium bromide and visualized with UV light.

Microsatellite typing

The genotypes of each individual were characterized with 10 microsatellite loci, using
fluorescently labeled microsatellite primers developed specifically for R. spectabilis (Vazquez-
Dominguez and Espindola 2013). We performed DNA amplification by Polymerase Chain
Reaction (PCR) in a 5 ul total volume as described in Vazquez-Dominguez and Espindola
(2013). Microsatellites products were multiplexed and run on an ABI Prism3730xI and 3100
Genetic Analyzer (Applied Biosystems), with ROX-500 as internal size standard and allele size
determined with the software GeneMarker v.1.97 (SoftGenetics). We included negative controls
in all runs and sized multiple samples at least twice to assure reproducibility and correct

readings.
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Statistical analysis

We evaluated the presence of null alleles and stuttering with the program Micro-Checker v.2.2.3
(Van Oosterhout et al. 2004), using a 95% confidence interval and 1000 repetitions. Significant
frequency of null alleles was found at locus mexr32, thus it was removed from analyses. For
each sampling locality and for the entire Cozumel population, we examined possible departures
from Hardy-Weinberg equilibrium (HWE) with an exact test and linkage disequilibrium (LD) by a
log-likelihood ratio statistic (G-test). Allelic frequencies and Fs statistics were estimated to
evaluate heterozygote deficit or excess, using GenePop v.4.0 (Raymond and Rousset 1995),
and significance tests were done using the Markov chain method implemented in GenePop,
using 10,000 as dememorization steps, 1,000 batches and 10,000 iterations per batch. Where
necessary, o value was adjusted for multiple comparisons applying a Bonferroni correction (Rice
1989). We assessed genetic variability for each sampling locality and for Cozumel by
calculating the observed (n,) and effective (n) number of alleles, observed (H,) and expected
(He) heterozygosity and Nei's unbiased expected heterozygosity (Hye;; Nei 1978), using the
program GENALEX v.6 (Peakall and Smouse 2006).

We used several approaches to assess the degree of genetic structure and
differentiation between sampling localities. First, we defined the population subdivision on the
island with a Bayesian clustering method that uses multilocus genotype data and identifies the
number of K clusters (genetic groups), with the software STRUCTURE v.2.3 (Pritchard et al.
2000). STRUCTURE was run with values of K = 1 to 8, using the admixture and the correlated
allele frequencies models. Twenty runs were performed for each value of K, based on 100,000
Markov chain Monte Carlo iterations and a burn-in period of 50,000. In order to evaluate if the
STRUCTURE results differed, we also performed the analysis using the sampling localities as a
priori. For both cases, we determined the number of genetic groups (K) by comparing mean
values and variability of log likelihoods from each run, using the AK method of Evanno et al.
(2005), which is an ad hoc statistic based on the rate of change in the log probability of data
between successive K values and that accurately detects the uppermost hierarchical level of
structure (Evanno et al. 2005). The majority of individuals were assigned to a genetic group
based on a 70% or higher probability of membership in the STRUCTURE analysis. The genetic
group of origin of individuals with a lower probability was established by performing an
assignment test with GeneClass v2.0 (Piry et al. 2004), using the programs’ default settings.

Next, we used GenePop v.4.0 to evaluate the allelic and genotypic differentiation
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between sampling localities with a G exact test (Goudet et al. 1996). Fst was estimated within
sampling localities and at the global level (Cozumel), based on Weir and Cockerham’s (1984)
approach using FSTAT v.2.9.3 (Goudet 1995). Finally, Nei's genetic distance (Dyg) between

sampling localities was estimated with GENALEX v.6.

In order to explore if gene flow was present, we estimated the migration rate between
sampling localities with BIMr V.1.0 (Faubet and Gaggiotti 2008), a program that makes
inferences about recent proportions of immigrant genes in subdivided populations. As opposed
to other methods that estimate migration rates over an evolutionary scale, BIMr estimates
migration during the last generation. We used a burn-in period of 100,000, a sample size of
100,000 and a thinning interval of 50 iterations, with the F-model and default values of pilot runs,
priors and incremental values. To verify convergence we performed three independent runs.
Inbreeding coefficient per locality was also estimated with the BIMr analysis. We also performed
a Mantel test to evaluate the fit of the data to a pattern of isolation by distance, based on Fst
pairwise estimates and linear geographic distances between sampling localities, using the
program IBDWS v3.15 with 30,000 permutations (Jensen et al. 2005). Finally, distribution of the
genetic variance considering different hierarchical levels (sampling localities, genetic groups and
individuals) was examined using a molecular analysis of variance (AMOVA), based on Fsr as
implemented by ARLEQUIN v.3.01 (Excoffier et al. 2005). Significance was calculated using a
non-parametric test with 30,000 permutations.

