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ABSTRACT

Genetic Analysis of the Endangered Silver Rice Rat (Oryzomys palustris natator) and
Lower Keys Marsh Rabbit (Sylvilagus palustris hefneri). (December 2005)
Amanda Louise Crouse, B.S., Kansas State University

Chair of Advisory Committee: Dr. Rodney L. Honeycutt

Genetic analyses of two endangered species of mammals in the Lower Keys of
Florida (Lower Keys marsh rabbit, LKMR, Sylvilagus palustris hefneri; silver rice rat,
SRR, Oryzomys palustris natator) were performed to evaluate the genetic structure of
their populations. Mitochondrial sequence data (control region; 763 base pairs (bp),
LKMR; 788 bp, SRR) were used to explore patterns of genetic variation within and
among island populations in both species. Analysis of the SRR also included 8
polymorphic nuclear microsatellite loci (9 to 16 alleles). Phylogenetic analyses of
mitochondrial sequence data for both species revealed two main lineages corresponding
to eastern and western localities, with high levels of genetic structuring (LKMR Fgt =
0.982, SRR ®sr=0.916). The two species differed in the level of sequence divergence
between eastern and western populations (LKMR, 19 bp; SRR 4 bp). In addition to an
overall similar pattern of genetic subdivision, populations of both species possessed low
levels of mtDNA variation (haplotypic diversity in the LKMR = 66.1%, SRR = 58.6%).
Microsatellite analyses of the SRR revealed subdivision between eastern and western

regions. Although less pronounced than the structure observed in mtDNA, the overall
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pattern was still apparent. Additional examination of divergence between mainland and
Lower Keys rice rats revealed a genetic division that indicated a lack of recent gene
exchange between the regions (i.e. no shared haplotypes, the presence of private alleles,
and distinctive separation in numerous analyses). Although this degree of division does
not warrant species designation, the levels and patterns of divergence, both
morphological and genetic, do suggest genetic isolation of mainland and island forms.
This fact, along with restricted gene flow between the Lower Keys and the Everglades,
suggests that the SRR is on an evolutionary trajectory separate from its mainland
counterparts and validates its identification as a separate subspecies, Oryzomys palustris
natator. Finally, the genetic division between eastern and western populations of the
SRR and LKMR suggests that populations of both species in these two regions of the
Lower Keys should be treated as separate management units, especially when

considering the enhancement of populations via translocations.
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CHAPTER1
INTRODUCTION

Island populations provide an intuitive model for the study of complex genetic
relationships that occur in continental populations (Mayr 1963; Hinten et al. 2003). The
island model is characterized by smaller population sizes, reduction in the exchange of
individuals between subpopulations, and an often datable geologic history. These
features can create an environment that is conducive to revealing, through genetic
analysis, the sequential relationships that connect intraspecific island populations both
spatially and temporally (Malone et al. 2003). As a consequence, one can evaluate the
influence of dispersal, local extinction, colonization, and fragmentation of habitats on
the genetic structure within populations and the genetic connectedness between
populations. Understanding such processes and population interactions is fundamental
to the field of conservation biology, as knowledge of such factors allows for initiatives
that can offset the loss of genetic variation in natural populations occupying islands.
Additionally, the study of genetic variation in an island system is applicable to mainland
populations, which, through loss and fragmentation of available habitat, are being
converted into habitat islands (Hinten et al. 2003).

The same characteristics that make islands good models for studying population
interactions (i.e., small population numbers, low migration rates, and narrow geographic

range) also place these populations at greater risk of extinction than their mainland

This thesis follows the style of Conservation Genetics.



counterparts (Vitousek 1988; Case et al. 1992; Smith et al. 1993; Frankham 1997, 1998).
In addition, island populations, especially endemic forms, often lack the capability to
adapt genetically to environmental changes (Frankham 1997). This can result from a
variety of genetic factors including: inbreeding depression, loss of genetic variation,
accumulation of mildly deleterious mutations, and adaptation to island environments
(i.e., flightlessness, recession of predator avoidance traits, and diseases; Frankham
1996). Populations can become susceptible to these genetic limitations once their
numbers have been reduced by human perturbations such as habitat loss, introduced
species, overexploitation, and pollution. Indeed, over the past 50,000 years, human
activities such as these have been the major cause of species extinctions on islands
(Olson 1989).

The Florida Keys archipelago provides an opportunity to study a recently
developed island system and its endemic inhabitants. These unique islands extend in a
narrow arc (6.4 km average width) for 240 km to the south and west of mainland
Florida. Florida Bay, 60 km of relatively shallow (average depth approximately 1.5 m)
open water, separates the islands from the mainland. On an evolutionary timescale, the
islands have only recently been isolated from mainland Florida. During the last glacial
maximum, which reached its peak approximately 18,000 years before present (YBP;
Florida Geological Survey 1994), large amounts of water were trapped in glacial form
causing a dramatic reduction in ocean levels. As a consequence, Florida Bay existed as
a vast plain and the Keys were geographically contiguous with the mainland. Although

there is some controversy surrounding the exact events of the last 10,000 years, the rise



in sea level that followed the glacial melt eventually caused flooding of the South
Florida shelf, creating Florida Bay. Radiocarbon dating of sediments from Florida Bay
confirms that deposition began 4,000 years ago (Hoffmeister 1974), providing strong
evidence for the formation of the islands at this time. Thus, any inhabitants of the
islands have been isolated since this time, continuing on a separate evolutionary
trajectory from their mainland counterparts.

The Keys are divided into three sections based on geological composition; the
Upper Keys and Middle Keys (177 km in length) that possess fauna similar to mainland
Florida and the Lower Keys (64 km in length) that are effectively isolated from the
Upper Keys by the 11 km Moser channel. This isolation has led to the development of a
distinct endemic mammal community in the Lower Keys, which includes the Key deer
(Odocoileus virginianus clavium), the Lower Keys marsh rabbit (Sylvilagus palustris
hefneri; Lazell 1984), and the silver rice rat (Oryzomys argentatus = Oryzomys palustris
natator; Spitzer and Lazell 1978).

As with other island fauna and flora, endemic species and populations are
threatened by human population growth. For instance, since the opening of U.S.
Highway 1 in 1938, which connected mainland Florida and the Keys, human populations
in the Keys have shown a steady increase. In the last century alone, the number of
people living on the islands has risen from 6,000 to 80,000 (Monroe County Growth
Management Division 1992), and this number does not include the over three million
tourists that visit the region each year (Leeworthy and Wiley 1996). Subsequent

commercial and residential developments have resulted in both the loss of habitat and its



subdivision by road systems, leading to an increase in the isolation and fragmentation of
the Lower Keys fauna (Forys et al. 1996). Although further habitat destruction has been
limited by recent conservation legislation, indirect anthropogenic effects remain a threat
to the survival of endemic species (Forys et al. 1996; U.S. Fish and Wildlife Service
(USFWS) 1999). These include roadway mortalities (USFWS 1999; Harveson et al.
2004), increased predation by feral cats (Felis domesticus; Forys and Humphrey 1999),
competition from black rats (Rattus rattus; Goodyear 1992; Forys et al. 1996), and
increased mortality of neonates as a result of imported fire ants (Solenopsis invicta;
Forys et al. 2002), a recent colonizer of the Florida Keys.

As a result of concern over the loss of native endemic land mammals in the
Lower Keys, the USFWS listed three species as endangered, including the Key deer, the
Lower Keys marsh rabbit, and the silver rice rat. Genetic analysis of the Key deer
populations have revealed considerably lower levels of mitochondrial haplotype
diversity and heterozygosity at nuclear microsatellite loci than levels of diversity seen in
mainland populations (Ellsworth et al. 1994a; Banks 2001). Additionally, these genetic
data reveal a unique phylogenetic position of Key deer relative to mainland populations,
thus adding support to their distinctiveness as ascertained from morphological studies
(Dickson 1955; Hardin et al. 1984; Maffei et al 1988). Within the Keys examined,
however, genetic subdivision among deer populations is not apparent (Banks 2001).
Unlike the Key deer, little genetic information is available for the other two endemic
mammals, yet such information is essential for determining the taxonomic uniqueness of

these island forms as well as the genetic structure of remaining populations in and



between islands. In particular, important dispersal corridors, impediments to gene flow
(natural and anthropogenic), and cases of extreme inbreeding can be identified. If
deemed necessary, this information can then be used to guide translocations of animals
between isolated sub-populations to promote gene flow and improve the genetic health
of isolated populations (Frankham 1998; Hendrick and Kalinowski 2000).

Genetic analysis can further benefit conservation efforts by clarifying uncertain
taxonomic status. The significance of this issue should not be minimized, for it shapes
the perception of an organism’s biotic complexity, regardless of the information used to
establish its taxonomic status (Avise 1989; Mace 2004). In a conservation context, this
means that management efforts are established on what is perceived, based on
taxonomy, as the best way to preserve biological diversity. This is of even greater
importance when the taxonomic status of an endangered species is in question, as is the
case with the silver rice rat (Mace 2004). Resources for species preservation are limited
and need to be allocated based on the most complete scientific information available.

Due to the naturally patchy quality of both Lower Keys marsh rabbit and silver
rice rat habitat, their population structure is governed by the amount migration that
connects local breeding populations, which are requisite for a metapopulation. The
amount of gene flow connecting subpopulations will depend on each species’ ability to
disperse between local populations. As insular populations, dispersal ability may be
especially vital for the continued existence of both species (Lomolino 1986; Krohne
1997; Hendrick and Kalinowski 2000). Additionally, gene flow can result when the

extinction and recolonization of subpopulations are frequent (Slatkin 1985). The



homogenizing effect of a high level of gene flow will result in little genetic variation
across the entire population.

Genetic analyses, particularly those that have employed mitochondrial DNA
(mtDNA) sequence and nuclear microsatellite data, have been increasingly used in the
management of endangered species (Avise 1994). For example, genetic data obtained
from the analysis of these molecular markers have been used to estimate inbreeding
(Wielebnowski 1996; Ellegren 1999; Kalinowski et al. 1999), gene flow between
populations (Avise 1994; Seppi and Laurila 1999), and the genetic distinctiveness of
taxonomic units (Laerm et al. 1982; Avise and Nelson 1989).

Both mtDNA sequence and microsatellite data will be employed within the study of
the silver rice rat and an analysis of mtDNA will be employed to study the Lower Keys
marsh rabbit. The data from these analyses will be used to characterize the
metapopulation dynamics of both the silver rice rat and the Lower Keys marsh rabbit.
Specifically, describe dispersal patterns between sub-populations, identify barriers to
dispersal, and analyze levels of genetic variation within each population. In addition, the
genetic distance between the Lower Keys population of rice rats and its mainland
counterpart will be quantified. This information, combined with existing morphological
data, will clarify the taxonomic status of the silver rice rat.

The following chapters will be devoted to the specific status of the silver rice rat
(Chapter II) and the Lower Keys marsh rabbit (Chapter III) followed by a conclusion of
the information gathered from the genetic analyses of these two populations (Chapter

V).



CHAPTER II
GENETIC ANALYSIS OF THE SILVER RICE RAT (Oryzomys
palustris natator)

INTRODUCTION

The islands of the Florida Keys extend in a narrow arc (6.4 km average width)
for 240 km to the south and west of mainland Florida, and are divided into three sections
based on geological composition (Figure 2.1). The Upper and Middle Keys (177 km in
length) possess fauna similar to mainland Florida, whereas the Lower Keys (64 km in
length) are effectively isolated from the Upper and Middle Keys by the 11 km wide
Moser channel and are separated from mainland Florida by 60 km of shallow, open
water of Florida Bay. This isolation has led to the development of a distinct endemic
terrestrial mammal community in the Lower Keys, which includes the Key deer
(Odocoileus virginianus clavium), the Lower Keys marsh rabbit (Sylvilagus palustris
hefneri; Lazell 1984), and the silver rice rat (Oryzomys argentatus = Oryzomys palustris
natator; Spitzer and Lazell 1978). Due to increasing human populations and subsequent
commercial and residential developments, habitats supporting these endemic species
have declined in area, thus creating concern for continued conservation of the Lower
Key’s fauna. Factors including loss of habitat, habitat fragmentation by road systems
and multiple indirect anthropogenic effects (Goodyear 1992; Forys et al. 1996; Forys
and Humphrey 1999; USFWS 1999; Forys et al. 2002; Harveson et al. 2004) have all

contributed to the demise of these three endemic mammal species.
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Figure 2.1. The Florida Keys: (1) Upper Keys, (2) Middle Keys, and (3) Lower Keys. The 11
km Moser Channel isolates the Lower Keys producing the geographic isolation necessary for the
divergence of the Lower Keys fauna to their current forms. Map adapted from Faulhaber 2003.

