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Abstract

We analyzed the effect of periodic drying in the Florida Everglades on spatiotemporal population genetic structure of
eastern mosquitofish (Gambusia holbrooki). Severe periodic drying events force individuals from disparate sources to mix in
dry season relatively deep-water refuges. In 1996 (a wet year) and 1999 (a dry year), we sampled mosquitofish at 20
dry-season refuges distributed in 3 water management regions and characterized genetic variation for 10 allozyme and 3
microsatellite loci. In 1996, most of the ecosystem did not dry, whereas in 1999, many of our sampling locations were
isolated by expanses of dried marsh surface. In 1996, most spatial genetic variation was attributed to heterogeneity within
regions. In 1999, spatial genetic variation within regions was not significant. In both years, a small but significant amount of
variation (less than 1% of the total variation) was partitioned among regions. Variance was consistently greater than zero
among long-hydroperiod sites within a region, but not among short-hydroperiod sites within a region, where hydroperiod
was measured as time since last marsh surface dry-down forcing fishes into local refuges. In 1996, all sites were in Hardy–
Weinberg equilibrium. In 1999, we observed fewer heterozygotes than expected for most loci and sites suggesting
a Wahlund effect arising from fish leaving areas that dried and mixing in deep-water refuges.
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The filtering effect of dispersal to refuges, survival in them,
and movement back out leading to recolonization may
shape population dynamics in temporally dynamic environ-
ments (Pulliam 1996; Chesson and Huntly 1997). Following
extirpation, the spatial scale of sources of colonists can
affect the spatial genetic structure of regional populations
(averaged over all sampled sites) and the pairwise genetic
structure among local sites in metapopulations (Wade and
McCauley 1988; Harrison and Hastings 1996). Thus,
nonequilibrium spatial genetic structure may provide a signal
of environmental factors (e.g., loss or gain of habitat,
dispersal barriers, or corridors) driving demographic
patterns that underlie metapopulation dynamics (Castric
et al. 2001; Charbonnel et al. 2002; Hansen et al. 2002).
Reading these indirect signals of migration is potentially an
important tool for ecologists, particularly in systems where
directly tracking the origins and endpoints of dispersing
organisms is difficult (Slatkin 1985). However, interpretation
of population genetic structure often assumes that observed

spatial patterns are, from a practical standpoint, stable over
time (Tessier and Bernatchez 1999). Temporally unstable or
nonequilibrium genetic structure may be typical of species
inhabiting environmentally fluctuating landscapes. Analysis
of temporal change in spatial population genetic structure
can provide insight to the landscape features, ecological
processes, and scale of migration that creates it (Hedrick and
Gilpin 1997; Manel et al. 2003).

The Florida Everglades is a large wetland ecosystem
extending from the southern shores of Lake Okeechobee to
Florida Bay in Florida, USA. Historically, water flowed
southward across a broad expanse of wet prairies in-
terspersed by deeper sloughs. The central sloughs are
bounded by wetlands that dry annually (short hydroperiod).
In years with little rainfall, these wetlands experience
seasonal drying events (typically November to May) that
force aquatic organisms to concentrate in deep-water
refuges, such as alligator ponds (Loftus and Kushlan 1987;
Trexler et al. 2001). Seasonal drying causes the local
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extirpation of populations, with recolonization coming from
these deep-water refuges. Drying may force population
mixing by long-range movement of fishes into refuge
habitats. In particular, populations of fish that inhabit
short-hydroperiod wetlands (those drying annually) persist
in a state of numerical flux; fishes that inhabit long-
hydroperiod areas, such as the central sloughs, experience
similar drying events but at intervals extending from a few
to many years (Trexler et al. 2001; Ruetz et al. 2005; Trexler
et al. 2005). However, some fraction of the total population
of Everglade’s fishes is subjected to seasonal mixing and
turnover each year.

Over the past century, more than half of the original
Everglades have been lost to drainage and development
(Davis et al. 1994). The ecosystem is now divided into
regional management units covering hundreds of square
kilometers (reviewed in Blake 1980; Light and Dineen 1994).
The predominant form of the deep-water refuges has
changed from alligator ponds and solution holes to canals,
and levees may have reduced the extent of movement across
the ecosystem. Previous work with spotted sunfish (Lepomis
punctatus) detected significant genetic structure among
marsh, but not canal, sites (McElroy et al. 2003). These
findings supported the hypothesis that the annual cycle of
marsh drying events and local population dynamics has
a marked effect on population genetic structure of spotted
sunfish. There was no evidence that water management
structures (levees and canals) superimpose a second level of
genetic structure on that species, possibly because canals
facilitate gene flow. A continent–island (canal–marsh)
population structure best described spotted sunfish genetics,
with high gene flow between regions and recurrent mixing
in marshes from canal and creek habitats (McElroy et al.
2003). However, the analyses by McElroy et al. (2003) did
not address the temporal stability of genetic structure.

