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EFFECTIVE POPULATION SIZES AND TEMPORAL STABILITY OF GENETIC
STRUCTURE IN RANA PIPIENS, THE NORTHERN LEOPARD FROG
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Abstract. Although studies of population genetic structure are very common, whether genetic structure is stable over
time has been assessed for very few taxa. The question of stability over time is particularly interesting for frogs
because it is not clear to what extent frogs exist in dynamic metapopulations with frequent extinction and recolonization,
or in stable patches at equilibrium between drift and gene flow. In this study we collected tissue samples from the
same five populations of leopard frogs, Rana pipiens, over a 22–30 year time interval (11–15 generations). Genetic
structure among the populations was very stable, suggesting that these populations were not undergoing frequent
extinction and colonization. We also estimated the effective size of each population from the change in allele frequencies
over time. There exist few estimates of effective size for frog populations, but the data available suggest that ranid
frogs may have much larger ratios of effective size (Ne) to census size (Nc) than toads (bufonidae). Our results indicate
that R. pipiens populations have effective sizes on the order of hundreds to at most a few thousand frogs, and Ne/Nc
ratios in the range of 0.1–1.0. These estimates of Ne/Nc are consistent with those estimated for other Rana species.
Finally, we compared the results of three temporal methods for estimating Ne. Moment and pseudolikelihood methods
that assume a closed population gave the most similar point estimates, although the moment estimates were consistently
two to four times larger. Wang and Whitlock’s new method that jointly estimates Ne and the rate of immigration into
a population (m) gave much smaller estimates of Ne and implausibly large estimates of m. This method requires
knowing allele frequencies in the source of immigrants, but was thought to be insensitive to inexact estimates. In our
case the method may have failed because we did not know the true source of immigrants for each population. The
method may be more sensitive to choice of source frequencies than was previously appreciated, and so should be
used with caution if the most likely source of immigrants cannot be identified clearly.

Key words. Anuran, genetic structure, microsatellite, Rana pipiens, temporal stability, temporal variation, variance
effective size.
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A fundamental goal of population genetics is to understand
the relative importance of microevolutionary forces in de-
termining the existing patterns of genetic variation within a
species. Consequently, using molecular markers to estimate
parameters such as the effective sizes of, and migration rates
among, natural populations has become a major focus in the
field of evolutionary biology. However, elucidation of past
processes and the prediction of future patterns from molecular
data requires that a state of equilibrium have developed be-
tween genetic drift and gene flow in the populations of in-
terest. Demographic instability can disrupt that equilibrium
(Whitlock 1992), rendering single ‘‘snapshot’’ estimates of
population structure or population size inappropriate as de-
scriptors of the species (e.g., Tessier and Bernatchez 1999).
However, whether population genetic structure is stable over
time has been assessed for very few taxa.

The other parameter that is rarely measured for natural
populations is the effective population size. The effective
population size, Ne, is one of the most important parameters
in theoretical and applied population genetics. Yet more than
70 years after Wright (1931) formalized the concept, we still
have few highly reliable estimates of Ne in non-laboratory
populations, and most of these are for economically important
fish or for large mammals (e.g. Wood 1987; Harris and Al-
lendorf 1989; Waples 2002). Few studies have attempted to
estimate Ne in frog populations. Most of these actually es-

2 Present address: School of Biology, Georgia Institute of Tech-
nology, 310 Ferst Drive, Atlanta, Georgia 30332; E-mail:
eric.hoffman@biology.gatech.edu.