The silver rice rat (Oryzomys palustris natator) is a small, nocturnal rodent
restricted in distribution to 14 islands in the Lower Florida Keys (Vessey et al. 1976;
Goodyear 1984, 1987; Wolfe 1986, 1987; Goodyear 1992; Forys et al. 1996; Mitchell
1996). Rice rats are dependent on both saline and freshwater wetland habitats, which
appear to be lacking from the Upper and Middle Keys (Goodyear 1987). Currently, the
marsh habitat preferred by rice rats exists as a system of habitat patches distributed
throughout the Lower Keys. At least one cause for this patchiness is increased dredge

and fill operations targeting mangrove, freshwater, and salt marsh areas where rice rats



reside. Presumably as a result of habitat loss, surveys conducted between 1970 and
1990 have revealed an overall decline in densities of rice rats in the Lower Keys (Vessey
et al. 1976; Goodyear 1987, 1993; Wolfe 1986, 1987). As a consequence of habitat
fragmentation and decline in numbers, the U.S. Fish and Wildlife Service (USFWS,
1991) listed the silver rice rat as an endangered population of the subspecies Oryzomys
palustris natator.

Forys (1994) proposed that large, contiguous areas of mangrove and salt marsh
habitat should be maintained to sustain viable populations of silver rice rats. This
argument appears to be based on the assumption that metapopulation dynamics of
species rely on movement of individuals between either neighboring patches on an
island or between adjacent islands. If barriers to dispersal exist as a result of either
recent environmental perturbations or historical effects, then such barriers contribute
directly to the metapopulation as a whole (Johst et al. 2002). Based on several
ecological studies, silver rice rats occupy larger ranges (2.0 to 8.5 ha for females and 3.4
to 11.0 ha for males, Mitchell 1996) in comparison to mainland populations (average
0.33 ha for females and 0.25 ha for males, Birkenholz 1963). Therefore, rice rats in the
Keys have rather high dispersal capability among habitat patches on islands. In
addition, members of the genus Oryzomys are noted for both their swimming capability
(Esher et al. 1978) and ability to colonize islands (Heller 1904).

Given the current data on range size and dispersal abilities over land and water,
one might predict little genetic differentiation among populations within the Keys as

well as high levels of similarity between mainland populations and those restricted today
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to the Lower Keys. Unfortunately, little is known about the genetic structure and
patterns of gene flow within and between populations of rice rats in the Florida Keys,
yet there are at least two ways that genetic information can contribute to on-going
conservation efforts directed towards small mammals in the Keys. First, genetic data
can provide an independent test of taxonomic decisions based on morphological
comparisons. Spitzer and Lazell (1978) initially described the silver rice rat as a new
species, Oryzomys argentatus, characterized by physical differences in the skull, hind
feet, and pelage coloration relative to rice rats from mainland Florida. Since the
inception of this taxonomic decision, the species-level status of the silver rice rat has
been debated (Humphrey and Barbour 1979; Barbour and Humphrey 1982; Goodyear
and Lazell 1986; Humphrey and Setzer 1989; Goodyear 1991; Humphrey 1992), with
the primary argument related to the uniqueness of populations in the Keys in comparison
to mainland populations in Florida. To date, the only comparative genetic study on the
silver rice rat is that of Gaines et al. (1997), who sequenced a 291 base-pair (bp)
fragment of the mitochondrial control region for small numbers of rice rats obtained
from one island in the Lower Keys and the mainland Everglades. Based on these data,
they concluded that island and mainland rice rat populations did not possess species
level differences relative to mitochondrial DNA (mtDNA) variation. Nevertheless, their
study was limited in terms of geographic sampling and the molecular markers used.
Second, combined studies, employing both nuclear and mitochondrial genetic
markers, provide more accurate assessments of gene flow and genetic substructuring

within and between populations, especially when the goal is to implement conservation
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efforts designed to enhance the viability of declining populations (O’Brien 1994). For
populations that have experienced more recent changes as a result of barriers to gene
flow, genetic data obtained from faster evolving elements of mitochondrial (i.e., the
control region) and nuclear (i.e., DNA microsatellites) genomes have proven useful in
examining the effects of both historical and more recent events (Hinten et al. 2003;
Zenger et al. 2003, 2005; Randi et al. 2004).

Specifically, this study employed analyses of nuclear and mitochondrial
molecular markers to estimate levels of genetic variation within and between
populations of the silver rice rat, evaluate population structure and gene flow throughout
the Lower Keys, and analyze phylogenetic relationships among rice rat populations of
the Keys as well as between the Keys and mainland Florida. These genetic data, in
combination with on-going ecological studies can contribute to management practices
by enhancing our understanding of the structure of rice rat populations in the Lower
Keys, while providing evidence related to the current taxonomic status of populations in

the Keys.

METHODS
Sample Collection and DNA Extraction

Individuals were collected with Sherman live traps (Sherman Traps Incorporated,
Tallahassee, Florida, USA) baited with peanut butter. Trapping was performed under
Animal Use Protocol #2003-271, as approved by the Texas A&M University Animal

Care and Use Committee. Specimens were trapped on 11 islands and at 18 trap sites
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(see page 21) Water Key (n = 2), Saddlebunch Keys (3 trap sites, n = 28), Big Pine Key
(n=1), Big Torch Key (3 trap sites, n = 11), Middle Torch Key (2 trap sites, n = 2),
Lower Sugarloaf Key (n = 1), Upper Sugarloaf Key (2 trap sites, n = 3), Cudjoe Key (2
trap sites, N = 3), Howe Key (n =5), Ramrod Key (n = 1), and Summerland Key (n = 3),
for a total of 70 Lower Keys samples. Tail clips from rice rats were collected and
preserved in 0.5 mL of Longmire’s solution (Longmire et al. 1988) at room temperature
until extraction. DNA was extracted from tissue samples using the Qiagen DNeasy™
Tissue Kit (Qiagen Incorporated, Valencia, California, USA) following the supplier’s
standard protocol for DNA extraction from tail clips.

To quantify the level of genetic variation existing between populations in the
Keys and those occurring on the mainland, isolated DNA samples also were obtained
from 10 Oryzomys palustris specimens collected in the Everglades. In addition, rice rat
sequences from central Texas (n = 6, Oryzomys palustris palustris, Humphrey and
Setzer 1989) were included in the phylogenetic analysis for outgroup purposes. These
samples were extracted from liver tissue following the same protocol as described for
tail clips.
Mitochondrial DNA Amplification and Screening

For 85 individuals (Everglades n =9, Lower Keys n = 70, Texas n = 6), 788 bp
of the 5° end of the mtDNA control region were amplified by the polymerase chain
reaction (PCR, Saiki et al. 1988). Amplification of this region incorporated the
following PCR primers, 1115R (5~ ATGACCCTGAAGAARGAACCAG-3’, Bickham

et al. 1995) and ORY 283 (5’-CCCAACTCCTATACTGAATTTTCG-3", developed for
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this project). PCR reactions (MyCycler™ Thermal Cycler, Bio-Rad Laboratories, Inc.,
Hercules, California, USA) were conducted in 25 pL reaction volumes with the
following components and concentrations: 1pL DNA, 12.85 pL ddH,0, 2.5 pL. 10X
PCR buffer (Takara Shuzo, Shiga, Japan), 1.25 pL 10X BSA, 2.25 pL of 10mM dNTPs
(Takara Shuzo, Shiga, Japan), 2.5 pL each of forward and reverse primers (2pmol/uL),
and 0.75 U Taq polymerase (Takara Shuzo, Shiga, Japan). The amplification protocol
consisted of an initial denaturation at 94 °C for 4 min, followed by 35 cycles of 45 sec
each at 94°C, 46°C, and 72°C, and a final extension cycle of 10 min at 72°C. All
products were visualized on a 1% agarose and TBE gel matrix. Amplified products
were purified using a combination of Exonuclease I and Shrimp Alkaline Phosphatase
(ExoSAP, USB, Cleveland, Ohio, USA).

Sequencing reactions were performed using Big Dye termination chemistry
(Applied Biosystems Inc. (ABI), Foster City, California, USA) in a GeneAmp® PCR
System 2700 Thermal Cycler (ABI). Sequences were obtained on an ABI 3100
automated sequencer following protocols of the manufacturer (Perkin-Elmer
Biosystems, Wellesley, Massachusetts, USA). Fragments were sequenced in the
forward and reverse directions; sequence alignments and the formation of contigs were
accomplished with the Sequencher 4.2 software program (Gene Codes Corporation, Ann
Arbor, Michigan, USA).

Microsatellite Amplification and Screening
A total of 79 individuals (Everglades n = 10, Lower Keys n = 69) was genotyped

for a panel of eight polymorphic microsatellite markers. This panel was developed de
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novo for use in the silver rice rat by Wang et al. (2000). For each primer pair, a
fluorescent dye was incorporated onto the 5° end of the forward primer, and PCR
conditions were optimized prior to genotyping (Table 2.1). Amplification reactions
(MyCycler™ Thermal Cycler, Bio-Rad Laboratories, Inc., Hercules, California, USA)
were conducted in 10 pL reaction volumes with the following components and
concentrations: 1pL DNA, 6.62 puL ddH,0, 1.60 pL. 10X PCR buffer (Takara Shuzo,
Shiga, Japan), 0.20 pL of 10mM dNTPs (Takara Shuzo, Shiga, Japan), 0.24 pL each of
forward and reverse primers (10uM), and 0.50 U Taq polymerase (Takara Shuzo, Shiga,
Japan). PCR amplifications included an initial denaturation cycle of 1 min at 94°C,
followed by 30 cycles of 15 sec at 94°C, 30 sec at 50-55°C (following annealing
temperatures of Wang et al. 2000, Table 2.1), and an extension for 1 min at 72°C,
followed by a final extension for 1 min at 72°C. Samples were genotyped on an
Applied Biosystems Inc. 377 automated sequencer (ABI, Foster City, California, USA).

Genotypes were determined with Genotyper, version 2.5 software programs (ABI).

Table 2.1. Annealing temperatures and fluorescent dye labels for the 8 microsatellite loci
used in this study.

Annealing Annealing
Locus Dye Label Temperature Locus Dye Label Temperature
AATO03  HEX-green 55°C AAT26  6FAM-blue 50°C
AAT10  6FAM-blue 53°C AAT28  6FAM-blue 55°C
AAT16  HEX-green 50°C AAT40 NED-yellow 55°C
AAT21 HEX-green 55°C AAT60  6FAM-blue 53°C
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Diversity Indices

Standard measures of genetic variability for microsatellite loci, specifically,
heterozygosity (observed, Hp and Hardy-Weinberg expected, Hg), allelic diversity (A),
and locus size range were estimated in GENEAIEx 5.0 (Peakall and Smouse 2001).
Exact tests for Hardy-Weinberg equilibrium (HWE) were calculated across all
microsatellite loci using the Markov chain method (Guo and Thompson 1992) with
1,000 iterations in GENEPOP version 3.4 (Raymond and Rousset 1995). In addition,
GENEPOP 3.4 was employed to test the assumption of linkage disequilibrium by
Fisher’s exact test and the Markov chain method, as well as genic and genotypic
differentiation (Goudet et al. 1996) among populations. When performing multiple
simultaneous comparisons, the significance level was adjusted by means of the
sequential Bonferroni procedure (Rice 1989) with o = 0.05.