We surveyed variability at allozyme and microsatellite
loci at 2 sampling times (1996 and 1999) for eastern
mosquitofish (Gambusia holbrooki), a rapid colonizer in the
Everglades marshes (Trexler et al. 2001). After a number of
relatively wet years, the Everglades experienced a local
drought in 1999 that restricted fish populations
to solution holes, alligator ponds, long-hydroperiod
marshes, and canals. We resampled sites visited in 1996 to
assess the effect of the 1999 drought on population genetic
structure.

We applied McCauley et al.’s (1995) hypothesis-testing
approach to our data analysis and examined how landscape
and environmental features influenced spatiotemporal
population genetic structure in eastern mosquitofish. We
expected that 1) periodic cycles of local extirpation and
recolonization driven by seasonal water level fluctuations
would structure mosquitofish population genetic variation.
As a result, variation among sites within water management
units would swamp regional-scale (water management units)
variation. 2) Local deeper water refuges are filled by fish
from nearby sites that do not spread far between dry-down
disturbances, which would lead to greater genetic disequi-
librium among regularly disturbed (short hydroperiod,

regular extirpations) sites relative to stable ones (long
hydroperiod, no recent extirpations). Thus, 3) local patterns
in short-hydroperiod areas would not be stable through time
because of recurrent disturbance events.

Materials and Methods

Field Collections

We made 2 field collections (March 1996 and March 1999)
of eastern mosquitofish from 20 sites throughout Water
Conservation Area 3A (WCA 3A), Shark River Slough (SRS),
and Taylor Slough (TS) to document their population genetic
structure (Figure 1). The Everglades is a spatially structured
habitat with sloughs separated by ridges covered by dense
sawgrass and that extend parallel to the prevailing direction
of flow (Figure 1, insert) and that impede movement of
fishes (Trexler et al. 2001). Six or more generations of
mosquitofish passed between our sampling events and local
densities in marshes dropped to zero for one or more
months at sites that dried during the study (Figure 2, see
Trexler et al. 2001; Ruetz et al. 2005). Depending on
availability of fish, up to 50 adult eastern mosquitofish were
collected with dip nets from each location. The sites were
distributed among 3 water management areas to permit
comparisons within and among areas separated by water-
control structures and canals. The second collection was
made during a severe drying event at the end of the 1999 dry
season. At that time, the marsh surface at several sites was
dry, including all in TS, forcing us to sample fish in refuge
habitats nearby the 1996 collection sites. Between 15 and 25
individuals from each site were surveyed for genetic variation
at both marker types for each site and sampling year. We
used data from automated water depth gages to estimate the
number of days that had passed before each collection site
had last dried (days since dry; see Ruetz et al. 2005).

Allozyme Analysis

We used starch gel electrophoresis to document patterns of
allozyme variation in the study species. On collection,
specimens were transferred to the laboratory and stored in
a �80 �C freezer. Whole-tissue extracts were prepared for
electrophoresis by homogenization of tissues in approxi-
mately 500 ll of grinding buffer (0.025 M tris, pH 7.0, 0.025
M sucrose, 0.005 M b-mercaptoethanol). Eye, liver, and
soma clips were pooled; intestines were removed from all
but a few small specimens. This approach was based on
preliminary analyses that showed no tissue-specific
expression of the proteins examined.