timated single-season effective number of breeders, Nb, rather
than effective population size per se. The two most compel-
ling estimates are by Sjogren (1991) and Easteal (1985). From
demographic data on a small population of pool frogs (R.
lessonae; census size a few hundred) Sjogren (1991) esti-
mated the ratio of effective to census sizes, Ne/Nc, to be
approximately 0.11. This value is in line with less compre-
hensive estimates of single-season Nb from other ranid spe-
cies (Merrell 1968; Berven and Grudzien 1990; Seppa and
Laurila 1999). Easteal (1985) measured allozyme allele fre-
quencies in large populations of Bufo marinus (thousands of
individuals) that had been deliberately introduced to five Ha-
waiian Islands and to Australia in the 1930’s. On the as-
sumption that all islands started out with the same initial
allele frequencies, Easteal estimated Ne from current FST and
the number of generations that had passed since colonization,
and found the ratio of effective to census sizes, Ne/Nc ø
0.001. This estimate is very low (Nunney 1992, 1996), but
is similar to a single-season estimate of Nb/Nc for toad pop-
ulations in Europe (Scribner et al. 1997). We do not know
if these variable estimates represent a fundamental difference
between bufonid toads and ranid frogs. We obviously need
more estimates of Ne for anurans, and studies on the ecolog-
ical/demographic factors that control Ne/Nc in this taxon.

One approach for estimating Ne that has yet to be applied
to anurans is the temporal method. Here, change in allele
frequencies is measured in a population that was sampled at
two different times. Assuming that the observed change in
allele frequencies was caused only by genetic drift, then es-
timation of the variance effective size over that time period
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is straightforward. This approach, originally described by
Krimbas and Tsakas (1971), has received considerable at-
tention owing to the ease with which one can now collect
molecular genetic data. The availability of DNA from ar-
chived historical samples has facilitated these estimates, and
recent studies have successfully used historic samples to es-
timate long term Ne (Hansen et al. 2002 and references there-
in).

The temporal method was first applied using moment es-
timators (e.g., Nei and Tajima 1981; Waples 1989; Jorde and
Ryman 1995). Likelihood methods have been developed re-
cently (Williamson and Slatkin 1999; Anderson et al. 2000;
Berthier et al. 2002), but these can be very computationally
intensive. Wang (2001) developed a less computationally in-
tensive pseudomaximum-likelihood method that performed
as well as full maximum-likelihood techniques on simulated
data. A key assumption of all these techniques is that sys-
tematic forces (selection, mutation, and migration) are as-
sumed to be unimportant in changing allele frequencies com-
pared to genetic drift. Wang and Whitlock (2003) developed
a likelihood-based estimator that estimates Ne and m (im-
migration rate) jointly, an advance that removes the as-
sumption that your target population is isolated from all mi-
grational input between the two sampling periods. In this
study we estimated Ne in each of five populations of northern
leopard frogs, Rana pipiens, from New York and Ontario.
We compared results from three implementations of the tem-
poral method: Waples (1989) moment method, and the pseu-
dolikelihood methods of Wang (2001) and of Wang and Whit-
lock (2003).

Because the five populations of R. pipiens that we studied
were relatively close together, we were also able to inves-
tigate whether genetic structure among the populations
changed substantially over time. Although there have been
many studies of genetic structure in anurans, no study has
yet tested whether genetic structure is stable over time in an
anuran species. Indeed, only a handful of studies have tested
for change in genetic structure over time in any species (e.g.,
Tessier and Bernatchez 1999; Heath et al. 2002; Hansen et
al. 2002). This question is particularly important for frogs
because it is not clear to what extent natural populations of
frogs exist in dynamic metapopulations with frequent ex-
tinction and recolonization, or in stable patches at equilibrium
between drift and gene flow (e.g., Berven and Grudzien 1990;
Sjrogren 1991, 1994; Pope et al. 2000). We would expect
substantial change in genetic structure over time under the
metapopulation model, but not under the equilibrium model.

In this study we used microsatellite loci to investigate spa-
tial and temporal genetic variation in five populations of R.
pipiens from five populations in New York and Ontario. First,
we compared genetic structure between contemporary and
historic samples that are separated by 11 to 15 generations.
Second, we estimated the variance effective population size
in each population under the assumption of no migrational
input (Wang 2001; Waples 1989), and under the assumption
that some migration might have occurred (Wang and Whit-
lock 2003). We discuss these results in terms of what they
reveal about the different methods for estimating Ne, and of
what they tell us about population genetic structure in an-
urans.