In order to test if geographic location may have an effect on genetic differentiation we
used a hierarchical Bayesian method (GESTE v.2.0; Foll and Gaggiotti 2006). This analysis was
based on the estimated sampling localities’ specific Fsts that can be interpreted as a measure of
genetic differentiation between each local population and the migrant pool. We considered
sampling locality coordinates (latitude and longitude) as geographic factors and estimated the
posterior probability of five alternative models: 1) geographic location does not have an effect on
genetic differentiation, 2) effect of latitude only, 3) effect of longitude only, 4) effect of both
latitude and longitude, and 5) interaction effect. In addition, we used connectivity (i.e., average
distance from one locality to all others) to test its effect, while the null model was with no effect.
The method provides posterior probabilities for each model tested using a Reversible Jump
MCMC approach, where the model with the highest posterior probability is the one that best
explains the data. We used 100,000 iterations with a burn-in period of 10,000 and a thinning
interval of 100. Three independent runs with these settings were performed to verify

convergence.
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As another indicator of differentiation at the individual level, we evaluated relatedness
among individuals with the program ML-RELATE (Kalinowski et al. 2006), which has the
advantages that it is designed for microsatellites, is based on maximum likelihood tests and
considers null alleles. Also, to explore demographic information of R. spectabilis, we estimated
the effective population size applying a method that uses linkage disequilibrium (LD) and a
random mating system to estimate effective population size (Ne) values (NeEstimator v.1.3; Peel
et al. 2004). In addition, we used MSVAR 1.3 (Storz and Beaumont 2002) to infer its historical
demography, an approach that allows detecting recent changes in population size (Girod et al.
2011). Simulation runs consisted of 100,000 steps with a thinning interval of 20,000 iterations
and a 10% of burn-in; two independent runs were performed to ensure consistency of estimates.
We used Gelman and Rubin’s (1992) convergence diagnostic to check MCMC convergence.
Because we found population structuring (see Results), both effective population size and
historical demography were estimated for each genetic group, an analyses that ought to be

based on panmictic units.

Results

Genetic diversity

After Bonferroni correction, only the locus mexrl19 showed significant deviation from Hardy-
Weinberg equilibrium at CAPA4.8, due to an excess of homozygotes (p=0.006). When
considering the entire population (Cozumel), only one pairwise locus, out of the 36 possible
comparisons, was in linkage disequilibrium. Given that no significant deviation was associated
with any locus in particular, we considered the nine loci as independent markers.

Regarding genetic diversity values, a total of 113 alleles across the nine loci were
obtained, with a range of 3-18 (average 12.5) alleles per locus for Cozumel (Table 1). Mexrl13
was the locus with the highest observed and effective number of alleles (18 and 9.5,
respectively) and the locus with the lowest number was mexr23 (3 and 1.4, respectively).
Observed and expected heterozygocities showed high values in all sampling localities (Ho =
0.773 t0 0.838; He = 0.659 to 0.765; Hyg = 0.754 to 0.796). MEZCALITOS was the only

sampling locality that did not have private alleles (Table 1).

Population structure
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STRUCTURE results defined four genetic groups (LnP(K = 4) = -3542.8) (Fig. 2), with 60% of
individuals assigned to a particular group (Q = 0.7) (Fig. 1). We were able to assign the rest of
individuals, in accordance with the STRUCTURE subdivision, using the assignment analysis. The
genetic groups did not differ when based on sampling localities as a priori in the STRUCTURE
analysis. Each genetic group was dominated by a sampling locality, although there was
admixture in some: MANGLAR and POTABILIZADORA had a similar genetic composition
(pairwise Fst = 0.008) and the same was observed for PALMAS and MEZCALITOS (pairwise
Fst = 0.024). On the other hand, CAPA4.4 and CAPAA4.8 differentiated more clearly from the
rest (pairwise Fst > 0.042) and between each other (pairwise Fst = 0.099). We named the four
genetic groups as NORTH, NORTHWEST, CAPA4.4 and CAPAA4.8, respectively (Fig. 1).

A strong allelic and genetic differentiation was found in the pairwise comparisons (G
exact test; p<0.05). Similarly, the global Fsyvalue (estimated with GESTE) was 0.060, while Fst
values per sampling locality were highest for CAPA4.8 (0.124; 0.072-0.179, 95% C.1.) and
CAPA4.4 (0.066; 0.036-0.099, 95% C.1.), followed by MANGLAR (0.054; 0.0003-0.130),
PALMAS and POTABILIZADORA (0.038; 0.021-0.057 and 0.038; 0.020-0.059, respectively),
and 0.07 (0.011-0.135) for MEZCALITOS. Nei’'s genetic distances showed the highest values
between CAPA4.4 and MANGLAR (0.934) and the lowest between PALMAS and
POTABILIZADORA (0.288) (Table 2).

Results of the migration rate between sampling localities showed values that are
essentially zero for all locality pairs, indicating that migration (gene flow) during the last
generation was negligible between them, whereas inbreeding coefficients were also very low
(average 0.017 to 0.086). In relation with the AMOVA results, genetic variation resided mainly
within individuals (96.1%; p>0.05), while genetic variation among sampling localities within
genetic groups and among genetic groups was 2.5% and 3.56%, respectively (p<0.01).