We screened 32 putative loci before selecting 10 poly-
morphic loci to score on all individuals (Table 1). We followed
standard techniques described in Selander et al. (1971) and
Murphy et al. (1996), with 11% (w/v) starch gels. Tissue
extracts from the mosquitofish were run on 3 different buffer
systems: Tris–citrate pH 8.0 buffer (TC8; Selander et al. 1971),
Lithium-Borate/Tris–Citrate (LIOH; Selander et al. 1971),
and Tris–Citrate–EDTA (JRP; Ayala et al. 1972).
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Microsatellite Analysis

Whole genomic DNA was isolated from muscle tissue by
standard phenol–chloroform DNA extraction methods
(Hoelzel and Green 1992). Three microsatellite loci (Table 1)
were amplified using a multiplexed polymerase chain
reaction. Amplifications were performed in 15 ll volumes,
each one containing 10� buffer, 25 lM MgCl2, 250 lM
dNTP’s, 5 U/ll Taq DNA polymerase (Promega), and three
5 lM primer sets, one of which was end labeled with
a fluorescent dye (6-FAM, NED, or HEX; Applied
Biosystems). The thermal cycling parameters were as
follows: an initial 1 min denaturation at 94 �C, followed
by 45 cycles of 30 s at 94 �C, 30 s at 55 �C, and 30 s at 72
�C, and a final 10 min extension at 72 �C. The amplified
samples were electrophoresed in 2.5% agarose gel to
determine the presence or absence of a product. Following
that, the amplified products were electrophoresed in 5%
denaturing polyacrylamide gels on an ABI 377 automated
DNA sequencer. The alleles were sized with respect to
electrophoretic mobility compared with a ROX 350

standard, and the genotypes were assigned using the
GENESCAN (ABI) and GENOTYPER software packages.

Statistical Analyses

Microsatellite and allozyme marker loci were com-
bined for the analyses. We tested for deviations from
Hardy–Weinberg expectations at each locus and in each
population with analysis of molecular variance (AMOVA)
(GENODIVE: Meirmans 2006). We tested for patterns of
the disequilibrium coefficient PhiIS as a function of
hydrology using a nonparametric test based on ranks
(Kruskal–Wallis one-way ANOVA). We tested the micro-
satellite loci for evidence of potential inbreeding and
bottlenecks with BOTTLENECK (Cornuet and Luikart
1997). We also used MICROCHECKER (Van Oosterhout
et al. 2004) to test for null alleles in the microsatellite data.

Following Hedrick (2005b), we used GENODIVE
(Meirmans 2006) to partition the total observed genetic
variance within each of our 2 sampling years. We used 2
different categorical models within each sample year to

Figure 1. Map illustrating sampling sites. Site symbols indicate site number and which sites that dried between 1996 and 1999

sampling events (open numbers). The box inserted over SRS identifies where the habitat map insert was produced, illustrating the

habitat mosaic of the Everglades. Black areas of the habitat map are dense sawgrass–covered ridges, and white areas are deeper sloughs.

Fish must navigate around ridges to move from short- to long-hydroperiod sites (modified and reprinted from Trexler et al. 2001).
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evaluate spatial genetic structure, water management units,
and hydrological disturbance. In order to test the effects of
water management units on population structuring among
sites, we used partitions that were attributable to variation
among individuals within subpopulations (individuals col-
lected in areas , 1 km2) relative to total diversity within
their subpopulation (PhiIS), among subpopulations within
water management units relative to the total diversity in that
unit (PhiCP), among water management units (populations)
relative to the total genetic diversity with each unit (PhiCT).

Statistical significance of these partitions was tested and
interpreted in an AMOVA framework.

In order to investigate the effects of hydrologic
disturbance on population structuring, sites were divided
into 2 categories based on the hydrology within the time of
this study (1996–1999). We grouped sites into those that had
dried during the 1999 dry-down event (surface water depth
, 5 cm) and those that remained inundated with water
throughout the time frame of this study. We analyzed these
groupings using AMOVA with Phi distance estimates
calculated in GENODIVE (Meirmans 2006). Further,
results were considered in the context of regional drying
intensity. Water management units (Figure 1) differed with
respect to regional drying intensity, where WCA 3A had the
least amount of regional drying (1 of 7 sites dried), SRS was
intermediate (2 of 7 sites dried), and TS (6 of 6 sites dried)
had the greatest extent of regional drying.

We used GENODIVE to test for significant population
structuring with time as an additional hierarchical factor
within an AMOVA framework for the water management
grouping scenario described above. This analysis assessed
temporal stability of regional population structure that may
have resulted from regional water management divisions.
Statistical significance of these partitions was tested and
interpreted in an AMOVA framework. We also analyzed the
correlation of estimated pairwise PhiST for the 1996 and
1999 data in order to examine the temporal consistency and
the specific (pairwise) temporal consistency of PhiST
estimates.