METHODS

Samples

The northern leopard frog is broadly distributed, occurring
from the state of Washington to Nova Scotia, and from Ar-
izona to Great Slave Lake, Northwest Territories, Canada,
and Hudson Bay. In western (Hoffman and Blouin 2004a;
Leonard et al. 1999) and northern (Seburn and Seburn 1997)
areas the species has suffered widespread population de-
clines, but in the upper Midwest and eastern United States
and Canada, including the area we sampled, the species re-
mains abundant. Rana pipiens breed in the first warm weeks
of spring, and tadpoles metamorphose during the summer.
Yearling and adult frogs overwinter in permanent or semi-
permanent bodies of water and emerge in early spring after
snow melt. Rana pipiens have well-defined home ranges, and
adult frogs tend to remain in a relatively small area within
any given year (Dole 1965).

Previous work based on mitochondrial DNA (mtDNA) se-
quence data identified two genetically distinct groups of R.
pipiens (Hoffman and Blouin 2004b). All of the populations
in this study occur within the ‘‘eastern’’ mtDNA region. We
sampled from five sites around Lake Ontario (Fig. 1, Table
1). The greatest distance between any two sites was 387 km,
whereas the shortest distance was 82 km. Forty or more dried
skins were preserved from each site by F. Schueler in 1971
(NONQ, CAMPB, MONTZ, HAPVY) or in 1979 (FAIRM)
(Schueler 1981, 1982). These samples were collected in the
fall after reproduction and thus correspond to sampling plan
1 of Nei and Tajima (1981; Waples 1989). These skins were
deposited in the Canadian Museum of Nature (CMN; Ottawa,
Ontario; see Table 1). We clipped a 1 cm square piece of
dried skin from each individual and placed it into a 1.5 ml
tube for DNA extraction. We returned to the same five lo-
calities in the summer of 2001. Current samples were col-
lected by dip net and consisted of toe clips preserved by
desiccation in 1.5 ml tubes filled with drierite desiccant (W.
A. Hammond Drierite Co., Xenia, OH). We obtained tissue
from 24 to 54 individuals per historic sample, and 22 to 46
individuals per current sample, with an average of 39 frogs/
population/time period (Table 2). Additionally, we returned
to FAIRM during the week of 23–30 April 2004 and con-
ducted a search of the wetland area to count the number of
egg masses to obtain a rough estimate of the census size of
breeding adults.

For molecular analysis total genomic DNA was extracted
following a standard phenol/chloroform technique (Sam-
brook et al. 1989). Five microsatellite loci designed from R.
pipiens (Rpi100, Rpi101, Rpi103, Rpi106, Rpi108) were used
under the PCR conditions described in Hoffman et al. (2003),
and two microsatellite loci originally developed for R. pre-
tiosa (RP193, RP415) were used under the PCR conditions
in Hoffman and Blouin (2004a). All PCR product was vi-
sualized on a 2% agarose gel for verification of amplification
and then run on an ABI 3100 capillary electrophoresis system
for size scoring.

One concern about using historic samples for PCR is that
low yields of poor DNA may lead to allele drop out or am-
plification of contaminants rather than from the intended
DNA template. However, our extractions from the dried tis-
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FIG. 1. Map of localities in New York and Ontario for which we obtained Rana pipiens DNA samples from two sampling periods 11–
15 generations apart. See Table 1 for exact population location and date of sample collection.

TABLE 1. General data for populations used in this study (see Fig. 1) including location (map datum 5 WGS84), number of loci used
to estimate Ne, and CMN catalog numbers of historic samples.