Estimates of mtDNA haplotypic diversity (h), nucleotide diversity (m), number of
segregating sites (S), average number of nucleotide substitutions per site (Dxy), and net
number of nucleotide substitutions per site between populations (D,) were calculated
from Nei (1987) with the software package DnaSP version 4.0.6 (Rozas et al. 2003).
This program also was used to test the assumption of neutrality of mutations by Tajima’s
D (Tajima 1989).

Population Structure

Given the potential dispersal capabilities of the silver rice rat and the short

distances between several of the sampling localities, it was apparent the 18 trap sites

were not representative of 18 distinct populations. In order to obtain a more realistic
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estimate of how the populations were structured, multilocus genotype data were used to
infer the number of populations via a model-based Bayesian clustering algorithm,
determined from posterior probabilities (STRUCTURE 2.0, Pritchard et al. 2000). The
Markov chain simulation was set at 10 iterations, following a burn-in period of 10*
simulations. Possible population numbers (k) were tested at values from 1 through 10.
The test was then repeated with the Everglades samples removed to detect the presence
of potential structure within the Lower Keys region (assessed with k set at values from 1
through 9). Presence of additional structure within groups defined in the Lower Keys
was evaluated in the same manner.

To obtain a more detailed assessment of relationships between sampling locales,
the program MICROSAT (Minch 1995) was used to calculate F-statistics (Wright 1951,
1965), Rgr-statistics (Slatkin 1995), and proportion of shared alleles (PSA, Bowcock et
al. 1994). Distance estimates based on proportion of shared alleles and the Neighbor-
joining (NJ) method (Saitou and Nei 1987) were used to construct phylograms in
PAUP* 4.0b2 (Swofford 2002). This information was analyzed in conjunction with the
STRUCTURE (Version 2.0, Pritchard et al. 2000) analysis to specifically characterize
patterns of genetic subdivision among populations in the Lower Keys.

Population-level relationships between trap localities for silver rice rats also
were analyzed by using among population distances and the NJ procedure. F-statistics
(Wright 1951, 1965) and Rst-statistics (Slatkin 1995) were both used to calculate
distances between localities and unrooted NJ trees were produced from pairwise

comparisons of these values (calculations performed with the MICROSAT software
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program, Minch 1995). Assignment tests, both frequency-based (Paetkau et al. 1995,
2004) and Bayesian-based (Rannala and Mountain 1997), were carried out in
GeneClass2 (Piry et al. 2004) under Monte-Carlo simulation with 10,000 permutations.
Proposed populations for assignment were based on the three Lower Keys populations
ascertained in both the STRUCTURE (Version 2.0, Pritchard et al. 2000) analysis and
the phylogenetic analyses based on proportion of shared alleles. Individuals were
assigned to specified populations based on the log likelihood of their genotype
originating from that pool of genotypes. High levels of misassignment are indicative of
extensive gene flow between populations.

Patterns of mtDNA geographical structuring were analyzed using a nested
hierarchical analysis of genetic differentiation via an analysis of molecular variance
(AMOVA; Excoffier et al. 1992) performed in the ARLEQUIN, version 2.0 (Schneider
et al. 2000) software package. The AMOVA was calculated with ®-analogues of
Wright’s (1951, 1965) F-statistics under three models: (1) the geographic separation
observed in the analysis of microsatellite data (a northern, eastern, and western
population), (2) a variation of this pattern, with only two populations (eastern and
western), and (3) the Lower Keys population split into three regions based on
geographic location (i.e., east, central, and west). Significance was tested by means of a
non-parametric permutation of haplotypes among populations among groups (10,100

permutations).
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Gene Flow

Migration estimates were calculated from both microsatellite and mitochondrial
sequence data. Estimates of female migration (Nym) were obtained from pairwise @gr
(Excoffier et al. 1992) estimates calculated from mtDNA data and the relationship: Nim
=[(1/Ds7)-1]/2 (Slatkin 1993, Baker et al. 1994) in the program ARLEQUIN, version
2.0 (Schneider et al. 2000). Additionally, estimates were calculated from Nei’s (1973,
1982) coefficient of gene differentiation, yst, with the DnaSP version 4.0.6 software
package (Rozas et al. 2003).

Two calculations also were used for estimates of net migration rates (N.m) from
microsatellite data. First, pairwise Ost values were estimated and used to calculate Nem
from the relationship: Nem = [(1/ Os7)-1]/4 (Wright 1951) in the software program
ARLEQUIN, version 2.0 (Schneider et al. 2000). Values of N.m were also calculated
based on the mean frequencies of private alleles with corrections for sample size (Barton
and Slatkin 1986) in GENEPOP version 3.4 (Raymond and Rousset 1995). All
migration estimates were made among the Lower Keys subpopulations and between the
Everglades and the Lower Keys.

Phylogenetic Analysis

Evolutionary relationships among mitochondrial DNA haplotypes of the Keys
and the Everglades were analyzed by both maximum parsimony (MP) and maximum
likelihood (ML) analyses. A heuristic search option (random addition sequence, 10
replications, TBR branch swapping, PAUP* 4.0b2, Swofford 2002) with gaps identified

as a fifth state was employed for both searches. Bootstrapping was performed to
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provide support for branching topology (1,000 replications; Felsenstein 1985). Prior to
the ML analysis, ModelTest version 3.06 (Posada and Crandall 1998) was used to obtain
the appropriate parameters for the search. The analysis employed Oryzomys palustris
palustris sequences from Texas for outgroup purposes. This same procedure was used

in a ML analysis that included all samples from mainland Florida.

RESULTS
Patterns of Microsatellite Genetic Variation

A panel of eight microsatellite loci was used to obtain genotypes for 79
individuals from the Keys (n = 69) and Everglades (n = 10) populations. Bonferroni
corrections for multiple comparisons (Rice 1989) were applied to tests for HWE, linkage
disequilibrium, genic, and genotypic differentiation. In addition, Lower Keys
populations were divided into subpopulations to prevent artificial significance of results
due to the Wahlund effect. Two loci in the eastern Lower Keys population (AAT10 and
AAT?21) and one locus (AAT16) in the Everglades were not in equilibrium, but after
Bonferroni correction, no significant deviation from equilibrium was observed
(Appendix 2). Analysis of linkage disequilibrium over all loci, revealed evidence of
linkage equilibrium in one pair (AATO03 and AAT28, Appendix 3), this remained highly
significant (p < 0.0001) when tested within each population and after Bonferroni
correction. Pairwise analyses of genotypic and genic differentiation among the three
Lower Keys populations were all highly significant (x* = oo, df = 16, p < 0.001,

Appendix 4) when tested across all loci combined. When analyzed separately, five of
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the eight loci (AATO3, 16, 21, 26, and 28, Appendix 4) demonstrated lack of genotypic
and genic differentiation between the northern and eastern populations. All tests of
differentiation between the Everglades and the Keys subpopulations were highly
significant (p < 0.001).

All loci were polymorphic, with an average of 9.88 (+ 0.35) alleles per locus
over all samples from both the Keys and the mainland. Overall observed heterozygosity
(Ho) in the Keys was 0.677 £ 0.16 compared to 0.850 + 0.14 for the Everglades (Table
2.2). The number of private alleles per locus observed in the Everglades population
averaged 2.75 £ 0.49 alleles/locus (range of 1 to 5 alleles, n = 10), while the entire Keys
population averaged 2.13 £ 0.52 (range of 0 to 4, n = 69) private alleles per locus. When
divided into the four populations identified in analyses of population structure,
(northern, eastern, and western Lower Keys populations and the Everglades), allelic
diversity (A) averaged 4.9-7.8 alleles per locus and observed heterozygosity ranged from
0.606 to 0.850 (Table 2.2). Within the Keys, the northern population had the highest
observed heterozygosity (Ho = 0.708, Table 2.2) and the greatest average number of
private alleles per locus (0.63 + 0.26).

The model-based clustering method in STRUCTURE (Pritchard et al. 2000)
denoted four distinct populations, with three occurring in the Lower Keys and one in the
Everglades (P =0.9996). Removal of the Everglades resulted in a probability of 1.0 for
the three major subpopulations in the Keys, which occur in northern, eastern, and
western regions (Figure 2.2). A separate analysis of each of these groups by this method

did not reveal further structuring. A phylogenetic approach, employing neighbor-joining
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and estimates of the proportion of shared alleles across all individuals, revealed distinct
groupings of individuals from the eastern (Big Pine, Ramrod, Middle Torch,
Summerland, and Cudjoe keys) and western (Lower Sugarloaf and all Saddlebunch
keys) clades, with a large amount of mixing with individuals from the northern portion
of islands between the eastern and western regions (Howe, Water, Big Torch, and Upper

Sugarloaf keys; Figures 2.2 and 2.3).

Table 2.2. Microsatellite diversity indices for rice rats from each region (Lower Keys
and Everglades) and the three subpopulations of the Lower Keys (northern, western, and
eastern).

No. Alleles/ Private alleles  Fixation
Population n  Hg(£sd) Hg (£ sd) Alleles  Locus per locus Index
Lower Keys 69 0.677 (£0.16) 0.720 (£0.03) 57 7.13 2.13 (+£0.52) 0.057
Northern Keys 20 0.708 (£0.17) 0.703 (x0.11) 46 5.75 0.63 (+0.26) 0.003
Eastern Keys 20 0.606 (£0.17) 0.623 (+0.11) 39 4.88 0.00 0.021
Western Keys 29  0.716 (£0.13) 0.639 (£0.12) 44 5.50 0.13 (£0.13) -0.127
Everglades 10 0.850 (£0.13) 0.834 (+0.02) 62 7.75 2.75 (£0.49) -0.021

Assignment tests (o = 0.05, Appendix 5) of Rannala and Mountain (1997, Bayesian
analysis (BA), 10,000 permutations) and Paetkau et al. (1995, 2004, frequency analysis
(FA), 10,000 permutations) also showed differentiation among these three regions, with
79.7% of all rice rats correctly assigned in both tests. As can be seen in Figure 2.3, most
inconsistencies involved individuals from the northern region, with the majority (92%

with BA and 85% with FA) of misassignments occurring between the eastern and
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Figure 2.3. Neighbor-joining tree based on pairwise comparisons of proportion of shared alleles
between individual silver rice rats from the Lower Keys, with Everglades samples set as the
outgroup. Trapping localities are denoted by letter prefix (SUM = Summerland, BT = Big
Torch, MT = Middle Torch, W = Water, H = Howe, RR = Ramrod, CJ = Cudjoe, USG = Upper
Sugarloaf, LSG = Lower Sugarloaf, USD = Upper Saddlebunch, LSD = Lower Saddlebunch, BP
= Big Pine, EV = Everglades), numbers represent individuals. Subpopulations are designated
by the letters following the dash (W = western, E = eastern, N = northern). One individual (BP
1-E, circled) is misassigned between the western and eastern clades, multiple northern
individuals are found in both clades.
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northern regions. When the eastern and northern regions were combined, the level of
correct assignment increased (93.7% BA and 92.4% FA). No individuals from the Keys
were mistakenly assigned to the Everglades’ population or vice versa, indicating distinct
genotypes in these regions. Neighbor-joining trees derived from pairwise comparisons
of the two distance algorithms, Fsr and Rgr, reconstructed similar relationships between
sampling localities in the Lower Keys (Figure 2.4). Both defined a separation from east
to west. A more distinct separation between the four westernmost trapping localities and
the remaining localities was formed from the Fst comparisons. The NJ tree of the Rgr
values included Upper and Lower Sugarloaf Keys with the other western localities,
while the Fsr comparison did not.
Patterns of Mitochondrial DNA Variation

Nucleotide sequences of the mitochondrial control region were obtained for 79
individuals from the Florida Keys (n = 70) and the Everglades (n = 9). Eleven unique
haplotypes were observed, with four restricted to the Florida Keys and seven occurring
in the Everglades. Variation among these haplotypes involved 36 segregating sites, with
an average nucleotide diversity of 1.337 + 0.125%, corrected to 1.350% with the Jukes
and Cantor (Table 2.3). The four haplotypes restricted to the Florida Keys differed at
six segregating sites. Haplotypic diversity (h+sd) within the Florida Keys was 58.6% (£
2.9%) and overall nucleotide diversity was 0.481% + 0.128%, corrected to 0.483% with
Jukes and Cantor (Table 2.3). Of the four haplotypes restricted to the Keys, two had
frequencies of 47% and 44%, respectively. These two haplotypes were partitioned into

two distinct geographic areas. One occurred predominately in the west (94%) and the
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Table 2.3. Standard diversity indices from mitochondrial DNA analyses of the silver rice rat for each
region (Lower Keys and Everglades) and for the three subpopulations of the Lower Keys defined by
the microsatelite analysis (northern, western, and eastern).