We calculated the overall correlation of pairwise PhiST and
distance separating sampling sites in order to assess the
presence or absence of isolation by distance (IBD) for both
sampling times (Slatkin 1977, 1993; Hutchison and Templeton
1999). Significance of matrix correlations was assessed by
Mantel test (Mantel 1967). We also used GENODIVE to
analyze IBD at different spatial scales to assess the geographic

Table 1 Allozyme and microsatellite loci surveyed

Locus E.C. No.

PhiIS Alleles

1996 1999 1996 1999

Allozymes
Adenosine deaminase (ada) 3.5.4.4 �0.005 0.254* 5 3
Aspartate aminotransferase (aat-1) 2.6.1.1 0.126 0.369* 3 2
Gluc-6-phos dehydrogenase (gpi-1) 5.3.1.9 0.054 0.014 2 2
Gluc-6-phos dehydrogenase (gpi-2) 5.3.1.9 0.055 �0.029 3 2
Isocitrate dehydrogenase (idh-2) 1.1.1.42 �0.146 0.237* 2 2
Lactate dehydrogenase (ldh-2) 1.1.1.27 �0.026 0.509* 2 2
Malate dehydrogenase (mdh-2) 1.1.1.37 0.106* 0.100* 2 2
Man-6-phosphate isomerase (mpi-1) 1.1.1.40 �0.054 0.132* 3 3
Phosphoglucomutase (pgm-1) 5.4.2.2 �0.026 0.004 3 3
Phosphogluconate dehydro (pgd-1) 1.1.1.14 �0.434 0.348* 3 3

Microsatellites
gaf 2 0.056* 0.114* 27 25
gaf 3 0.050* 0.218* 36 33
gaf 7 �0.020 0.095* 22 20

The fixation index PhiIS is indicated for each sampled year. The asterisk indicates a significant deviation from Hardy–Weinberg Expectations for that locus.

A positive number indicates fewer heterozygotes observed than expected. The number of alleles detected for each sampling year is listed.

Figure 2. Illustration of mosquitofish population dynamics

from 3 of the 20 study sites, one from each of the 3 regions.

Density (#/m2) is plotted by sampling event, and the times of

genetic sampling for this study are indicated on the x axis by

arrows. Note that sites in TS and WCA 3A regions dried and

mosquitofish populations were locally extirpated. Hydrographs

for these sites are in Chick et al. (2004, figure 2), and sampling

methods are described in Wolski et al. (2004).
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level of population structuring at the 2 sample times (1996 and
1999). Populations were grouped into geographic distance
categories. Significance of matrix correlations between pair-
wise PhiST and distance separating the sites was assessed within
each category by Mantel test (1000 permutations) (Mantel
1967; Sokal et al. 1986; Meirmans 2006).

Results

Hardy–Weinberg Equilibrium

The tests for conformity to Hardy–Weinberg equilibrium
across allozyme and microsatellite loci (sampled sites were
pooled) revealed that in 1996, most of the loci conformed to
Hardy–Weinberg expectations (10 of 13); however, only 3
of the loci conformed to Hardy–Weinberg expectations in
1999 (Table 1). Deviations from Hardy–Weinberg equilib-
rium were consistently the result of fewer heterozygotes
than expected in the pooled samples. The number of alleles
detected in 1999 was slightly less than the number detected
in 1996 (Table 1). There was no evidence for significant
inbreeding or bottlenecking at microsatellite loci detected
from BOTTLENECK (Cornuet and Luikart 1997) for both
sampling times. Analyses run in MICROCHECKER (Van
Oosterhout et al. 2004) indicated significant homozygote
excess at the microsatellite loci for 2 of the 3 loci in 1996
(gaf 2 and gaf 3) and all 3 loci in 1999. There was no evidence
of scoring errors or large allele dropout for the microsatellite
loci at either sample time.

The tests for site-specific conformity to Hardy–
Weinberg equilibrium across marker loci revealed that in
1996, 14 of 20 sites conformed to Hardy–Weinberg
expectation; however, only 3 of the 20 sites conformed to
Hardy–Weinberg expectations in 1999 (Table 2). Deviations
from Hardy–Weinberg equilibrium detected by locus or
collection site were consistently the result of fewer
heterozygotes than expected. There was no relationship
between region or hydrology and deviation from Hardy–
Weinberg expectations. Overall heterozygote deficiency
(a positive value of the fixation index, PhiIS) increased
between years (Tables 1 and 2, P , 0.001); however, the
magnitude of change was not a function of specific drying
history for each site. The increase in PhiIS between years was
greater in SRS than the other regions (Figure 3). There was
no difference among regions in PhiIS in 1996.