Regarding the analyses used to test if geographic location had an effect on genetic
differentiation, posterior probability results for the five models tested showed that the null model
(geographic location does not have an effect on genetic differentiation) had the highest posterior
probability (0.64). The other models (effect of latitude only, effect of longitude only, effect of
both latitude and longitude, and interaction effect) had 0.205, 0.123, 0.029 and 0.005 posterior
probability values, respectively. When we tested the connectivity scenarios, results indicated no
effect, with a 0.87 posterior probability. The Mantel test showed a significant albeit low
association between pairwise estimates of Fsr and linear geographic distances (R*=0.155,

r=0.394, p=0.029), which can be associated with a weak pattern of isolation by distance.
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Population size, relatedness and bottlenecks

The effective population size (Ne) estimated for each genetic group was 70.2 (43.2-165.7, 95%
C.l.) for CAPA4.4; 11 (8.2-15.8, 95% C.I.) for CAPA 4.8; 84 (50.6-215.3, 95% C.I.) for
NORTHWEST; and 178.7 (103-573.4, 95% C.I.) for NORTH. Relatedness results showed a
high proportion of unrelated individuals (86.9%), followed by half-siblings (11.8%), siblings
(0.9%) and parent/offspring (0.4%) for Cozumel. Proportion of relatedness of individuals within
each sampling locality was similar (data no show); however, in the case of CAPA4.8, we found a
higher percentage of parent/offspring and siblings (7.2 and 7.2%, respectively). Finally, MSVAR
results suggested that there has not been a significant population size reduction or expansion in
R. spectabilis (Table 3). Change ratio (Nel/Ne0) for each genetic group was: 0.86 for CAPA4.4;
0.90 for CAPA4.8; 1.02 for NORTHWEST; and 1.07 for NORTH, which suggest that effective

population size has remained stable.

Discussion

Information about the genetics of species, e.g. diversity levels, structure, bottlenecks and
inbreeding, among others, is of fundamental value for the preservation of biodiversity, and it has
been recognized that genetic variability within and between populations should be evaluated and
considered in conservation and protection plans (Frankham et al. 2005; Vazquez-Dominguez
and Vega 2006; Allendorf and Luikart 2007); nonetheless, it has been regularly ignored in
conservation strategies worldwide. Moreover, the long-term survival and evolution of
populations and species often depends on their genetic variability, given that genetic loss or
erosion can reduce the potential of populations to adapt to hew or changing environments and
can also diminish individual fitness, increasing the risk of extinction (Gibbs 2001; Frankham et al.
2005).

Reithrodontomys spectabilis showed high levels of genetic and allelic diversity (Ho =
0.789 and n, = 12.5), in contrast with what is expected for island populations. Many studies of
small and medium sized island mammals using microsatellites show a pattern characterized by
low levels of genetic and allelic diversity (Eldridge et al. 1999, 2004; Hinten et al. 2003;
Abdelkrim et al. 2005; Wang et al. 2005), mainly associated with small population size, isolation,
founder effect, genetic bottlenecks, inbreeding and small island size. On the other hand, it has
been observed that species with high dispersal capacity, like bats (Rossiter et al. 2000;

Vazquez-Dominguez et al. 2013), or those inhabiting islands of great size (Hinten et al. 2003;

10
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White and Searle 2007), are able to maintain high genetic diversity levels. Itis notable that, as
observed for R. spectabilis, relatively high genetic variability has also been found for Oryzomys
couesi cozumelae, despite the small population size also shown by this species in the island
(Vega et al. 2007). R. spectabilis’ genetic diversity can be related, as with O. c. cozumelae, to
Cozumel’s size (478 km?) and extensive native vegetation cover, factors that could be promoting
a suitable population size, high heterozygosity and/or the persistence of rare alleles for these
species.

We found genetic structuring and high genetic differentiation for R. spectabilis on the
island, revealed as four distinct genetic groups and high genetic distance values between
sampling localities, suggesting certain degree of isolation. Also, negligible recent gene flow
between sampling localities and a small albeit significant isolation by distance were detected. It
is likely that we are detecting a relatively recent genetic structure, in particular because this
species historically had a more continuously distributed population throughout the island (Jones
and Lawlor 1965; Gutiérrez-Granados 2003). The fact that admixture was observed, in which
individuals from different sampling localities are clustered together (i.e. they share allele
frequencies) supports this. Capture-recapture studies in Cozumel (see Vega et al. 2007,
Fuentes Montemayor et al. 2009, and references therein) have shown that rodents on the island
move only short distances and rarely cross the c. 3-m wide gravel roads, whereas the main
transversal 20-m wide paved road that crosses the island in a southeast-northwest direction
(Fig. 1), somehow fragmenting it in a north and a south segment, is related with significant
genetic structuring in O.c. cozumelae, and likely with the structuring and observed pattern of
isolation by distance for R. spectabilis. Also, it is important to consider the biological and life
history features that characterize R. spectabilis. It is semi-arboreal with good climbing abilities
and has specific habitat requirements, favoring undisturbed sites with dense vegetation and far
from habitat edges (Fuentes-Montemayor et al. 2009). These characteristics can promote little
movement between patches or throughout long distances, facilitating genetic differentiation
between localities along the island. However, there is scarce information about the relationship
between habitat requirements and genetic structure in mammals (Loew et al. 2005), thus this will
need to be evaluated directly. Strong genetic structure has been found in different rodent
species that are highly fragmented for which, consequently, their populations behave as islands
(see Loew et al. 2005; Castafieda-Rico et al. 2009) and are comparable to island rodents, like
the case of Ctenomys magellanicus of Isla Grande de Tierra del Fuego (Argentina) (Fasanella et

al. 2013) and Nesoryzomys narboroughi of the Galapagos Islands (Johnson 2005).