Population n No. haplotypes % h (+sd) % nJC
Lower Keys 70 4 58.6 (¥2.9) 0.483
Northern Keys 21 3 26.7 (£12.0) 0.438
Eastern Keys 20 3 41.6 (£11.6) 0.431
Western Keys 29 1 0 0
Everglades 9 7 94.4 (£7.0) 1.388
All Data 79 11 67.5 (£3.4) 1.350

other was found exclusively in eastern localities (Figure 2.5). The two low frequency
haplotypes were found in the central range of the Lower Keys.

In contrast to the small number of haplotypes observed in the Keys, the 7 unique
haplotypes found on the mainland (varying at 28 segregating sites) were observed for
the 9 individuals examined. Nucleotide diversity averaged 1.374 + 0.184% (nyc=
1.388%) and haplotypic diversity (94.4 + 7.0 %) was considerably higher than observed
in the Lower Keys (Table 2.3). No haplotypes were shared between the Lower Keys
and Everglades, and haplotypes found in the island and mainland populations differed
by an average of 11.357 nucleotide differences. Net nucleotide divergence (da+ sd)
between the Keys and the Everglades haplotypes was 0.00566 + 0.00384, and the
average number of nucleotide substitutions per site between populations (Dx,£sd) was
0.0150 £ 0.00373 (both calculated with Jukes-Cantor correction). Tajima’s test for
neutrality of the data was negative (D =-0.66751) but not significant (p > 0.10).

Both maximum likelihood and maximum parsimony were used to examine

relationships among mtDNA haplotypes observed in the Florida Keys and mainland
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Everglades populations, and identical results were obtained (Figure 2.6). There was
strong support for a monophyletic group containing haplotypes from the Keys, with an
eastern and western subdivision as demonstrated by information on haplotype
frequencies. The most divergent haplotype was from the mainland site in the

Everglades.

Silver Rice Rat Haplotypes
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Figure 2.5. Pie charts of silver rice rat mtDNA haplotypes by sampling locality, superimposed
on geographic layout of the Lower Keys.



86
88
86
88
85
86
52
< 50
64 82
67 64
87
83
93
94
94
a3
=< 50
<50

28

Central Lower
Keys Haplotype 1

Eastern
Lower Keys

Central Lower
Keys Haplotype 2

Western
Lower Keys

E4'1

EW2

EY'4

EYS

ENE

ENT

EYS

EYE

EY3

A5 Texas

Figure 2.6. Phylogenetic analysis of Everglades and Keys mtDNA haplotypes, upper and lower numbers
represent bootstrap values (1000 replications) for ML and MP analyses, respectively. Maximum
likelihood analysis was performed using the General Time Reversible model with a gamma distribution
for variable sites (o = 0.1388), as suggested by ModelTest. Two most parsimonious trees with a tree
length of 102 were found with maximum parsimony, with a consistency index (CI), excluding
uninformative characters of 0.7778, and a retention index (RI) of 0.8298. This tree represents a strict
consensus of the two most parsimonious trees. A haplotype from Texas was used as an outgroup.
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Based on the structure revealed by the microsatellite data, populations of rice rats
were subdivided into three groups (eastern, northern, and western, Figure 2.2), and an
AMOVA (Excoffier et al. 1992) was used to test for significant differences in haplotypic
variation. Results of this test revealed 60.49% of total molecular variation (®ct = 0.605;
p < 0.05) partitioned among groups, 31.10% (®sc = 0.787; p < 0.001) among
populations within these groups, and 8.4% (®sr = 0.916; p < 0.001) within the
populations. These values increased with the comparison of a combined eastern and
northern group with the western group (70% of variation partitioned among groups; @cr
=0.70; p<0.01).

Patterns of Gene Flow

Within the Lower Keys, both estimates for the total number of migrants (Nem)
obtained from microsatellite data and the levels of female migration (Ngm) calculated
from mtDNA demonstrated low levels of gene flow between the western region and the
rest of the Keys (Table 2.4). Mitochondrial gene flow between the Lower Keys and the
Everglades was estimated to be 0.3 and 0.65 females per generation (Ngm from ®gr and
vst, respectively). When based on frequency of private alleles, adjusted for sample size
(Barton and Slatkin 1986), net migration rate (Nem) between the Keys and the mainland

was estimated to be 0.438 individuals per generation.
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Table 2.4. Migration estimates between Lower Keys subpopulations based on microsatellite
data (0 and private alleles methods) and mtDNA sequence data (® and yqr)

Lower Keys
Subpopulation

Eastern Northern Eastern
N.m (from 0) 5.768 -
N.m (from private alleles) 2.276 -
N (from ©) 4.250 -
N (from ygr) 5.460 -

Western
N.m (from 0) 1.448 1.360
N.m (from private alleles) 0.924 0.878
Ngn (from @) 0.033 0.172
Ny (from vysr) 0.060 0.340

DISCUSSION

Genetic Diversity

In comparison to mainland populations in the Everglades, populations of silver
rice rats in the Lower Keys show considerably lower levels of genetic variation. For
instance, average observed heterozygosity for the eight microsatellite loci is 0.677 for
the Lower Keys populations versus 0.85 for the Everglades (Table 2.2). Similarly,
populations in the Lower Keys have even lower levels of haplotypic diversity (58.6%) in
comparison to the 94.4% observed for Everglades (Table 2.3).

The reduced levels of genetic variation observed in the Keys relative to
populations on the Florida mainland are consistent with other studies involving

mammalian species distributed in both the Keys and mainland Florida. Ellsworth et al.
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(1994a, b) examined both nuclear (allozyme) and mtDNA (RFLPs) variation in the Key
deer and other populations of white-tailed deer distributed throughout the southeastern
U.S. Heterozygosity estimated from allozymes averaged 6.4% for populations in the
Keys and 7 to 10% in mainland populations, and mtDNA haplotype diversity for the
Keys and south Florida was 0% and 70.6%, respectively. A more recent study by Banks
(2001) examined variation at seven microsatellite loci and also found lower levels in
populations from the Keys relative to those in the Everglades. For instance, Keys
populations averaged 2.14 alleles per locus with no unique alleles, whereas mainland
populations averaged 7.13 alleles per locus. In addition, average heterozygosity for the
Keys (0.242) was considerably less than seen for the Everglades (0.495).

Several factors probably account for patterns of variation seen in these island
endemics relative to mainland forms. First, both the silver rice rat and the Key deer
represent island populations that were probably established as a result of founder events.
Like other island forms, these two species reveal reduced levels of variation as a result
of founder effects and presumably drift in small initial populations (Frankham 1997,
Garner et al. 2004). Second, mtDNA haplotype and nuclear DNA phylogenies for
mainland populations of both the silver rice rat and the Key deer show an association
between populations in southern Florida and those in the Keys, suggesting founding of
these populations from mainland sources in south Florida. Finally, the lack of shared
mtDNA haplotypes and differences in allele frequencies between these mainland and
island populations suggest isolation and restricted gene flow over enough generations

for variation in these two groups to coalesce. The higher degree of difference between
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mainland and island forms for mtDNA markers is consistent with expectations for
uniparentally inherited markers (Avise 1994).
Population Structure and Dispersal

One surprising result from this study is the observed level of genetic subdivision
among particular islands in the Lower Keys. As indicated earlier, rice rats are generally
effective at colonizing islands via over water dispersal, yet both microsatellite and
mtDNA markers show distinct genetic differences between eastern and western
populations. Of the four mtDNA haplotypes observed, eastern and western populations
were almost fixed for alternate haplotypes, and even the central population had
haplotypes not found in the islands to the east and west (Figure 2.5). The degree to
which these three regions differ can be seen by estimates of differentiation based on ®gr,
which averaged 0.916 (p <0.0001). Likewise, microsatellite DNA analyses based on
STRUCTURE revealed three genetically distinct populations in the Lower Keys that are
very similar to patterns reflected by mtDNA. Although the average Fst 0of 0.174 (p <
0.0001) is lower than that observed for mtDNA, it still supports considerable population
subdivision, especially between eastern and western populations. This is confirmed by
both assignment tests and phylogenetic comparisons of individuals (Appendix 6 and
Figure 2.3).

Relationships between localities were measured by both Fsr and Rgr, which vary
in the assumptions of microsatellite evolution upon which they are based. Weir and
Cockerham’s (1984) 0 is an analogue to Wright’s (1951, 1965) Fsr and is calculated

under the infinite alleles model (IAM, Kimura and Crow 1964), which assumes all
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alleles are equally likely and equally distant from one another. Under IAM, distances
between two alleles are treated dichotomously as either different (1) or the same (0),
regardless of the fact that similar alleles have been shown to arise independently
(Levinson and Gutman 1987, Weber and Wong 1993). Hence, IAM may not the most
appropriate model for microsatellite evolution (Kirchman et al. 2000, Maroja et al.
2003). Alternatively, Slatkin’s (1995) Rgsr, an Fsr analogue based on the stepwise
mutation model (SMM, Kimura and Ohta 1978), assumes that mutations arise from
slippage during replication, resulting in the gain or loss of a single repeat. Thus, unlike
IAM where alleles are similar or not, each mutation under the SMM creates an allele
that retains a history of previous alleles. One principle of the SMM is that only a single
repeat is added or removed with any given mutation. Nevertheless, this assumption is
violated when alleles mutate by multiple repeats, as has been shown to occur, albeit
rarely (Primmer et al. 1996). Additionally, Gaggiotti et al. (1999) demonstrated that Fsr
is more effective than Rgr in indicating gene flow when working with moderate sample
sizes (n < 50) and a low number of alleles. Both parameters apply to this study,
implying that the Fst comparison may be a more reliable estimate of locality
relationships. Given that microsatellites do not demonstrate strict adherence to either set
of assumptions, relationships between localities were analyzed by both calculations for
comparative purposes (Figure 2.4). The separation of eastern and western localities is
evident in trees constructed from both measurements.

How does one explain the apparent genetic subdivision seen among populations

of rice rats in the Lower Keys? One historical explanation may be that currents and
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depth and width of channels present barriers to dispersal, thus limiting the degree to
which individuals can be exchanged between the eastern and western populations.
Although the silver rice rat is known to be an excellent swimmer, strong currents and/or
wider crossings may impede dispersal. This may explain why populations in the central
portion of the Lower Keys share more microsatellite alleles (as revealed by assignment
tests) in common with those located to the east. In this particular area intertidal flats,
representing areas of shallow water barely covered at low tide, occur more often along
the northern side of the islands, thus providing an avenue of exchange. There is some
evidence that these intertidal areas were more recently submerged by rising oceans, thus
increasing the probability of exchange between central and eastern populations (Lidz
and Shinn 1991).

More recent events, associated with the loss of habitats as a result of human
encroachment, also may have created barriers to dispersal, thus interrupting the overall
metapopulation structure of silver rice rats. As wetlands continue to be removed,
suitable habitat for rice rats is becoming patchily distributed, thus potentially reducing
the overall size of populations. For instance, presumably as a result of habitat loss,
surveys conducted between 1970 and 1990 have revealed an overall decline in densities
of rice rats in the Lower Keys (Vessey et al. 1976; Goodyear 1987, 1993; Wolfe 1986,
1987), and this, in combination with fragmentation, might create overall smaller
effective population sizes and more rapid rates of change in the frequency of mtDNA

haplotypes and microsatellite alleles.
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Regardless whether one can explain current levels of genetic subdivision on the
basis of either historical or more recent events, the overall pattern of higher levels of
differentiation for mtDNA versus those seen for microsatellite loci are consistent with
expectations associated uniparentally versus biparentally inherited genetic markers
(Hartl and Clark 1989). Furthermore, overall differences among the four rice rat
haplotypes (m;c = 0.483%, average of 3.67 nucleotide differences between haplotypes)
found in the Keys suggest a more recent separation of populations. This level of
differentiation is at least consistent with data suggesting that fragmentation of islands in
the Lower Keys resulted from channel formation occurring in the last 2,000 to 3,000
years (Lidz and Shinn 1991).