Spatial Genetic Structure

The spatial analysis revealed that in 1996, a significant
amount of the total spatial genetic variation was explained at
the among-sites within water management units scale (PhiSC
5 0.012; P 5 0.001; mean distance between sites within
regions 5 13.5 km). This was not true for the 1999 samples
(PhiSC 5 0.003; P 5 0.054; Table 3). A smaller amount of
the total genetic variation was attributed to differences
among regions for both 1996 and 1999 samples (mean
distance between sites among regions 5 47.5 km; Table 3).
Generally, 1% or less of the total genetic variation was
attributable to differences among regions (Table 3).

Hydrologic Disturbance Analysis

When hydrology (short vs. long hydroperiod) was included
as a hierarchical factor, it explained a small but significant
amount of variance in 1996 and 1999 (Table 3). TS had and
consistently has the greatest relative magnitude of drying

Table 2 Sample sites surveyed (see Figure 1)

Site Region

Dried
in
1999

PhiIS

1996 1999

1 WCA 3A No 0.018 0.178*
2 WCA 3A No 0.067 0.106*
3 WCA3A No 0.112* 0.121*
4 WCA 3A Yes 0.058 0.182*
5 WCA 3A No 0.068* 0.212*
6 WCA 3A No �0.006 0.122*
7 WCA 3A No �0.024 0.013
8 SRS No 0.039 0.226*
9 SRS No 0.06 0.086*
10 SRS No �0.052 0.196*
11 SRS Yes 0.035 0.025
12 SRS Yes 0 0.172*
13 SRS No 0.144* 0.22*
14 SRS No 0.119* 0.062*
15 TS Yes 0.135* 0.33*
16 TS Yes 0.08* 0.117*
17 TS Yes 0.027 0.095*
18 TS Yes 0.056 0.078*
19 TS Yes 0.061 0.029
20 TS Yes 0.032 0.098*

The fixation index PhiIS is indicated for each sampled year. The asterisk

indicates a significant deviation from Hardy–Weinberg Expectations.

A positive number indicates fewer heterozygotes observed than expected.

Figure 3. The average change plus standard error in the

Fixation Index (PhiIS) for each water management region

(Water Conservation Area 3A [WCA 3A], Shark River Slough

[SRS], and Taylor Slough [TS]). The change in PhiIS for SRS

was significantly greater that the other 2 regions (P , 0.02).
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(6 of 6 sites). SRS had relatively moderate drying
(2 of 7 sites), and WCA 3A had the least amount of drying
(1 of 7 sites). There was no significant population structure
detected among the collection sites located in TS for neither
1996 nor 1999. Significant population structure was detected
among the collection sites in SRS in 1996 but not in 1999.
Weak but significant population structure was detected
among the collection sites in WCA 3A for both collection
times (data reported below).

Temporal Genetic Structure

In a separate analysis with time included as a hierarchical
factor, between year variation explained a significant
amount of the total variance (PhiCT 5 0.066; % var 5

6.6%; P 5 0.001). The magnitude of temporal sample
variation was high compared with the magnitude of among
site and among water management unit sample variation
within years. Correlations of pairwise PhiST estimates for all
sites and between sampling years indicated no significant
correlation between sampling years. There was a significant
correlation for population genetic structure (pairwise PhiST)
between years within WCA 3A (least amount of regional
drying), but not for the other water management regions,
although the significant relationship was driven by a single
point (Figure 4).

Analysis of population structure within water manage-
ment regions for each sampling time revealed significant
population genetic structure in WCA 3A (least drying, 1 of 7
sites) for both sampling periods (1996: PhiST 5 0.010, % var
5 0.7, P 5 0.034; 1999: PhiST 5 0.011, % var 5 0.8,
P 5 0.014). Significant population genetic structure was

detected in SRS for the 1996 samples, but not the 1999
samples (moderate drying, 2 of 7 sites) (1996: PhiST 5

0.035, % var 5 2.3, P 5 0.001; 1999: PhiST 5 0.003, %
var 5 0.2, P 5 0.21), and no significant population genetic
structure was detected within TS for either sampling time
(most extreme drying, 6 of 6 sites) (1996: PhiST 5 0.008, %
var 5 0.5, P 5 0.156; 1999: PhiST 5 �0.003, % var 5 0.0,
P 5 0.771). SRS (moderate drying) had the greatest genetic
equilibrium disturbance (change in PhiIS within sites
between sampling times compared with the other regions;
Figure 3).