11
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Behavior also has effects on genetic structure in animals. R. spectabilis shows lunar
phobia, a strategy to evade predation that has been associated with its lower abundance and
less activity near edges (Fuentes-Montemayor et al. 2009). The latter limits long distance
movements of individuals, again favoring differentiation between populations. Different studies
have related behavior, life history and social characteristics with population structure; for
instance Vazquez-Dominguez et al. (2002) showed that female philopatry and sex-biased
dispersal influence genetic structure in the rodent Liomys pictus. Kraaijeveld-Smith et al. (2007),
in a comparative study with three sympatric species showed that genetic structure is defined by
male dispersal in the marsupials Antechinus agilias and A. swainsonii, while for the third, the
rodent Rattus fuscipes, is related with its small size and habitat requirements that result in very
little dispersal (see also Paetkau et al. 2009). It is interesting to notice the high differentiation
shown by the two central sampling localities, CAPA4.4 and CAPA4.8 (Fig. 1), considering that
they are separated by the shortest distance (3.02 km) between all localities; such structuring is
in agreement with Fuentes-Montemayor et al. (2009), who found that R. spectabilis in CAPA is
distributed within vegetation patches in accordance with sex and age differences. CAPA4.8, the
most differentiated locality (Fst = 0.124), showed a significant deficit of heterozygotes in one
locus (mexr19), which can be an indicator of inbreeding. CAPA is the most conserved area on
the island, with extensive semi-evergreen tropical forest and good vegetation cover, providing
resources like refuge and food, likely contributing to the low dispersal of this species.

The effective population size (Ne) observed for each genetic group was between 11 and
179 individuals, and although this estimate is sensitive to sample size and could be under-
estimated (England et al. 2005), it gives a good approximation as to the low population numbers
on the island for this species (Sunny et al. 2014). Ne is a measure directly related with the rate
of genetic diversity loss and the increase of inbreeding in a population, and the rule of thumb
suggests that a Ne higher than 50 is needed to minimize consanguinity effects, while higher than
500 to retain adaptive genetic variation (Allendorf and Ryman 2002). If we add the fact that it is
affected by population size fluctuations, a pattern observed for R. spectabilis in Cozumel due to
the island’s strong seasonality, the estimated effective population size could be even lower.
Multiple negative consequences can be associated with a small population size, both at the
demographic and genetic levels (Frankham 1998; Eldridge et al. 1999). Regarding relatedness,
our results show that the highest percentage is of unrelated individuals, which suggests that
there is low chance of inbreeding. Given the fact that there is little exchange of individuals
among populations and that most of the genetic variability resides within individuals, the low

relatedness observed could be explained by mating behavior, often associated with differential
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male dispersal, although in the present case it could not account for the low relatedness
observed. A plausible explanation in addition to mating behavior includes juvenile mortality,
which will result in few relatives coexisting within a colony (Dixon 2011). In accordance, adult
and juvenile mortality are probably high in Cozumel, directly related to the edge effect detected
for the species (Fuentes-Montemayor et al. 2009), and also to the strong seasonality and natural
disturbances like hurricanes and tropical storms that affect the island on a regular basis. Our
results indicated no recent population changes, without significant bottleneck or expansion
events, however we need to consider it may be due to a lack of power, thus this needs to be

further explored.

Conservation implications

Reithrodontomys spectabilis, despite being an island endemic and a critically endangered
species, maintains high levels of genetic and allelic diversity, a result that adds significance to its
conservation value and confers an advantage for its potential future. Also, while genetic
evidence suggests a degree of differentiation between sampling localities, they are not
completely isolated. Urbanization, road construction and deforestation, which have increased in
recent years on the island, will exacerbate the isolation of groups and may potentially lead to the
extinction of the species (Neuwald 2010), specially considering the low effective population size
suggested by our results. Hence, conservation actions should aim to maintain enough suitable
habitat and connectivity between populations that sustain the natural dynamics of this rodent, in
order to preserve its genetic diversity and survival on the long term.