Phylogeographic Patterns and Taxonomic Implications

Although once geographically contiguous with the mainland, the Florida Keys
have been isolated for at least 4,000 years (Hoffmeister 1974), and several distinct
lineages of mammals (e.g., silver rice rat, Key deer, Lower Keys marsh rabbit, and Key
Largo woodrat) have been assigned taxonomic distinction relative to lineages on the
mainland. The three species in the Keys, for which there are genetic data, are similar in
showing genetic distinction relative to mainland forms. This similarity in terms of
phylogeographic pattern is probably the result of similar vicariant events that created
barriers to dispersal between the Keys and south Florida (Avise 2000). For instance,
mtDNA haplotypes of Neotoma floridana smalli from Key Largo (Upper Keys, Figure
2.1) form a monophyletic group relative to haplotypes from mainland Florida and differ

by 0.9% (Hayes and Harrison 1992). Key deer show a unique haplotype that differs by
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0.14% from those found in south Florida, and based on phylograms derived from
microsatellites both mtDNA, allozymes, and microsatellites, the Key deer lineage is
distinct from populations in mainland Florida (Ellsworth et al. 1994 a,b; Banks 2003).
Unlike the preliminary study by Gaines et al. (1997), silver rice rat populations in the
Keys also are genetically and phylogenetically divergent from those seen in south
Florida. MtDNA divergence between the Keys and mainland Florida averaged 1.5%
(Dxy), a value closer to that seen for the woodrat, and both mtDNA and microsatellite
markers revealed restricted gene flow between populations in the Keys and mainland
Florida. In addition, Keys rice rats form a monophyletic group relative to their mainland
neighbors (Figure 2.6).

In many cases subspecies designations derived from morphology do not always
coincide with patterns observed with genetic markers (Honeycutt 2000). In the case of
the silver rice rat, Spitzer and Lazell (1978) used evidence of morphological differences
to advocate taxonomic distinction for the Keys populations. Although others
(Humphrey and Setzer 1989) have questioned this morphological and taxonomic
distinction, analyses of both mitochondrial and nuclear DNA clearly indicate that
populations of the silver rice rat located in the Lower Keys are genetically distinct from
mainland populations, and are therefore on a separate evolutionary trajectory.
Implications to Conservation Efforts

Increased human population growth and on-going development in the Keys is
altering native habitat and threatening many endemic species of vertebrates. Although

the silver rice rat is currently not under active management, it is considered an
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endangered mammal in the Keys. Our data support the uniqueness of these populations
in the Keys, and the congruent patterns observed for both mtDNA and microsatellites
suggest that the silver rice rat is a distinct ‘evolutionary significant unit’ (as per Moritz
1994). Although some have challenged the concept of an evolutionary significant unit
(Bowen 1998; Crandall et al. 2000; Mace 2004), all the genetic data reveal genetic
separation between the Keys and mainland. Furthermore, subdivision within the Lower
Keys, as revealed by separation between groups of populations on different islands,
indicates that management decisions designed to restore wetland habitats and viable
populations of rice rats should at least treat eastern and western populations in the Lower
Keys as separate management units. These genetic subdivisions should be considered in
any management scheme that involves translocations and/or restocking from other

source populations.
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CHAPTER III
MITOCHONDRIAL DNA ANALYSIS OF THE LOWER KEYS MARSH
RABBIT (Sylvilagus palustris hefneri)
INTRODUCTION
The Lower Keys marsh rabbit (Sylvilagus palustris hefneri) is listed as a
federally endangered subspecies by the U.S. Fish and Wildlife Service (USFWS, 1990).
The smallest of the three marsh rabbit subspecies, this subspecies is distinguished from
marsh rabbits occupying the mainland (S. p. palustris) and Upper Keys (S. p.
paludicola) by distinct cranial characteristics, including a shorter molariform tooth row,
a broader skull with a higher, more convex frontonasal profile, and a longer dentary
symphysis (Lazell 1984). Although marsh rabbits are found throughout the southeastern
U.S., the range of the Lower Keys marsh rabbit is limited to particular islands in the
Lower Keys. Like the Key deer and the silver rice rat, marsh rabbits were probably
isolated from the mainland as ocean levels rose and separated the Keys from the
mainland approximately 10,000 years ago (Lazell 1984). A restricted range, coupled
with loss and fragmentation of habitat by commercial and residential development in the
Keys, has led to the decline of marsh rabbits in the Lower Keys. A population viability
analysis (PVA) carried out by Forys (1995) projected that under current conditions the
subspecies could become extinct in as little as 50 years.
This critically endangered rabbit exhibits a strong preference for coastal marsh

habitats that exist as areas of transition between mangrove swamps and upland areas

throughout the Lower Keys (Faulhaber 2003). These patches include zones of lower
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elevation, most of which have been filled and developed in the recent past. Although
remaining marsh is now protected due to its wetland status, adjacent uplands remain a
target for human development, and consequently, are currently under threat by
developers (Williams 1991). The grassy marshes of the transition area currently exist
as a mosaic of suitable habitat, both native and disturbed, with sub-populations of the
marsh rabbit restricted to small, disjunct patches (Forys and Humphrey 1999). Few
areas of contiguous habitat greater than 5 hectares (ha) remain, and a majority of patches
are surrounded by urban development, making dispersal between populations unlikely
(Forys et al. 1996). Although local extinctions of sub-populations are a natural
occurrence in a metapopulation, if patches become too isolated, extinctions cannot be
balanced by recolonizations, and the entire population becomes less sustainable (Hanski
and Simberloff 1997). This level of patch isolation is the most critical threat that faces
the continued existence of the Lower Keys marsh rabbit. The serious nature of this
problem is realized by the fact that such isolation may already be occurring in an area
known as the Gap Islands Complex (Neil Perry, unpublished data). This group of
islands, located in the center of the marsh rabbit’s range (extending from Middle Torch
Key to Cudjoe Key; Figure 3.1), contains patches of suitable marsh rabbit habitat, yet
there are no recorded rabbit sightings on the Gap Islands. Marsh rabbits are found on
islands throughout the Lower Keys from Big Pine Key (and surrounding islands) to
Boca Chica Key, but the most recent study by Faulhaber (2003) found no evidence of
their presence in the Gap Islands. The only verification of their past existence in this

area is in the form of anecdotal evidence from historic interviews with local inhabitants
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(Lazell 1989). It is important to note that geographic variation in pelage color has been
observed between marsh rabbits captured on Big Pine Key and those captured in the area
west of the Gap Island Complex (Lazell 1989). This may be an indication of a more

historical separation between these two areas.
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Figure 3.1. Map of the current range of the Lower Keys marsh rabbit, from Big Pine Key and
its surrounding islands to Boca Chica Key. The Gap Islands Complex is an area uninhabited by
marsh rabbits, although it contains patches of suitable LKMR habitat (adapted from Faulhaber
2003).
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In addition to habitat quality, social behavior plays a critical role in shaping the
genetic structure of a population (Sugg et al. 1996; Ross 2001). A radio-telemetry study
of the Lower Keys marsh rabbit by Forys and Humphrey (1996) revealed several
behaviors that presumably could influence patterns of genetic variation in the Lower
Keys marsh rabbit: (1) Although capable of moving, adult rabbits remain in one patch
for a lifetime. (2) Rabbits born in a patch remain there until sexual maturity, upon
which time many then undertake a relatively long one-way movement (<2 km). (3)
Males move a greater distance from their natal patch than females, which tend to remain
in their natal patch throughout their adult life. This study also found the average home
range size of an adult marsh rabbit to be 3.96 ha (average core area 1.21 ha).

The ability of an animal to disperse between patches of habitat also plays a
significant role in the determination of population structure (Johst et al. 2002). In the
island habitat of the Lower Keys, water serves as the decisive barrier between most
populations. Marsh rabbits are known to be relatively good swimmers (Tomkins 1935;
Ivey 1959; Padgett 1989), but swimming frequency between islands is unknown. Other
studies (Blair 1936) have noted that marsh rabbits will enter water only under extreme
conditions; hence, it is possible that even small channels may impede dispersal. The
Lower Keys marsh rabbit has been recorded swimming across ditches, canals, and even
larger bodies of water (> 3 m), although swimming was a rare occurrence in relation to
the presence of water in the environment (Humphrey and Forys 1996).

Although information on the ecology and behavior of marsh rabbits is available, no

studies of genetic variation in populations located in the Lower Keys have been
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conducted. As with other studies of threatened and endangered populations (Avise
1989; Kalinowski et al. 1999; Malone et al. 2003), a genetic survey of the Lower Keys
marsh rabbit can provide meaningful data on the structure of local populations and the
presence or absences of barriers to gene flow between existing populations. Such
information is fundamental to management efforts of this endangered subspecies, and it
can be used to identify source populations, for potential translocation of individuals
where marsh rabbits have become rare. Such efforts are currently underway. Therefore,
this study will provide preliminary information on the genetic structure of marsh rabbits
in the Lower Keys through an analysis of variation at the mitochondrial control region.
Given the ecological and behavioral evidence for female philopatry, one might expect

more evidence for substructure with this maternally inherited marker (Avise 1994).

METHODS

Data Collection

Hair samples were collected from individual rabbits as part of a population
survey (Faulhaber, 2003) conducted from November 2001 through July 2004 at the
following localities: Boca Chica (n = 19), Sugarloaf (n = 13), Saddlebunch (n = 16), Big
Pine (n =9), and Geiger (n = 2) keys (Figure 3.1). In addition, one mainland sample
from Lover’s Key, located on the southwestern coast of Florida, was obtained and used
as an outgroup. Rabbits were trapped and handled in accordance with Animal Use
Protocol #2001-109, as approved by the Texas A&M University Institutional Animal

Care and Use Committee. The trapping protocol consisted of unbaited Tomahawk Traps
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(Tomahawk Live Traps, Tomahawk, Wisconsin, USA) lined with grasses and placed in
vegetation tunnels through which rabbits travel. Traps were then covered with
vegetation to simulate a natural passageway. In addition, drift fences made of chicken
wire were used in an attempt to drive rabbits into the traps. Prior to analysis all hair
samples were stored in either 15 mL of lysis buffer (Longmire’s solution, Longmire et

al. 1988) or plastic bags.

A Gentra Puregene™ DNA isolation kit (Gentra Systems, Minneapolis,
Minnesota, USA) was used to extract DNA from individual hair samples. A total of 763
base pairs (bp) of the mitochondrial cyt b gene and the control region was amplified by
the polymerase chain reaction (PCR, Saiki et al. 1988). The analysis was limited to the
first half of the mtDNA control region due to extensive length variation, resulting from
tandem repeats, located in the second half of the control region (Biju-Duval et al. 1991).
The PCR primer set used in the initial amplification was L15774 (5°-
TGAATTGGAGGACAACCAGT-3") and H16498 (5°-
CCTGAAGTAGGAACCAGATG-3’) (Shields and Kocher 1991). An additional
internal primer set, L15934 (5’-CCCTGGTCTTGTAAGCCAGAAATGG-3’) and
H16431 (5’-GGGCGGGTTGCTGGTTTCACG-3’) (Litvaitis et al. 1997), was used in
sequencing. Amplifications were conducted in 50 puL reactions with the following
components and concentrations: 2 uL. DNA, 25.7 uLL ddH,0, 5 pL 10X PCR buffer
(Takara Shuzo, Shiga, Japan), 2.5 uL. 10X BSA, 4.5 pLL of 10mM dNTPs (Takara Shuzo,
Shiga, Japan), 5 uL each of forward and reverse primers (2pmol/uL), and 1.5 U Taq

polymerase (Takara Shuzo, Shiga, Japan). Amplifications were carried out
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(MyCycler™ Thermal Cycler, Bio-Rad Laboratories, Inc., Hercules, California, USA) in
three stages that included an initial denaturation cycle at 95 °C for 4 min, followed by 35
cycles of 30 sec at 95°C, 1 min at 40°C, and 2 min at 72°C, and a final extension cycle
of 10 min at 72°C. PCR products were visualized on a 1% agarose and TBE gel matrix.
Amplified products were purified using a combination of Exonuclease I and Shrimp
Alkaline Phosphatase (ExoSAP, USB, Cleveland, Ohio, USA).