IBD and Spatial Autocorrelation

We observed no evidence for general IBD for the 1996 and
1999 data. However, IBD analysis of pairwise PhiST
within distance categories for 1996 indicated significant
correlation at small spatial scales between 1 and 25 km
(Table 4). In 1999, IBD spatial autocorrelation of pairwise
PhiST within distance categories indicated significant corre-
lations at greater spatial scales ;100 and ;200 km (Table 4).

Discussion

There is increasing appreciation of the importance on
nonequilibrium dynamics of genetic variation in natural
populations. For example, the Hedgecock effect describes
ephemeral population structure formed by kin-structured
recruitment of marine animals with planktonic larvae
(Hedgecock 1994). Though controversial, temporally cha-
otic and spatially unstructured population genetics is

Table 3 AMOVA and degrees of freedom (df) across allozyme and microsatellite markers using an infinite allele model

Source of variation df % Variation Phi-value SE P value

(A) 1996 WMU
Within individuals 322 93.4 PhiIT 5 0.066 0.017 —
Among individuals within sites 302 5.3 PhiIS 5 0.054 0.016 0.001
Among sites within WMU 17 1.2 PhiSC 50.012 0.007 0.001
Among WMU 2 0.2 PhiCT 5 0.002 0.002 0.005
(B) 1999 WMU
Within individuals 441 86.1 PhiIT 5 0.139 0.034 —
Among individuals within sites 422 13.4 PhiIS 5 0.135 0.035 0.001
Among sites within WMU 17 0.3 PhiSC 5 0.003 0.002 0.054
Among WMU 2 0.1 PhiCT 5 0.001 0.002 0.002
(C) 1996 Hydro
Within individuals 322 93.4 PhiIT 5 0.066 0.017 —
Among individuals within sites 302 5.3 PhiIS 5 0.054 0.016 0.001
Among sites within hydro 17 1.3 PhiSC 5 0.013 0.007 0.001
Among hydro 2 0.1 PhiCT 5 0.001 0.002 0.041
(D) 1999 Hydro
Within individuals 441 86.2 PhiIT 5 0.138 0.034 —
Among individuals within sites 422 13.4 PhiIS 5 0.135 0.035 0.001
Among sites within hydro 17 0.4 PhiSC 50.004 0.002 0.017
Among hydro 2 0.1 PhiCT 5 0.001 0.001 0.044

Standard errors (SE) were obtained by jackknifing over loci, and significance was tested using 999 permutations. (A) Results from 1996 AMOVA with water

management units (WMU) as hierarchical factor; (B) results from 1999 AMOVA with WMU as hierarchical factor; (C) results from 1996 AMOVA with

hydrology (drying history as of 1999) as hierarchical factor; and (D) results from 1999 AMOVA with hydrology (drying history as of 1999) as hierarchical

factor.
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indicative of such recruitment patterns (Hedgecock 1994;
Hedrick 2005a), which have important consequences for
management of marine fishes (Larson and Julian 1999).

Our data indicate temporally dynamic and spatially weak
population structure driven by local hydrology. The analyses
suggest that there has been a reorganization of spatial
population structure between 1996 and 1999. It is important
to note the shift from a population genetic structure that
was consistent with Hardy–Weinberg expectations in
1996 to a general lack of equilibrium within populations in
1999. In 1999, there was consistently less heterozygosity
observed than expected. These data are consistent with
a Wahlund effect; however, the deficiencies of heterozy-
gosity were not more pronounced for sites that had more
severe drying. Although we expected greater genetic
disequilibrium at disturbed sites than at undisturbed ones,
this was not necessarily so. The Everglades is a large

continuous ecosystem within modern water management
units, similar to a braided stream. Drying events affect the
entire region and may have ‘‘pushed’’ fishes from the
disturbed regions far into the center of the system, creating
region-wide mixing. In fact, we have tracked larger fish
species with radio transmitters (Florida Gar Lepisosteus

platyrhincus, Largemouth bass Micropterus salmoides, and Mayan
cichlids Cichlasoma uropthalmus), and they display such
patterns (Trexler JC, Parkos JJ, unpublished data). This study
is novel in suggesting that even small fish such as eastern
mosquitofish may be mixing over areas greater than 1 km.