Pop ID
State/

Province Latitude Longitude Museum Catalog Number
Number of loci used

to estimate Ne

NONQ Ont. 44.178 N 78.965 W 2456-1–2456-22; 24257-1–24257-22 7
CAMPB Ont. 43.521 N 79.996 W 23890-1–23890-29; 22687-1; 22687-2 7
FAIRM Ont. 45.069 N 75.653 W 24332-1–24332-39 7
HAPVY NY 43.4679 N 76.01 W 23842-1–23842-15; 23851-1–23851-22;

23856-1–23856-17
6

MONTZ NY 42.9893 N 76.7715 W 23876-1–23876-32; 23877-1–23877-10 6

sue produced high quality DNA. We also ran negative con-
trols from both the extraction process and from PCR setup.
These controls were run on the ABI 3100 gels along with
our samples and consistently indicated that no spurious am-
plification occurred.

Statistical analyses

GENEPOP version 3.3 (Raymond and Rousset 1995) was
used to estimate allele frequencies, observed numbers of al-
leles per locus, and expected and observed heterozygosities,
and to test for Hardy-Weinberg equilibrium via exact tests
(applying a sequential Bonferroni correction; Rice 1989).
Sampling variances of expected heterozygosities were cal-
culated following Nei (1987, pp. 180–181). For purposes of
estimating genetic structure in each time interval, we included
the 1979 sample from FAIRM with the other four historic

samples that were collected in 1971 (our conclusions are
unchanged if we restrict our analysis to just the four samples
from 1971). Genetic differentiation among all five popula-
tions in each time interval, and between pairs of populations
within and between temporal periods, was estimated with u
(Weir and Cockerham 1984; calculated by the program F-
STAT 2.9.1; Goudet 1995). To account for multiple com-
parisons, significance of these values was calculated at the
5% significance level using a Bonferroni correction for mul-
tiple comparisons. We tested for isolation by distance by
computing the regression of u/(1 2 u) on geographic distance
(Rousset 1997). For populations separated by Lake Ontario
(see Fig. 1), we calculated distances around the lake. We
assessed significance levels using a Mantel test (Mantel 1967)
as implemented using the program ISOLDE in GENEPOP.
Genetic distances among all populations were assessed using
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TABLE 3. Above diagonal: u values between pairs of contemporary samples collected in 2001. Below diagonal: u values between pairs
of historic samples. On diagonal (bold): u values between pairs of populations across sampling periods. In all cases asterisks designate
significance and statistics were calculated by F-STAT (Goudet 1995). Below the matrix are global u values (95% confidence limits) for
both sampling periods. Note that the contemporary and historic samples have overlapping 95% confidence limits.

Population NONQ CAMP FAIRM HAPVY MONTZ

NONQ 0.0066* 0.0422* 0.0496* 0.0700* 0.0453*
CAMPB 0.0257* 0.0056 0.0464* 0.0616* 0.0245*
FAIRM 0.0411* 0.0487* 0.0000 0.0274* 0.0370*
HAPVY 0.0531* 0.0530* 0.0175* 0.0112* 0.0354*
MONTZ 0.0322* 0.0145* 0.0299* 0.0215* 0.0022

Contemporary samples 0.043 (0.022–0.050)
Historic samples 0.034 (0.025–0.067)

tools for population genetic analysis (TFPGA version 1.3;
Miller (1997)) by building a UPGMA tree of Nei’s unbiased
distance (Nei 1978). Additionally, we used a Mantel test to
determine whether matrices of genetic distance were similar
between sampling periods.

We used three methods to obtain a temporal estimate of
Ne in each population. The first two methods were the tra-
ditional moment estimator of Waples (1989; equations 9 and
12) and the pseudo-likelihood method of Wang (2001). Both
methods assume that sample collection occurred according
to plan 1 (Nei and Tajima 1981; Waples 1989) and that pop-
ulations are closed to immigration. We almost certainly did
not sample populations that are entirely closed to migration.
However, if the effect of migration on allele frequencies is
small compared to the effect of genetic drift, then migration
should not greatly influence the estimate of Ne (Wang 2001).
Ranid frogs tend to show isolation by distance, low gene
flow, and geographically small genetic neighborhoods (e.g.,
Monsen and Blouin 2003, 2004), therefore we expect the
effects of immigration to be minor. The third method jointly
estimates Ne and the immigration rate, m, into the focal pop-
ulation during the sampling interval (Wang and Whitlock
2003). This approach requires data on temporal change in
allele frequencies in the focal population and on allele fre-
quencies in whatever source is sending migrants into the focal
population and assumes that samples are collected according
to plan 1 (Nei and Tajima 1981; Waples 1989). We do not
know from what sites immigrants into each of our focal pop-
ulations are most likely to originate. However, the Wang and
Whitlock method was thought to be robust to violations of
assumptions concerning this source population (Wang and
Whitlock 2003). Therefore, to obtain the joint estimate of Ne