Each sequencing reaction was performed using Big Dye termination chemistry
(Applied Biosystems Inc. (ABI), Foster City, California, USA) in a GeneAmp® PCR
System 2700 Thermal Cycler (ABI). Sequences were obtained on an ABI 3100
automated sequencer following protocols of the manufacturer (Perkin-Elmer
Biosystems, Wellesley, Massachusetts, USA). Fragments were sequenced in the
forward and reverse directions; sequence alignments and the formation of contigs were
accomplished with the Sequencher 4.2 software program (Gene Codes Corporation, Ann
Arbor, Michigan, USA).

Statistical Analysis

Traditional population statistics (Nei 1987), including nucleotide diversity (),
haplotypic diversity (h), number of segregating sites (S), average number of nucleotide
substitutions per site between populations (Dyy), and the average number of nucleotide
differences between populations were calculated with the DnaSP version 4.0.6 (Rozas et
al. 2003) software package. Estimates of yST (Nei 1982) and Fst (Hudson et al. 1992)

were also calculated in this program and used to estimate gene flow (Ngm).
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Additionally, DnaSP was used to test the assumption of neutrality of mutations by
Tajima’s D (Tajima 1989).

The significance of haplotypic variation between populations was calculated
using analysis of molecular variance (AMOVA; Excoffier et al. 1992). AMOVA was
calculated with ®-analogues of Wright’s (1965) F-statistics in the ARLEQUIN version
2.0 software package (Schneider et al. 2000). This program estimates the proportion of
genetic variation present at different hierarchical levels based on haplotype distribution
and pairwise distance. The analysis was calculated with the Lower Keys population
divided into two regions based on geographic location (i.e., east and west of the Gap
Islands Complex). Significance was tested by means of a non-parametric permutation of
haplotypes among both populations and groups (10,100 permutations).

Relationships between haplotypes were resolved by both maximum likelihood
(ML) and maximum parsimony (MP) methods for phylogenetic reconstruction
(PAUP*4.0b10, Swofford 2002). Both analyses used the single mainland sample as an
outgroup and employed a heuristic search option with gaps identified as a fifth state
(random addition sequence, 100 replications, TBR branch swapping). Bootstrap values
were obtained to provide statistical support for branching topology (1,000 replications;
Felsenstein 1985). Prior to the ML analysis, ModelTest version 3.06 (Posada and

Crandall 1998) was used to obtain the appropriate parameters for the search.
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RESULTS

MtDNA sequences derived from the 59 Lower Keys marsh rabbits revealed five
unique haplotypes differing at 23 segregating sites. These five haplotypes represented
two distinct clades (Western Clade and Eastern Clade, Figure 3.2) separated by 19
nucleotide substitutions. Haplotypic diversity (h+sd) was low (66.1 £ 3.4%) and
haplotypes were distributed unevenly, with a majority of the samples represented by
three types (42%, 39%, and 14%, Figure 3.3). Tajima’s test for neutrality of the data,
was positive (D = 1.722), but not significant (p > 0.10). The among group variation
(AMOVA) between the two regions tested was 97.53% (among populations within
groups 0.20% and within populations 2.28%), indicating a substantial separation
between the two regions. Genetic variation was significantly partitioned among the two
groups, with Fsr = 0.98198 (Hudson et al. 1992) and ysy = 0.91811 (Nei 1982; both

calculated in DnaSP, Rozas et al. 2003).

Nucleotide diversity (w + sd) over all Lower Keys samples was 1.782 + 0.481%
(with the Jukes and Cantor correction (myc) 1.816%). The eastern and western
haplotypes differed by an average of 0.0288 nucleotide substitutions per site (Dxy, with
Jukes and Cantor correction, 0.0294) and an average 22 nucleotide differences per
sequence. Gene flow estimates were very low under both measures (yst, Nyom = 0.04,

Nei 1982; Fsr, N)om = 0.01, Hudson et al. 1992).
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Figure 3.2. Phylogenetic tree constructed by maximum parsimony (MP) and maximum
likelihood (ML) analysis of Lower Keys marsh rabbit mitochondrial sequence data. The
Western clade refers to all trap sites west of the Gap Islands Complex; the Eastern clade is
composed of all samples from Big Pine Key. Bold numbers represent bootstrap values, MP
values below and ML values above.

To account for unequal base frequencies and allow for transition and transversion rate
bias, the model HKY85 (Hasegawa et al. 1985) was used in the ML analysis.

Nucleotide frequencies over all data were adenine (0.3028), guanine (0.1311), thymine
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(0.2725), and cytosine (0.2936). Both the MP and the ML analyses produced identical
trees (Figure 3.2; bootstrap values > 50 shown, ML values above, MP values below).
For the tree constructed by the MP analysis, the consistency index (CI), excluding
uninformative characters, was 0.9565, the retention index (RI) was 0.9600, and the

rescaled consistency index (RC) was 0.9200.
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Figure 3.3. Pie charts of Lower Keys marsh rabbit mtDNA haplotypes by sampling locality,
superimposed on geographic layout of the Lower Keys.
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DISCUSSION

Phylogenetic analyses identified two main haplogroups occurring within the
Lower Keys. These two groups are clearly separated geographically, with an Eastern
Clade (trap sites east of the Gap Island n = 9) and a Western Clade (all trap sites west of
the Gap Island complex n = 50, Figure 3.3). Patterns of strong genetic differentiation
(Fst=0.98198, ys7 = 0.91811) indicate little gene flow between eastern and western
localities, which are separated by a region unoccupied by marsh rabbits, the Gap Islands
Complex. Previous studies on the presence of marsh rabbit habitat throughout the
Lower Keys have identified suitable sites within the Gap Island Complex but only in
small disjunct patches (Faulhaber 2003). The lack of gene flow observed between the
eastern and western regions (Ngm from Fgt = 0.01, Ngm from ysr = 0.04) is likely due to
the fact that individuals attempting to traverse the Gap Islands Complex experience high
mortality rates.

Moritz (1994) advocated using distinct separation of mtDNA (reciprocal
monophyly) to identify historically isolated populations that potentially have distinct
evolutionary potential. Populations that do not show clear separation, yet are
functionally independent due to limited gene flow, may be designated as “management
units,” a still relevant designator for conservation efforts. The distinct genetic separation
observed in the Lower Keys marsh rabbit, in addition to the geographic variation noted
by Lazell (1989) provides strong evidence for the recognition of these two regions as
separate management entities. Although the corroboration appears to verify this view,

the small sample size from the eastern region makes it difficult to discern if the presence
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of a single haplogroup over the entire area east of the Gap Islands Complex is merely an
artifact of small sample size. Further sampling of Big Pine Key and outer islands would
provide a more complete picture of geographic separation.

The Lower Keys marsh rabbit is currently under active management that
includes translocations to suitable habitat patches throughout the Lower Keys.
Translocations have already occurred on Little Pine, Big Torch (Faulhaber 2003), and
Water keys involving rabbits from source populations throughout both the eastern and
western regions of the Lower Keys (Faulhaber 2003). Although further study is
warranted, implications of defining management units will significantly affect these
efforts, as combining individuals from eastern and western islands would no longer be

recommended.
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CHAPTER 1V
CONCLUSION

Genetic analyses of two endangered species of mammals in the Lower Keys
(Lower Keys marsh rabbit, Sylvilagus palustris hefneri; silver rice rat, Oryzomys
argentatus = Oryzomys palustris natator) were performed to address unknown features
of their population structure. Striking similarities between the mitochondrial DNA
(mtDNA) analyses of the Lower Keys marsh rabbit and the silver rice rat were revealed,
most notably, the genetic subdivision between eastern and western populations. Over
their approximately 48 km range within the Lower Keys, gene flow has been restricted
to the extent that some haplotypes appear fixed within populations. This separation may
have been established by the earlier formation of several channels that divide the Lower
Keys. As ocean levels rose after the last ice age, the Keys were slowly transformed from
a single landmass into the collection of islands that exist today. These historical barriers
to dispersal would have helped shape the genetically structured population observed
today. Future studies on dispersal in the silver rice rat include a landscape analysis
which will examine factors such as channel depth and currents, human development, and
ocean levels at low tide for possible effects on dispersal of the rice rat.

The genetic separation between mtDNA haplotypes of rabbit populations (19 bp)
was more extreme than the division between the rat populations (4 bp). This disparity is
likely due to a large area of unoccupied habitat (Gap Islands, Neil Perry unpublished
data) present in the center of the Lower Keys marsh rabbit range that separates the

distinctive haplogroups and impedes dispersal between these two regions. Presumably,
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this phylogeographic pattern is the consequence of historical events that created effective
barriers to dispersal of marsh rabbits. Conversely, the silver rice rat population is
continuously present throughout the Lower Keys. In addition to an overall similar
pattern of genetic subdivision, populations of both species possess low levels of mtDNA
variation (haplotypic diversity in the Lower Keys marsh rabbit = 66.1%, silver rice rat =
58.6%), a common occurrence among island populations.

Both studies within the Lower Keys would benefit from additional sampling. For
the Lower Keys marsh rabbit, further sampling from the eastern region of the Lower
Keys would provide a more complete picture of geographical separation. Although
morphological evidence corroborates the marsh rabbit division (Lazell 1989), small
sample size from this area makes it difficult to determine if a single haplogroup
predominates over the entire area east of the Gap Islands Complex, or if this is merely an
artifact of sample size. Similarly, more samples from the center islands of the silver rice
rat range would more accurately verify the frequency of the two unique haplotypes
observed in this region.

The addition of microsatellite analyses of the silver rice rat allowed a more in
depth look at the structuring of this population. Although subdivision between eastern
and western regions is more pronounced in terms of mtDNA, this overall pattern is still
apparent. This is not unexpected, because the mode of inheritance of mtDNA is such
that we would expect more geographic subdivision. Over the relatively brief 4,000 years
that the Lower Keys have been isolated from the mainland, mtDNA haplotypes may

have had sufficient time to coalesce among these isolated populations. Conversely,



53

nuclear microsatellites may have retained enough residual variation to reveal alleles
shared between geographic regions that existed prior to rising ocean levels and the
subsequent creation of obstacles to dispersal. Alternatively, the difference in variation
between nuclear and mtDNA may be the result of sex biased dispersal. Species that
demonstrate pronounced female philopatry and male dispersal should show more genetic
subdivision when maternally inherited markers are used. Therefore, the lack of structure
observed in analyses of nuclear DNA may be a result of male dispersal. However,
ecological studies have not recorded any evidence of sex biased dispersal in the silver
rice rat. In addition to a difference in the level of population structure observed, the
microsatellite analyses suggested that rice rats were using the shallower waters on the
north side of the islands as a dispersal corridor.