The present genetic information can serve as a basis for future research and
conservation of R. spectabilis, particularly considering the current conservation problems the
island is facing from habitat perturbation, urbanization and introduction of exotic species (for
examples see Vega et al. 2007; Cuardn et al. 2009; Fuentes-Montemayor et al. 2009; Vazquez-
Dominguez et al. 2012). Indeed, factors like exotic species, hurricanes and anthropogenic
activities affect population numbers, with the consequent loss of genetic diversity. In Cozumel,
feral dogs and cats and boas (Boa constrictor) are abundant and widely distributed, and it has
been demonstrated they have devastating effects on the native biota of the island, including the
rodent fauna, which have become part of these exotics’ pray (Bautista-Denis 2006; Romero-
Najera et al. 2007; Vazquez-Dominguez et al. 2012). The removal of introduced competitors
(Mus musculus and Rattus rattus; Sotomayor-Bonilla 2009) and predators is therefore a

conservation priority. The present genetic information is also crucial for a potential conservation
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strategy, which could involve captive breeding of wild individuals for later reintroduction to
protected areas within the island. Natural disturbances can also have catastrophic
consequences. We have documented significant population declines and genetic diversity loss
for the rodent species after two hurricanes, Emily and Wilma (Level 4) that severely affected the
island in 2005 (Vazquez-Dominguez et al. in prep.). For all the above, it is essential to establish
and reinforce protected areas and management programs for the conservation of this critically
endangered endemic rodent, and which takes into consideration the structure and genetic

variability we have documented.

Acknowledgments

The authors thank all the people involved in the collecting of samples and for helping with
fieldwork (E. Fuentes-Montemayor, C. Hernandez, I. Fortes, G. Gutiérrez-Granados, R. Vega, T.
Gutiérrez-Garcia, T. Garrido-Gardufio, S. Castafieda-Rico, H. Reyes, M. Suérez-Atilano) and S.
Suarez for facilitating work in San Gervasio. We are grateful with the authorities of Cozumel and
of Comision de Agua Potable y Alcantarillado (CAPA), especially to C. Gonzalez-Baca and J.
Bonfil, for the support and facilities provided during the fieldwork on the island. J.P. Jaramillo-
Correa and D. Valenzuela made suggestions on an earlier version, while two anonymous
reviewers helped improved this manuscript. E. Vazquez-Dominguez acknowledges financial
support from the Instituto de Ecologia, UNAM, from Programa de Apoyo a Proyectos de
Investigacion e Innovacion Tecnoldgica (grants 1X238004, IN217910 and IN219707) and from
Consejo Nacional de Ciencia y Tecnologia (CONACyT grant 101861). S. Espindola
acknowledges the scholarship and financial support provided by CONACYT (No. 245447).
Scientific collector permit to E.V.D.: Semarnat-FAUT-0168.

References

Abdelkrim J, Pascal M, Samadi S (2005) Island colonization and founder effects: the invasion of
the Guadeloupe islands by ship rats (Rattus rattus). Mol Ecol 14:2923-2931

Allendorf FW, Luikart G (2007) Conservation and the genetics of populations. Blackwell, Oxford,
United Kingdom

Allendorf FW, Ryman N (2002) The role of Genetics in Population Viability Analysis. In:
Beissinger SR, McCollough DR (ed) Population Viability Analysis. University of Chicago
Press, USA, pp 50- 85

Amori G, Gippoliti S, Hergen KM (2008) Diversity, distribution, and conservation of endemic
island rodents. Quat Int 182:6-15

14



474  Bautista-Denis SM (2006) Distribucion, abundancia y dieta de perros y gatos ferales en la Isla
475 Cozumel. MSc Thesis, Instituto de Ecologia, A.C. Xalapa, México
476  Booy G, Hendriks RJ, Smulders MJ, Van Groenendael JM, Vosman B (2000) Genetic diversity

477 and the survival of populations. Plant Biol 2:379-395

478  Castafieda-Rico S, Ledn-Paniagua L, Ruedas LA, Vazquez-Dominguez (2011) High genetic
479 diversity and extreme differentiation in the two remaining populations of Habromys

480 simulatus. J Mammal 92:963-973

481  Ceballos G, Brown JH (1995) Global patterns of mammalian diversity, endemism and

482 endangerment. Conserv Biol 9:559-568

483  Ceballos G, Rodriguez P, Medellin R (1998) Assessing conservation priorities in megadiverse
484 Mexico: Mammalian diversity, endemicity and endangerment. Ecol App 8:8-17

485  Cuar6n A, Vazquez-Dominguez E, de Grammont PC (2008) Reithrodontomys spectabilis. In:

486 IUCN Red List of Threatened Species. Version 2012.1 www.iucnredlist.org. Accessed 30
487 Aug 2012

488  Cuar6n AD, Martinez-Morales MA, McFadden K, Valenzuela D, Gompper M (2004) The status
489 of dwarf carnivores on Cozumel Island, Mexico. Biodivers Conserv 13:317-331

490  Cuar6n AD, Valenzuela-Galvan D, Garcia-Vasco D, et al (2009) Conservation of the endemic
491 dwarf carnivores of Cozumel Island, México. Small Carniv Conserv 41:15-21
492  Dixon MD (2011) Population genetic structure and natal philopatry in the widespread North