and m for each population, we simply pooled allele frequen-
cies from the four other populations (from both time periods)
and used these to represent the allele frequencies in the
source.

We used the program MNE 1.0 (Wang and Whitlock 2003)
to estimate Ne via the methods of Wang and Whitlock (2003)
and of Wang (2001). Both methods use a pseudolikelihood
approach that is supposed to work nearly as well as full
likelihood methods, but is less computationally intensive and
is therefore ideal for highly polymorphic markers such as
microsatellites (Wang 2001). Additionally, MNE requires the
input of maximum Ne value allowed. We initially used 9000
(the maximum value for use with a standard computer). How-
ever, when we varied this value between 2000–9000 our es-

timates of Ne were unchanged. Waples’ (1989) estimate was
computed by hand. We used starting allele frequencies es-
timated from the historic samples, final allele frequencies
estimated from the contemporary samples, and number of
generations between sampling periods calculated using two
years per generation (Ryan 1953; Leclair and Castanet 1987;
Gilbert et al. 1994). Although it is known that average age
of reproduction is geographically variable (Gilbert et al.
1994), two independent studies found average generation
time for R. pipiens to be two years in the region of our
populations (Leclair and Castanet 1987; Gilbert et al. 1994).

RESULTS

Genetic diversity within populations

After accounting for multiple comparisons, locus Rpi108
showed a homozygote excess in the historic samples from
populations HAPVYp71 and MONTZp71. No other locus by
population combination was significantly out of Hardy-Wein-
berg equilibrium. These results suggest that there may be a
low-frequency null allele at Rpi108 in some populations. All
seven microsatellites showed high levels of variation in the
populations sampled here. Allele frequencies for each locus
in each population/sampling period are in the Appendix,
available online only at: http://dx.doi.org/10.1554/04-444.
1.s1. Numbers of alleles per locus ranged from 18 to 57 and
HE ranged from 0.721–0.970 (Table 2). These values did not
change substantially between sampling periods (Table 2).

Genetic structure

Significant differentiation (u . 0) existed between all pop-
ulation pairs within each time period (see Table 3). Overall
u among populations within sampling periods was u 5 0.034
(95% confidence limits from 0.022–0.050) for historic sam-
ples and u 5 0.043 (95% confidence limits from 0.025–0.067)
for contemporary (2001) samples. Global u was not signifi-
cantly different between the two sampling periods. There was
a positive, significant correlation between genetic distance
and geographic distance in both sampling periods (Fig. 2;
Mantel test: historic, P 5 0.018; 2001, P 5 0.017 for prob-
ability (correlation . observed correlation)).

Pairwise genetic distances between populations were very
similar across sampling times (Mantel test with 1000 per-
mutations, r 5 0.94, P 5 0.012), indicating that the pattern
of genetic differentiation among population did not change
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FIG. 2. Isolation by distance plots for pairwise comparisons from
five Rana pipiens populations at two time intervals, contemporary
(A) and historic (B).

FIG. 3. UPGMA tree of Nei’s (1978) unbiased distance. Nodal
support was assessed from bootstrapping over loci (1000 permu-
tations) and is given above the line for each node.

TABLE 4. Effective sizes estimated by each method.