The examination of divergence between mainland and Lower Keys rice rats
revealed a genetic division that indicated a lack of recent gene exchange between the
regions (i.e., no shared haplotypes, the presence of private alleles, and distinctive
separation in numerous analyses). Although this degree of division does not warrant
species designation, the level and pattern of divergence, both morphological and genetic,
does suggest genetic isolation of mainland and island forms. This fact, along with
clearly restricted gene flow between the Lower Keys and the Everglades, clearly
positions the silver rice rat on an evolutionary trajectory separate from its mainland

counterparts and validates identification as the subspecies, Oryzomys palustris natator.
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APPENDIX 3

TESTS FOR LINKAGE DISEQUILIBRIUM

Locus Pair Chi-squared df p-value
AAT 03 AAT 10 4.191 6 0.651
AAT 03 AAT 16 1.128 6 0.980
AAT 10 AAT 16 5.067 6 0.535
AAT 03 AAT 21 2.061 6 0.914
AAT 10 AAT 21 5.832 8 0.666
AAT 16 AAT 21 12.431 6 0.053
AAT 03 AAT 26 6.928 6 0.328
AAT 10 AAT 26 6.669 6 0.353
AAT 16 AAT 26 9.478 6 0.148
AAT 21 AAT 26 13.392 6 0.037
AAT 03 AAT 28 00 6 <0.001
AAT 10 AAT 28 5.985 8 0.649
AAT 16 AAT 28 0.754 6 0.993
AAT 21 AAT 28 2.737 8 0.950
AAT 26 AAT 28 7.511 6 0.276
AAT 03 AAT 40 8.421 6 0.209
AAT 10 AAT 40 5.099 8 0.747
AAT 16 AAT 40 8.679 6 0.192
AAT 21 AAT 40 3.462 8 0.902
AAT 26 AAT 40 12.399 6 0.054
AAT 28 AAT 40 12.001 8 0.151
AAT 03 AAT 60 11.126 6 0.085
AAT 10 AAT 60 13.570 8 0.094
AAT 16 AAT 60 2.945 6 0.816
AAT 21 AAT 60 8.309 8 0.404
AAT 26 AAT 60 6.689 6 0.351
AAT 28 AAT 60 7.232 8 0.512
AAT 40 AAT 60 8.560 8 0.381
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APPENDIX 4

BY LOCUS:

TEST OF GENIC AND GENOTYPIC DIFFERENTIATION

71

Genic Differentiation

Genotypic Differentiation

Locus Populations Probability P-value
AAT 03 Keys East Keys West 0.000 (0.000) 0.000 (0.000)
AAT 03 Keys East  Keys North 0.227 (0.008) 0.188 (0.006)
AAT 03 Keys East  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 03 Keys West  Keys North 0.000 (0.000) 0.000 (0.000)
AAT 03 Keys West  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 03 Keys North  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 10 Keys East ~ Keys West 0.000 (0.000) 0.000 (0.000)
AAT 10 Keys East  Keys North 0.002 (0.001) 0.006 (0.001)
AAT 10 Keys East Everglades 0.000 (0.000) 0.001 (0.000)
AAT 10 Keys West  Keys North 0.001 (0.000) 0.000 (0.000)
AAT 10 Keys West  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 10 Keys North  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 16 Keys East ~ Keys West 0.001 (0.000) 0.000 (0.000)
AAT 16 Keys East  Keys North 0.322 (0.008) 0.289 (0.006)
AAT 16 Keys East  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 16 Keys West  Keys North 0.000 (0.000) 0.000 (0.000)
AAT 16 Keys West  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 16 Keys North  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 21 Keys East  Keys West 0.000 (0.000) 0.000 (0.000)
AAT 21 Keys East  Keys North 0.637 (0.006) 0.601 (0.006)
AAT 21 Keys East  Everglades 0.000 (0.000) 0.002 (0.000)
AAT 21 Keys West  Keys North 0.001 (0.000) 0.000 (0.000)
AAT 21 Keys West  Everglades 0.003 (0.001) 0.002 (0.001)
AAT 21 Keys North  Everglades 0.006 (0.001) 0.011 (0.001)
AAT 26 Keys East ~ Keys West 0.000 (0.000) 0.000 (0.000)
AAT 26 Keys East  Keys North 0.577 (0.006) 0.609 (0.004)
AAT 26 Keys East Everglades 0.000 (0.000) 0.000 (0.000)
AAT 26 Keys West  Keys North 0.000 (0.000) 0.000 (0.000)
AAT 26 Keys West  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 26 Keys North  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 28 Keys East  Keys West 0.000 (0.000) 0.000 (0.000)
AAT 28 Keys East  Keys North 0.527 (0.009) 0.414 (0.008)
AAT 28 Keys East ~ Everglades 0.000 (0.000) 0.000 (0.000)
AAT 28 Keys West  Keys North 0.000 (0.000) 0.000 (0.000)
AAT 28 Keys West  Everglades 0.000 (0.000) 0.000 (0.000)



Genic Differentiation Genotypic Differentiation

Locus Populations Probability P-value
AAT 28 Keys North  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 40  KeysBast  Keys West 0.000 (0.000) 0.000 (0.000)
AAT 40  KeysEast Keys North 0.000 (0.000) 0.000 (0.000)
AAT 40 Keys East Everglades 0.003 (0.001) 0.000 (0.000)
AAT 40  Keys West  Keys North 0.000 (0.000) 0.006 (0.001)
AAT 40 Keys West  Everglades 0.001 (0.000) 0.004 (0.001)
AAT 40 Keys North  Everglades 0.010 (0.002) 0.007 (0.001)
AAT 60  KeysEast  Keys West 0.000 (0.000) 0.000 (0.000)
AAT 60  KeysEast Keys North 0.001 (0.000) 0.003 (0.001)
AAT 60 Keys East  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 60  Keys West  Keys North 0.000 (0.000) 0.000 (0.000)
AAT 60 Keys West  Everglades 0.000 (0.000) 0.000 (0.000)
AAT 60 Keys North  Everglades 0.000 (0.000) 0.000 (0.000)

OVER ALL LOCI:

Genic Differentiation

Population Pair Chi-squared  df p-value
Keys East Keys West 8 16 =0.001
Keys East Keys North 8 16 =0.001
Keys East Everglades 8 16 =0.001
Keys West Keys North 8 16 =0.001
Keys West Everglades 8 16 =0.001
Keys North Everglades 8 16 =0.001
Genotypic Differentiation

Population Pair Chi-squared  df p-value
Keys East Keys West 8 16 =0.001
Keys East Keys North 8 16 =0.001
Keys East Everglades 8 16 =0.001
Keys West Keys North 8 16 =0.001
Keys West Everglades 8 16 =0.001
Keys North Everglades 8 16 =0.001




APPENDIX 5

ASSIGNMENT TESTS

TEST 1:

Silver Rice Rat Data: Assignement to Three Keys Subpopulations and Everglades
Criterion: Rannala & Mountain (1997) Bayesian Analysis

Simulation algorithm: Paetkau et al. (2004)

Number of simulated individuals: 10000

Quality Index: 67.87%
Correctly Assigned: 79.7% (63 individuals)

Locality of Eastern Western Northern
Individual Subpopulation Subpopulation  Subpopulation Everglades
East 0.1647 0.0013 0.3639 0.0569
East 0.0440 0.0018 0.7053 0.0319
East 0.0827 0.0038 0.0487 0.0176
East 0.5574 0.0062 0.3285 0.1096
East 0.0135 0.0041 0.0102 0.1130
East 0.0623 0.0443 0.2735 0.0112
East 0.1289 0.1280 0.5939 0.0075
East 0.1110 0.0011 0.0922 0.0226
East 0.3701 0.0218 0.5080 0.1261
East 0.2019 0.0533 0.7764 0.0279
East 0.5787 0.0108 0.8532 0.0394
East 0.0015 0.1385 0.2555 0.0126
East 0.4781 0.0428 0.7725 0.0601
East 0.8767 0.0158 0.9295 0.0490
East 0.6833 0.0835 0.6108 0.0626
East 0.8089 0.0051 0.8794 0.1598
East 0.8861 0.0920 0.3516 0.0079
East 0.8912 0.0049 0.7196 0.2840
East 0.8213 0.0326 0.7651 0.0260
East 0.9302 0.0199 0.8162 0.0486
West 0.0600 0.0782 0.0047 0.0632
West 0.0322 0.4079 0.0270 0.0005
West 0.1286 0.3916 0.1494 0.0073

West 0.0086 0.3858 0.0014 0.0296



Locality of Eastern Western Northern
Individual Subpopulation Subpopulation  Subpopulation Everglades
West 0.0203 0.1642 0.0135 0.0185
West 0.0145 0.4467 0.5543 0.0020
West 0.0000 0.0648 0.0119 0.0520
West 0.0019 0.5328 0.0109 0.0179
West 0.0002 0.0332 0.0264 0.0276
West 0.0019 0.3992 0.0018 0.0628
West 0.1381 0.4865 0.2946 0.0033
West 0.0000 0.0001 0.0007 0.0279
West 0.0088 0.8965 0.0296 0.0045
West 0.0001 0.1485 0.0516 0.0255
West 0.0003 0.9481 0.0026 0.0220
West 0.0002 0.7827 0.0079 0.0055
West 0.0026 0.3765 0.0029 0.1169
West 0.0057 0.5752 0.0015 0.0313
West 0.0054 0.8801 0.0011 0.1642
West 0.0032 0.8066 0.0055 0.0531
West 0.0029 0.9376 0.0037 0.0529
West 0.0077 0.8319 0.0006 0.1895
West 0.0012 0.8620 0.0003 0.0477
West 0.0225 0.4066 0.3434 0.0028
West 0.0018 0.7803 0.0003 0.1337
West 0.0154 0.0902 0.0159 0.1059
West 0.0252 0.8184 0.0410 0.0039
West 0.0012 0.1260 0.0134 0.0030
West 0.0113 0.5647 0.0119 0.0317
North 0.0043 0.0105 0.1676 0.0015
North 0.0118 0.1851 0.1415 0.0028
North 0.0000 0.0002 0.1704 0.0123
North 0.6777 0.0158 0.9237 0.0103
North 0.0003 0.0001 0.1409 0.0005
North 0.8026 0.0155 0.8907 0.0499
North 0.0019 0.0008 0.1870 0.0581
North 0.4359 0.1405 0.9566 0.0224
North 0.0102 0.0048 0.8614 0.0003
North 0.5261 0.0017 0.7604 0.0546
North 0.0015 0.0038 0.0086 0.0000
North 0.2316 0.0108 0.8283 0.0135
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Locality of Eastern Western Northern
Individual Subpopulation Subpopulation  Subpopulation Everglades
North 0.4278 0.0047 0.5093 0.0504
North 0.0192 0.0000 0.3123 0.0418
North 0.0053 0.0002 0.5028 0.0809
North 0.0003 0.0001 0.4352 0.0075
North 0.0080 0.0002 0.2382 0.0783
North 0.0003 0.0026 0.0987 0.0064
North 0.0078 0.0054 0.2838 0.0063
North 0.0483 0.0002 0.2949 0.0670
Everglades 0.0000 0.0000 0.0000 0.1925
Everglades 0.0000 0.0009 0.0000 0.3218
Everglades 0.0000 0.0000 0.0000 0.7202
Everglades 0.0000 0.0000 0.0000 0.0899
Everglades 0.0000 0.0000 0.0000 0.1255
Everglades 0.0000 0.0000 0.0000 0.0150
Everglades 0.0000 0.0000 0.0000 0.2079
Everglades 0.0000 0.0000 0.0000 0.2126
Everglades 0.0000 0.0000 0.0000 0.1050
Everglades 0.0000 0.0000 0.0000 0.0904
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TEST 2:

Silver Rice Rat Data: Assignement to Three Keys Subpopulations and Everglades
Criterion: Paetkau et al. (1995)

Simulation Algorithm: Paetkau et al. (2004) Frequency Based

Number of Simulated Individuals: 10000

Quality Index: 68.95%
Correctly Assigned: 81.0% (64 individuals)