493 American bat Myotis lucifugus. J Mammal 92:1343-1351

494  Eldridge MD, Kinnear JE, Zenger KR, McKenzie LM, Spencer PB (2004) Genetic diversity in
495 remnant mainland and “pristine” island populations of three endemic Australian

496 macropodids (Marsupialia): Macropus eugenii, Lagorchestes hirsutus and Petrogale

497 lateralis. Conserv Genet 5:325-338

498  Eldridge MD, King JM, Loupis AK, Spencer PB, Taylor AC, Pope LC, Hall GP (1999)

499 Unprecedented low levels of genetic variation and inbreeding depression in an island

500 population of the black-footed rock-wallaby. Conserv Biol 13:531-541

501 England PR, Cornuet JM, Berthier P, Tallmon DA, Luikart G (2005) Estimating effective

502 population size from linkage disequilibrium: severe bias in small samples. Conserv Genet
503 7:3003-3008

504 Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of individuals using the
505 software STRUCTURE: a simulation study. Mol Ecol 14:2611-2620

506  Excoffier L, Laval G, Schneider S (2005) Arlequin ver. 3.0: An integrated software package for

507 population genetics data analysis. Evol Bioinform Online 1:47-50

15



508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541

Faubet P, Gaggiotti OE (2008) A new Bayesian method to identify the environmental factors that
influence recent migration. Genetics 178:1491-1504

Fasanella M, Bruno C, Cardoso Y, Lizarralde M (2013) Historical demography and spatial
genetic structure of the subterranean rodent Ctenomys magellanicus in Tierra del Fuego
(Argentina). Zoo J Linnean Soc 169:697-710

Foll M, Gaggiotti OE (2006) Identifying the environmental factors that determine the genetic
structure of populations. Genetics 174:875-891

Fortes-Corona IA (2004) Ecologia de los roedores endémicos de la Isla de Cozumel, Quintana
Roo, México. BSc Thesis, Centro Universitario de Ciencias Bioldgicas y Agropecuarias,
Universidad de Guadalajara, México

Frankham R (1997) Do island populations have less genetic variation than mainland
populations? Heredity 78:311-327

Frankham R (1998) Inbreeding and extinction: islands populations. Conserv Biol 12:665-675

Frankham R, Ballou J, Briscoe D (2005) Introduction to conservation genetics. Cambridge
University Press, Cambridge, United Kingdom

Fuentes-Montemayor E, Cuarén AD, Vazquez-Dominguez E, Benitez-Malvido J, Valenzuela-
Galvan D, Andresen E (2009) Living on the edge: roads and edge effects on small mammal
populations. J Anim Ecol 78:857-865

Gannon WL, Sikes RS, and the Animal Care and Use Committee of the American Society of
Mammalogists (2007) Guidelines ofthe American Society of Mammalogists for the use of
wildmammals in research. J Mamm 88:809-823

Gelman A, Rubin DB (1992) Inference from iterative simulation using multiple sequences” (with
discussion), Stat Science 7:457-511

Gibbs JP (2001) Demography versus habitat fragmentation as determinants of genetic variation
in wild populations. Biol Conserv 100:15-20

Girod C, Vitalis R, Fréville H (2011) Inferring population decline and expansion from
microsatellite data: a simulation-based evaluation of the Msvar method. Genetics 188:165-
179

Gonzalez-Baca CA (2006) Ecologia de forrajeo de Boa constrictor. Un depredador introducido a
la Isla Cozumel. MSc thesis, Universidad Nacional Autbnoma de México, México

Goudet J (1995) FSTAT (V.1.2): A computer program to calculate F-Statistics. J Heredity
86:485-486

Goudet J, Raymond M, de Meels T, Rousset F (1996) Testing differentiation in diploid
populations. Genetics 144:1933-1940

16



542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575

Grant P (ed) (1998) Evolution on islands. Oxford University Press, Oxford, United Kingdom

Gutiérrez-Granados G (2003) Ecologia de los ratones de Cozumel y su relacion con el
sotobosque. MSc thesis, Universidad Nacional Autbnoma de México, México

Hinten G, Harris F, Rossetto M, Baverstock PR (2003) Genetic variation and island
biogeography: microsatellite and mitochondrial DNA variation in island populations of the
Australian bush rat, Rattus fuscipes greyii. Conserv Genet 4:759-778

Jensen JL, Bohonak A, Kelley ST (2005) Isolation by distance, web service v.3.23. BMC
Genetics 6:13

Johnson S (2005) Population genetics of the native rodents of the Galdpagos Islands, Ecuador.
PhD Thesis. George Mason University. Fairfax, VA. United States

Jones JKJr (1982) Reithrodontomys spectabilis. Mammalian Species. J Mammal 193:1

Jones JKJr, Lawlor TE (1965) Mammals from Isla Cozumel, Mexico, with description of a new
species of harvest mouse. University Kansas Publishing, Museum of Natural History
16:409-419

Kalinowski ST, Wagner AP, Taper ML (2006) ML-Relate: a computer program for maximum
likelihood estimation of relatedness and relationship. Mol Ecol Notes 6:576-579