Population

Estimated Ne (95% confidence interval)

Waples (1989) Wang (2001)

Wang and Whitlock (2003)

Ne m

NONQ 588 (378–1355) 324 (230–488) 21 (17–26) 0.51 (0.3–1.0)
CAMPB 420 (245–837) 205 (150–295) 15 (13–18) 0.99 (0.57–1.0)
FAIRM 1019 (490-`) 243 (165–395) 16 (14–19) 1.0 (0.6–1.0)
HAPVY 410 (222–940) 102 (71–152) 15 (13–17) 0.46 (0.25–1.0)
MONTZ 1820 (660–`) 469 (313–786) 21 (18–24) 1.0 (0.56–1.0)

over the 30 years separating collection periods. For example,
the lowest pairwise u in both sampling periods was between
CAMPB and MONTZ (historic 5 0.0145, contemporary 5
0.0245) and the largest pairwise u in both sampling periods
was between NONQ and HAPVY (historic 5 0.0531, con-
temporary 5 0.0700). A UPGMA tree of Nei’s (1978) un-
biased genetic distance among sampling locations and time
periods shows that for each population the most genetically
similar population was the sample collected from the same
location at the other sampling period (Fig. 3). Indeed, u values
between temporal samples from the same population are ap-
proximately an order of magnitude less than those values
between different populations in the same time period (Table
3).

Effective size

We did not use Rpi108 to estimate Ne in HAPVY and
MONTZ owing to departure from HWE at that locus in the
historic samples (see Table 2). For all other populations, all
seven loci were included in the Ne calculation.

The two pseudolikelihood-estimation methods produced
strikingly different results from each other (Table 4). The
method that jointly estimates Ne and m (Wang and Whitlock
2003) estimated Ne’s to be from 15 in HAPVY to 21 in
NONQ, with immigration rates into these populations of 0.46
and 0.51, respectively. The pseudolikelihood-point estimates
of m in the other three populations were 1.0 in FAIRM and
MONTZ and 0.99 in CAMPB. In all populations the upper
95% confidence limit of m was 1.0. In contrast, the values
of Ne estimated assuming isolated populations (Wang 2001)
ranged from 102 for HAPVY to 469 for MONTZ. Likelihood
surfaces in all populations exhibited similar topologies, with
narrow but flat likelihood surfaces (Fig. 4). The moment es-
timates of Ne ranged from 410 for HAPVY, to 1820 for
MONTZ, and were all approximately two to four times larger
than the equivalent Wang (2001) estimate (Table 4).

During our surveys at FAIRM we found 82 egg masses
over approximately one-half of the wetland area. If we double
this number and assume an equal number of males and fe-
males, then we get a point estimate of the census number of
breeders of 328. Although this is not a precise measure, it
suggests that a reasonable guess at the census size of the
FAIRM population is in the hundreds of frogs (i.e., it is
certainly not in the many thousands).
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FIG. 4. Likelihood surfaces for estimates of effective population size according to Wang (2001) based on allele frequency change
through time from microsatellite data. The 95% CI for the method implemented here can be calculated as the range of support associated
with a drop of 2 in the log-likelihood (Wang 2001).

DISCUSSION

Genetic diversity

Within-population genetic variation (HE) was high, aver-
aging 0.86 to 0.92 per population (Table 5). Relatively few
studies have investigated microsatellite variation in anurans,
but those studies found relatively low levels of within-pop-
ulation diversity. Mean HE ranged from 0.088–0.77 in studies
reviewed by Newman and Squire (2001). More recently,
mean HE was calculated from microsatellite loci in Hyla ar-
borea (0.52, Arens et al. 2000), Rana lessonae (0.57, Garner
et al. 2000; Zeisset et al. 2000), R. ridibunda (0.59. Zeisset
et al. 2000), and R. temporaria (0.76, Berlin et al. 2000).
Moreover, a comparative review of (AC)n dinucleotide mi-
crosatellite repeat variation among the five vertebrate classes
found that amphibians had the lowest mean heterozygosity
(Neff and Gross 2001).