Gambusia holbrooki is an early colonizing and persistent
inhabitant of the Everglades aquatic ecosystem (Ruetz et al.
2005). A drying event in the Everglades aquatic system
reduces the total available habitat space for aquatic
organisms. As habitat area shrinks, aquatic organisms move
into deep-water refugia (e.g., alligator holes or canals). TS
has typically been an area of frequent drying disturbance.
There was no significant population structure detected for
either sampling period within TS. Lack of fine-scale
population genetic structure has been associated with
disturbance in a South Wales rare shrub, Grevillea macleayana
(England et al. 2003) and Guanacaste Tree, Enterolobium
cyclocarpum (Fabaceae) (Gonzales et al. 2010); whereas, spatial
genetic structure was detected for both species in areas that
were relatively undisturbed (England et al. 2003; Gonzales
et al. 2010). The opposite pattern of disturbance effects on
genetic structure was detected in a late-successional moss in
subtropical cloud forests (Patiño et al. 2010). WCA 3A has
typically been an area of relatively less annual dry-down
disturbance. Before this study (1996), the area had not had
a substantial dry-down event for more than 5 years. The
data suggest that local structure is more temporally stable
between these sites that were relatively less hydrologically
disturbed. Significant population structure was detected for
both years of the study among the sites located within WCA
3A. The magnitude of the detected structure and the
amount of variation explained were consistent for both
sample years because allele frequencies were probably not
very different among the source sites.

Figure 4. Correlations of pairwise PhiST between years for each

water management region sampled. WCA 3A, r5 0.625, N 5 21;

SRS, r5 �0.270,N5 21; and TS, r5 0.404,N5 15. Correlation

value (r*) was also calculated for WCA 3A without including the

extreme data point (empty diamond) (r* 5 0.361).

Table 4 Spatial autocorrelations among sites within distance
classes for each sampling time

Category
Distance
(km)

Number
of
sites

1996,
Phi

1996,
P value

1999,
Phi

1999,
P value

1 1–25 10 0.096 0.037* �0.030 0.350
2 26–50 20 �0.117 0.114 0.118 0.075
3 51–75 21 �0.065 0.182 �0.109 0.069
4 76–100 33 �0.025 0.360 0.172 0.010*
5 101–125 45 �0.048 0.242 �0.012 0.423
6 126–150 30 0.105 0.124 �0.169 0.083
7 151–175 21 0.036 0.324 �0.139 0.139
8 176–200 10 0.068 0.185 0.225 0.002*

Phi indicates the average pairwise PhiST for each distance category. The

analysis used a Mantel test to assess statistical significance (1000 permutations

for each distance category). Asterisk indicates statistical significance.
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SRS has typically been an area of moderate dry-down
disturbance. Before this study, the area had not had
a substantial dry-down event for more the 3 years.
Significant population structure was detected among 1996
but not among 1999 samples within this region. Further-
more, disturbance of genetic equilibrium detected as
a general deficiency of observed heterozygosity was most
pronounced SRS. The Wahlund effect should be detected in
any mixing of samples in which the combined subpopula-
tions had different allele frequencies. The magnitude of the
departure from expectations is directly related to the
magnitude of the variance in allele frequencies among sites
and relative contribution to the admixture. In 1996, 2.3% of
the variation was attributed among populations in SRS. This
was associated with significant population structure and was
the greatest amount for any of the regions or sample times.
This dropped to 0.2% of the variation attributed among
populations in 1999 with a concurrent deficiency of
heterozygosity. This is consistent with a relatively even
admixture of individuals from the sampled sites within this
region.

Population genetic structure in G. holbrooki was dynamic
in our study and driven by local hydrology. There was
a reorganization of spatial population structure between
1996 and 1999. Fine-scale population genetic structure was
detected in 1996, but not 1999. Further, only regional-level
population structure was detected from the 1999 samples.
The spatial restructuring is supported by the spatial
autocorrelation analysis. That analysis indicated a significant
correlation among sites in the 25 km distance class in 1996.
In 1999, after a pronounced dry-down event, significant
correlations were detected in the 100 and 200 km distance
classes.

Following Harrison (1991), this pattern of population
genetic structure may best be characterized as a ‘‘patchy
population.’’ Alternatively, a source–sink population struc-
ture (Pulliam 1988; Freckleton and Watkinson 2002) may
apply, though we have not demonstrated that populations in
short-hydroperiod regions fail to replace themselves by
recolonization from local refuge sites as would be required
by this model. This short-lived population structure has little
impact on the response to local selection (Harrison and
Hastings 1996) and the total population will probably evolve
as a panmictic unit (though possibly with reduced effective
size, reviewed in Whitlock 2004). Nevertheless, this dynamic
population genetic structure reflects the pattern and scale
of local movement and colonization of fish in response to
water level fluctuation. These dynamics are linked to
ecosystem function in the Everglades, such as the availability
of small fish for consumption by wading birds (Gawlik
2002), and have important implications for ecosystem
management. No field technique has permitted these
patterns of movement to be studied directly because of
the small size of the fish and large size and complexity of the
habitat.