Kraaijeveld-Smit FJ, Lindenmayer DB, Taylor AC, MacGregor C, Wertheim B (2007)
Comparative genetic structure reflects underlying life histories of three sympatric small
mammal species in continuous forest of south-eastern Australia. Oikos 116:1819-1830

Loew SS, Williams DF, Ralls K, Pilgrim K, Fleischer RC (2005) Population structure and genetic
variation in the endangered Giant Kangaroo Rat (Dipodomys ingens). Conserv Genet 6:495-
510

Nei M (1978) Estimation of average heterozygosity and genetic distance from a small number of
individuals. Genetics 89:583-590

Neuwald JL (2010) Population isolation exacerbates conservation genetic concerns in the
endangered Amargosa vole, Microtus californicus scirpensis. Biol Conserv 143:2028-2038

Peakall R, Smouse PE (2006) GENALEX 6: genetic analysis in Excel. Population genetic
software for teaching and research. Mol Ecol Notes 6:288-295

Paetkau D, Vazquez-Dominguez E, Tucker NIJ, Moritz C (2009) Monitoring movement into and
through a restored rainforest corridor using genetic analysis of natal origin. Ecol Manage
Restor 10:210-216

Peel D, Ovenden J, Peel SL (2004) NeEstimator: Software for Estimating Effective Population
Size, V.1.3. Queensland Government: Department of Primary Industries and Fisheries,

Brisbane, Queensland

17



576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608

Piry S, Alapetite A, Cornuet JM, Paetkau D, Baudouin L, Estoup A (2004) GeneClass2: a
software for genetic assignment and first generation migrants detection. J Heredity 95:536-
539

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure using multilocus
genotype data. Genetics 155:945-959

Raymond M, Rousset F (1995) GENEPOP (version 1.2): population genetics software for exact
tests and ecumenicism. J. Heredity 86:248-249

Rice WR (1989) Analysing tables of statistical test. Evolution 43:223-225

Romero-N4jera I, Cuaron AD, Gonzélez-Baca C (2007) Distribution, abundance and habitat use
of introduced Boa constrictor threatening the native biota of Cozumel Island, México. Verteb
Conserv Biodivers 5:357-369

Rossitier SJ, Jones G, Randsome RD, Barratt EM (2000) Genetic variation and population
structure in the endangered greater horseshoe bat Rhinolophus ferrumequinum. Mol Ecol
9:1131-1135

Semarnat (2010) Norma Oficial Mexicana NOM-059-SEMARNAT-2010, Proteccién ambiental-
Especies nativas de México de flora y fauna silvestres-Categorias de riesgo y
especificaciones para su inclusion, exclusion o cambio-Lista de especies en riesgo, Diario
Oficial de la Federacién, México, pp 1-78

Sotomayor Bonilla JJ (2009) Asociacion de Leptospira y los ratones endémicos y exoticos en la
Isla Cozumel, México. Bachelors thesis, Universidad Nacional Autbnoma de México, México

Storz JF, Beaumont MA (2002) Testing for genetic evidence of population expansion and
contraction: an empirical analysis of microsatellite DNA variation using a hierarchical
Bayesian model. Evolution 56:154-166

Sunny A (2010) Evaluacion de los cambios en la estructura genética de Oryzomys couesi
cozumelae posterior a los huracanes Emily y Wilma en Cozumel, Quintana Roo. BSc
Thesis, Universidad Autbnoma del Estado de México, México

Sunny A, Monroy-Vilchis O, Fajardo V, Aguilera-Reyes U (2014) Genetic diversity and structure
of an endemic and critically endangered steram river salamander (Caudata: Ambystoma
leorae) in Mexico. Conserv Genet 15:49-59

Van Oosterhout C, Hutchinson WF, Willis DP, Shipley P (2004) MICRO-CHECKER: software for
identifying and correcting genotyping error in microsatellites data. Mol Ecol Notes 4:535-538

Vazquez-Dominguez E, Vega R (2006) ¢ Donde estamos y hacia dénde vamos en el

conocimiento genético de los mamiferos mexicanos? In: Vazquez-Dominguez E, Hafner DJ

18



609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638

(ed) Genética y mamiferos mexicanos: presente y futuro. New México Museum of Natural

History and Science, Boletin 32, Alburquerque, New Mexico, pp 67-73

Vazquez-Dominguez E, Espindola S (2013) Characterization of ten new microsatellite loci from

the endangered rodent, Reithrodontomys spectabilis. Conserv Genet Resour 5:251-253
Vazquez-Dominguez E, Ceballos G, Pifiero D (2002) Exploring the relation between genetic

structure and habitat heterogeneity in the rodent Liomys pictus from Chamela, Jalisco. Acta

Zool Mex 86:17-28

Vazquez-Dominguez E, Mendoza-Martinez A, Orozco-Lugo L, Cuardon AD (2013) High dispersal

and generalist habits of the bat Artibeus jamaicensis on Cozumel Island, Mexico: an
assessment using molecular genetics. Acta Chiropt 15:411-421