Locality of Eastern Western Northern
Individual Subpopulation Subpopulation  Subpopulation Everglades
East 0.2181 0.0005 0.4021 0.0583
East 0.0882 0.0007 0.6406 0.0256
East 0.0993 0.0018 0.0667 0.0187
East 0.5569 0.0007 0.3696 0.1076
East 0.0202 0.0007 0.0190 0.0643
East 0.0706 0.0268 0.2855 0.0234
East 0.1602 0.1008 0.5210 0.0196
East 0.1459 0.0004 0.1454 0.0256
East 0.5091 0.0068 0.3823 0.0812
East 0.1716 0.0329 0.7247 0.0419
East 0.5518 0.0024 0.7972 0.0218
East 0.0013 0.1052 0.1162 0.0124
East 0.4634 0.0232 0.7006 0.0448
East 0.8684 0.0048 0.8998 0.0329
East 0.6507 0.0490 0.4812 0.0283
East 0.8102 0.0009 0.8481 0.1480
East 0.8991 0.0649 0.3969 0.0168
East 0.8962 0.0007 0.6506 0.2312
East 0.8266 0.0137 0.7065 0.0401
East 0.9279 0.0059 0.7527 0.0438
West 0.0313 0.0960 0.0071 0.0426
West 0.0337 0.3865 0.0313 0.0017
West 0.0880 0.3881 0.1377 0.0125
West 0.0073 0.3752 0.0055 0.0426
West 0.0175 0.1404 0.0064 0.0125
West 0.0257 0.4438 0.4812 0.0081
West 0.0001 0.0404 0.0127 0.0861

West 0.0041 0.5375 0.0117 0.0232



Locality of Eastern Western Northern
Individual Subpopulation Subpopulation  Subpopulation Everglades
West 0.0003 0.1010 0.0130 0.0082
West 0.0008 0.3646 0.0020 0.0205
West 0.1007 0.4953 0.3167 0.0112
West 0.0001 0.0005 0.0013 0.0345
West 0.0102 0.8981 0.0115 0.0090
West 0.0001 0.1226 0.0327 0.0466
West 0.0002 0.9392 0.0006 0.0205
West 0.0001 0.7838 0.0016 0.0098
West 0.0024 0.3515 0.0020 0.1626
West 0.0047 0.5783 0.0024 0.0368
West 0.0029 0.8716 0.0005 0.1177
West 0.0037 0.7837 0.0013 0.0171
West 0.0034 0.9332 0.0009 0.0154
West 0.0051 0.8346 0.0003 0.1410
West 0.0008 0.8654 0.0006 0.0384
West 0.0421 0.4052 0.2512 0.0097
West 0.0011 0.7864 0.0006 0.1058
West 0.0288 0.2917 0.0078 0.0774
West 0.0245 0.8214 0.0224 0.0058
West 0.0004 0.0945 0.0091 0.0070
West 0.0099 0.5538 0.0103 0.0128
North 0.0067 0.0205 0.0844 0.0060
North 0.0213 0.1632 0.1211 0.0095
North 0.0001 0.0002 0.0831 0.0160
North 0.6784 0.0052 0.8836 0.0200
North 0.0009 0.0001 0.2314 0.0040
North 0.8043 0.0048 0.8310 0.0329
North 0.0013 0.0007 0.0861 0.0861
North 0.4017 0.1156 0.9253 0.0085
North 0.0116 0.0029 0.8085 0.0016
North 0.5135 0.0001 0.6806 0.0583
North 0.0053 0.0072 0.0433 0.0007
North 0.1823 0.0079 0.7873 0.0295
North 0.4032 0.0022 0.4078 0.0546
North 0.0167 0.0000 0.2017 0.0426
North 0.0074 0.0001 0.3761 0.0426
North 0.0001 0.0000 0.3078 0.0033
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Locality of Eastern Western Northern
Individual Subpopulation Subpopulation  Subpopulation Everglades
North 0.0107 0.0003 0.1963 0.0434
North 0.0003 0.0005 0.0400 0.0155
North 0.0136 0.0009 0.1788 0.0155
North 0.0446 0.0000 0.2905 0.0413
Everglades 0.0000 0.0000 0.0000 0.2022
Everglades 0.0000 0.0009 0.0000 0.2504
Everglades 0.0000 0.0000 0.0000 0.7096
Everglades 0.0000 0.0000 0.0000 0.0935
Everglades 0.0000 0.0000 0.0000 0.1156
Everglades 0.0000 0.0000 0.0000 0.0097
Everglades 0.0000 0.0000 0.0000 0.2350
Everglades 0.0000 0.0000 0.0000 0.2057
Everglades 0.0000 0.0000 0.0000 0.0432
Everglades 0.0000 0.0000 0.0000 0.1162
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TEST 3:

Assignment of Individuals

Title: Silver Rice Rat Data: Assignment to Two Keys Subpopulations and Everglades
Criterion: Ranala & Mountain (1997)

Simulation Algorithm: Paetkau et al. (2004)

Number of Simulated Individuals: 10000

Quality Index: 81.79%
Correctly Assigned: 93.70% (74 individuals)

Locality of North & East Western
Individual Combined Subpopulation Everglades
East 0.3187 0.0015 0.0544
East 0.5620 0.0021 0.0278
East 0.1351 0.0034 0.0176
East 0.6769 0.0043 0.1103
East 0.0200 0.0034 0.1140
East 0.1895 0.0441 0.0109
East 0.5567 0.1258 0.0073
East 0.1963 0.0013 0.0203
East 0.6734 0.0178 0.1276
East 0.6325 0.0525 0.0240
East 0.8411 0.0075 0.0349
East 0.1283 0.1365 0.0122
East 0.7780 0.0428 0.0570
East 0.9697 0.0115 0.0466
East 0.7670 0.0829 0.0604
East 0.9219 0.0041 0.1603
East 0.8566 0.0936 0.0074
East 0.9026 0.0039 0.2811
East 0.8930 0.0318 0.0224
East 0.9417 0.0157 0.0463
East 0.1486 0.0069 0.0010
East 0.1060 0.1894 0.0024
East 0.0580 0.0006 0.0119
East 0.9313 0.0114 0.0102
East 0.0340 0.0001 0.0007
East 0.9611 0.0104 0.0473

East 0.0761 0.0008 0.0551



Locality of North & East Western
Individual Combined Subpopulation Everglades
East 0.8440 0.1396 0.0200
East 0.5333 0.0038 0.0004
East 0.7879 0.0019 0.0523
East 0.0094 0.0040 0.0004
East 0.6784 0.0074 0.0132
East 0.6419 0.0038 0.0482
East 0.1911 0.0000 0.0361
East 0.2382 0.0001 0.0810
East 0.1191 0.0001 0.0072
East 0.1156 0.0004 0.0771
East 0.0529 0.0024 0.0060
East 0.1733 0.0041 0.0054
East 0.1936 0.0001 0.0657
West 0.0647 0.0782 0.0616
West 0.0713 0.4033 0.0006
West 0.2805 0.3943 0.0071
West 0.0118 0.3842 0.0252
West 0.0841 0.1640 0.0178
West 0.3901 0.4503 0.0013
West 0.0031 0.0628 0.0498
West 0.0071 0.5373 0.0176
West 0.0080 0.0312 0.0236
West 0.0010 0.4067 0.0606
West 0.3615 0.4897 0.0026
West 0.0000 0.0001 0.0240
West 0.0250 0.8949 0.0038
West 0.0325 0.1503 0.0221
West 0.0017 0.9492 0.0199
West 0.0027 0.7868 0.0047
West 0.0227 0.3775 0.1171
West 0.0227 0.5818 0.0276
West 0.0111 0.8801 0.1649
West 0.0076 0.8004 0.0511
West 0.0063 0.9387 0.0507
West 0.0116 0.8325 0.1918
West 0.0036 0.8618 0.0462
West 0.3527 0.4147 0.0024
West 0.0027 0.7756 0.1347
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Locality of North & East Western
Individual Combined Subpopulation Everglades
West 0.0339 0.0911 0.1064
West 0.0531 0.8152 0.0029
West 0.0084 0.1235 0.0025
West 0.0216 0.5682 0.0276
Everglades 0.0000 0.0000 0.1833
Everglades 0.0000 0.0011 0.3076
Everglades 0.0000 0.0000 0.7102
Everglades 0.0000 0.0000 0.0888
Everglades 0.0000 0.0000 0.1273
Everglades 0.0000 0.0000 0.0144
Everglades 0.0000 0.0000 0.2050
Everglades 0.0000 0.0000 0.2217
Everglades 0.0000 0.0000 0.0982
Everglades 0.0000 0.0000 0.0861
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TEST 4:

Assignment of Individuals

Title: Silver Rice Rat Data: Assignment to Two Keys Subpopulations and Everglades
Criterion: Paetkau et al. (1995)

Simulation Algorithm: Paetkau et al. (2004) Frequency Based

Number of Simulated Individuals: 10000

Quality Index: 82.67%
Correctly Assigned: 92.4% (73 individuals)

Locality of North & East Western
Individual Combined Subpopulation Everglades
East 0.4571 0.0006 0.0582
East 0.5131 0.0008 0.0276
East 0.1724 0.0022 0.0187
East 0.6512 0.0008 0.1070
East 0.0451 0.0008 0.0645
East 0.2435 0.0267 0.0250
East 0.5136 0.1014 0.0200
East 0.2665 0.0004 0.0276
East 0.6226 0.0073 0.0782
East 0.5966 0.0333 0.0417
East 0.8231 0.0024 0.0229
East 0.0552 0.1060 0.0125
East 0.7611 0.0236 0.0448
East 0.9640 0.0049 0.0350
East 0.7223 0.0484 0.0308
East 0.9215 0.0014 0.1425
East 0.8407 0.0637 0.0170
East 0.8906 0.0011 0.2281
East 0.8940 0.0148 0.0406
East 0.9315 0.0058 0.0443
East 0.0812 0.0209 0.0067
East 0.1120 0.1633 0.0096
East 0.0169 0.0003 0.0164
East 0.9221 0.0055 0.0206
East 0.0790 0.0002 0.0043
East 0.9577 0.0052 0.0350

East 0.0291 0.0010 0.0816



Locality of North & East Western
Individual Combined Subpopulation Everglades
East 0.8248 0.1150 0.0090
East 0.4728 0.0029 0.0015
East 0.7674 0.0002 0.0582
East 0.0391 0.0065 0.0012
East 0.6683 0.0081 0.0319
East 0.6023 0.0023 0.0533
East 0.1104 0.0000 0.0427
East 0.1525 0.0002 0.0427
East 0.0536 0.0000 0.0030
East 0.0782 0.0003 0.0412
East 0.0154 0.0005 0.0153
East 0.0982 0.0016 0.0153
East 0.2401 0.0002 0.0417
West 0.0198 0.0979 0.0427
West 0.0768 0.3853 0.0016
West 0.2003 0.3822 0.0126
West 0.0062 0.3696 0.0427
West 0.0342 0.1394 0.0126
West 0.3210 0.4445 0.0090
West 0.0057 0.0460 0.0816
West 0.0134 0.5424 0.0245
West 0.0036 0.1011 0.0090
West 0.0016 0.3619 0.0210
West 0.2846 0.4859 0.0114
West 0.0008 0.0010 0.0361
West 0.0173 0.9021 0.0093
West 0.0078 0.1247 0.0475
West 0.0004 0.9440 0.0209
West 0.0007 0.7703 0.0101
West 0.0037 0.3460 0.1575
West 0.0040 0.5765 0.0379
West 0.0012 0.8814 0.1159
West 0.0034 0.7905 0.0172
West 0.0025 0.9318 0.0152
West 0.0012 0.8351 0.1367
West 0.0012 0.8593 0.0387
West 0.2817 0.4030 0.0100
West 0.0009 0.7821 0.1051

83



Locality of North & East Western
Individual Combined Subpopulation Everglades
West 0.0291 0.2874 0.0748
West 0.0509 0.8147 0.0065
West 0.0036 0.1000 0.0078
West 0.0150 0.5533 0.0130
Everglades 0.0000 0.0000 0.2020
Everglades 0.0000 0.0014 0.2539
Everglades 0.0000 0.0000 0.6897
Everglades 0.0000 0.0000 0.0931
Everglades 0.0000 0.0000 0.1198
Everglades 0.0000 0.0000 0.0104
Everglades 0.0000 0.0000 0.2385
Everglades 0.0000 0.0000 0.2039
Everglades 0.0000 0.0000 0.0417
Everglades 0.0000 0.0000 0.1103
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