The scale of hydrological disturbance to spatial genetic
variation revealed here is consistent with demographic
analysis of synchronization of population dynamics of small

fishes at these same study sites. Ruetz et al. (2005) found
that hydrological synchrony among pairs of study sites was
more strongly correlated with synchrony of population
dynamics of several species than was distance separating the
sites. Eastern mosquitofish stood out in that study by
showing no significant synchronization by hydrology or
distance; however, Ruetz et al. (2005) attributed this to the
rapid colonization of mosquitofish to areas recently dried
compared with the temporal spacing of their samples
(see also Trexler et al. 2001). Similar to our interpretation,
environmental drivers have been implicated in shaping
genetic variation in a variety of other species (reviewed in
Manel et al. 2003).

Population genetics of eastern mosquitofish have been
studied in detail in other ecosystems, and they often display
marked structure over relatively small spatial scales. For
example, several studies have noted significant heterogeneity
over distances of 6 or fewer kilometers (Smith et al. 1983;
Kennedy et al. 1985, 1986; McClenaghan et al. 1985), and
similar to our study, most spatial genetic variation is
partitioned at the local (within site and among sites within
regions) scale. A number of demographic explanations have
been put forward for these patterns, including sex and age-
specific demographic processes (Smith et al. 1989). Similar
to our work, other studies employing temporal sampling
have noted dynamic patterns of genetic variation for
mosquitofish linked to environmental variation and eroded
by intermittent gene flow (Smith et al. 1989). In contrast to
our study, Scribner et al. (1992) noted increased heterozy-
gosity in mosquitofish populations inhabiting fluctuating
reservoirs in Hawaii compared with populations from more
stable reservoirs. The Hawaiian populations are relatively
closed and the environments within the reservoirs are
homogeneous compared with the large and environmentally
complex Everglades.

A key result of this study is that temporal sampling of
spatial genetic structure provided a more compelling
characterization of the underlying drivers of genetic
variation in this system than could be revealed in a single
sampling event. The relative magnitude of temporal sample
variation was high compared with the magnitude of among-
site spatial variation within years. It is unlikely that such
a pattern would result as a statistical artifact caused by small
sample sizes because the general pattern was consistent with
regional hydrology (Kinnison et al. 2002). Small sample-size
artifacts would only affect both spatial and temporal
variation in this way if allele frequencies were changing at
sites through time more than they differ among sites at the
same time. We sampled sites scattered over a large spatial
gradient (ca. 150 km by 25 km), leading us to conclude that
temporal variation exceeding spatial variation was most
unexpected.

By applying McCauley et al.’s (1995) hypothesis-testing
approach to our data analysis, we found evidence for
ecological drivers in a seemingly chaotic population (see also
Ostergaard et al. 2003). In his 1985 paper, Slatkin noted
that FST and the frequency of private alleles can be useful in
estimating gene flow because conditional allele frequencies
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reflect ongoing gene flow patterns after approximately 1/m
generations, much less than 1/l, which is the time required
to reach overall genetic equilibrium (where m is the
migration rate and l is the mutation rate). Although this
has given succor to many researchers employing indirect
techniques to estimate gene flow (e.g., Trexler 1988),
ecological realities of modern habitats render this solace
questionable, if not unfounded for long-lived organisms in
many places. As humans have altered and continue to alter
ecosystems, it seems likely that few habitats in much of the
developed and developing world have remained stable in
ways relevant to regional-scale patterns of gene flow over
the past 50 or more years (51/m for m 5 0.02 and an
annual species). Greater ecological realism is needed in
analysis of gene flow, starting with discarding the pretense
of population genetic structure equilibrium in the absence of
supporting evidence (Bossart and Powell 1998; Whitlock
and McCauley 1999; Charbonnel et al. 2002). On the other
hand, tools such as microsatellites, and even allozymes, can
be powerful to unearth spatial population structure with
important applications when appropriate sampling designs
are applied in a hypothesis-testing framework.
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