Vazquez-Dominguez E, Suarez-Atilano M, Warren B, Gonzéalez-Baca C, Cuarén A (2012)

Genetic evidence of a recent successful colonization of introduced species on islands: Boa

constrictor imperator on Cozumel Island. Biol Invasions 14:2101-2116

Vega R, Vazquez-Dominguez E, Puente AM, Cuar6n AD (2007) Unexpected high levels of
genetic variability and the population structure of an island endemic rodent (Oryzomys
couesi cozumelae). Biol Conserv 137:210-222

Walton K (2004) The Ecology, Evolution and Natural History of the Endangered Carnivores of
Cozumel Island, Mexico. PhD Thesis, Universidad de Columbia

Wang Y, Williams DA, Gaines MS (2005) Evidence for a recent genetic bottleneck in the
endangered Florida Keys silver rice rat (Oryzomys argentatus) revealed by microsatellite
DNA analyses. Conserv Genet 6:575-585

Weidie AE (1985) Geology of the Yucatan Platform, Part 1. In: Ward WC, Weidie AE, Back W
(eds) Geology and hydrogeology of the Yucatan and Quaternary geology of northeastern
Yucatan peninsula. New Orleans Geological Society, New Orleans, Louisiana, pp 1-19

Weir BS, Cockerham C (1984) Estimating F-statics for the analysis of population structure.
Evolution 38:1358-1370

White TA, Searle JB (2007) Genetic diversity and population size: island populations of the

common shrew, Sorex araneus. Mol Ecol 16:2005-2016

19



639
640
641
642
643
644
645
646
647
648
649
650
651
652

Figure legends

Fig. 1 Genetic structure of Reithrodontomys spectabilis from Cozumel Island. a) Map depicting
sampling localities (black points) in Cozumel: 1 = CAPA4.4, 2 = CAPA4.8, 3 = MANGLAR, 4 =
MEZCALITOS, 5 = PALMAS, 6 = POTABILIZADORA. Grey lines represent main and secondary
roads; main transversal paved road is marked with a blue line. Pie charts on the map show
proportion of membership of each sampling locality in each of the genetic groups (K = 4)
identified with STRUCTURE. b) STRUCTURE results for the genetic groups obtained are indicated
as we named them (see Results) and with a different color: yellow = CAPA4.4, blue = CAPA4.8,
red = NORTHWEST, green = NORTH. Sampling locality (x-axis) and inferred ancestry percent

(y-axis) are shown

Fig. 2 Posterior probabilities of K estimated with STRUCTURE. Mean (£SD) of log probability of

the data is shown for each estimated K value.
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Table 1 Genetic diversity values for Reithrodontomys spectabilis for each sampling

locality and the entire Cozumel Island. N = sample size, n, = number of alleles, n =

number of effective alleles, n, = number of private alleles, H, = observed

heterozygosity, Hg = expected heterozygosity, Hyei = Nei’s unbiased expected

heterozygosity, Fis = Fixation index.

Locality N Na Ne Np Ho He Huei Fis

CAPA 4.4 16 7.556 5.373 0.444 0.799 0.759 0.784 -0.039
CAPA 4.8 11 5.889 4,147 0.111 0.838 0.732 0.767 -0.111
MANGLAR 2 2.889 2548 0.222 0.833 0.597 0.796 -0.125
MEZCALITOS 4 4222 3422 O 0.778 0.659 0.754 -0.063
PALMAS 31 9.667 5716 0.666 0.774 0.765 0.778 -0.005
POTABILIZADORA 25 9.667 5536 0.889 0.773 0.755 0.770 -0.010
COZUMEL 90 12.56 7.096 -- 0.789 0.804 0.808 -0.021
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Table 2 Nei's genetic distance between sampling localities for

Reithrodontomys spectabilis from Cozumel Island. Codes refer to C4.4

= CAPA4.4, C4.8 = CAPA 4.8, MA = MANGLAR, ME = MEZCALITOS,

PA = PALMAS, PO = POTABILIZADORA.

C4.4

C4.8

MA

ME

PA

PO

Ca.4

0.687

0.934

0.590

0.361

0.408

C4.8

0.823

0.521

0.559

0.594

MA

0.845

0.680

0.504

ME PA

0.457 --

0.650 0.288




Table 3 Marginal posterior density of ancestral Ne, current Ne and time since
populations started to decline/expand, estimated per genetic group for

Reithrodontomys spectabilis from Cozumel Island.

Genetic group Mean SD
CAPA 4.4 Ancestral Ne 4.4599 1.1905
Current Ne 3.8427 0.9083
Time 4.3228 2.3278
CAPA 4.8 Ancestral Ne 4.4827 1.5589
Current Ne 4.0408 1.0831
Time 5.3609 2.3135
NORTHWEST Ancestral Ne 4.2736 1.6034
Current Ne 4.3647 0.9590
Time 5.5113 2.2558
NORTH Ancestral Ne 4.3034 1.4818
Current Ne 4.6349 1.1711

Time 5.1129 2.4414