Why might these populations of R. pipiens exhibit higher
levels of HE than other anuran species? Newman and Squire
(2001) ascribe low He in some anurans to geographic and
demographic features such as the colonization of glaciated

areas, and natural fluctuations in population size and local
extinction followed by recolonization (attributed to pond
breeding). These effects could cause natural founding and
bottleneck events in anurans that may perturb the loci from
a mutation-drift balance. Perhaps northeastern populations of
R. pipiens are larger and/or more stable over time than pop-
ulations of other anuran species that have been studied. Large,
stable populations are consistent with the Ne estimates and
stable genetic structure that we also observed in this study
(see below).

Genetic structure

There is an acknowledged need to assess the accuracy and
stability of population genetic structure estimates (e.g., Bal-
loux and Lugan-Moulin 2002). Yet few studies have directly
measured stability in spatial population genetic structure over
time, and most of these studies were on salmonid fish (e.g.,
Hanson et al. 2002; Heath et al. 2002; Palm et al. 2003).
Ours is the first study to test whether population genetic
structure in an anuran was stable over time. Here R. pipiens
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TABLE 5. Observed percentage change in heterozygosity between sampling times, and percentage change expected given Ne’s estimated
by each of the three methods.

Population
Number of

generations,t

Estimated HE at
time 0 (sampling

variance)

Estimated HE at
time t (sampling

variance)

Percentage change in HE over time

Observed

Predicted from
Waples’ (1989)
estimate of Ne

Predicted from
Wang’s (2001)
estimate of Ne

Predicted from Wang
and Whitlock (2003)

estimate of Ne

NONQ 15 0.904 (.00016) 0.896 (.00042) 20.9 21.2 22.3 230.3
CAMPB 15 0.896 (.00056) 0.902 (.00025) 0.7 21.8 23.6 239.9
FAIRM 11 0.894 (.00032) 0.893 (.00031) 20.1 20.5 23.0 229.5
HAPVY 15 0.884 (.00026) 0.861 (.0010) 22.6 21.8 27.21 240.0
MONTZ 15 0.915 (.00016) 0.912 (.00018) 20.3 20.4 21.6 230.3

showed temporally stable spatial genetic structure, at least
over the 11–15 generations studied here. These data suggest
that R. pipiens populations from this part of North America
are not in a dynamic metapopulation with substantial ex-
tinction and recolonization occurring over a 22–30 year time
frame. It appears that they more likely exhibit isolation by
distance (Fig. 2) with restricted gene flow (Hoffman et al.
2004b), as is the case with most ranid frogs (Monsen and
Blouin 2003, 2004).

Effective size

An interesting result of this study is that the estimates of
Ne obtained by the three temporal methods were very dif-
ferent. The two methods that assume closed populations gave
the most similar results, although estimates from Waples’
method were consistently two to four times higher than es-
timates from Wang’s method. The Wang and Whitlock meth-
od that jointly estimates m and Ne gave estimates that were
an order of magnitude smaller. This leads to the question of
which estimates more closely approximate the actual Ne’s
within these populations. We doubt the results from the joint
estimation method because the m estimates (some of which
approached 1.0) are unrealistically high. There were signif-
icant allele frequency differences among populations and
these changed little over time (e.g., Table 3). It seems un-
likely that the populations experienced so much immigration
without showing more appreciable allele frequency change.
One possible explanation for the failure of the joint esti-
mation method is incorrect source allele frequencies. The
Wang and Whitlock (2003) model is based on a source-sink
model with an infinitely large source population such that m
(the immigration rate) unidirectionally influences the allele
frequencies of the focal (sink) population. Because we did
not know the true sources of potential immigrants to our
populations, we simply used allele frequencies in the other
four sites to represent the source. The joint estimation method
may be more sensitive to choice of sources than was pre-
viously appreciated (Wang and Whitlock 2003). The two
closed-population estimators suggest that Ne’s in these pop-
ulations are in the range of a few hundred to fewer than 2000
individuals. Are these estimates reasonable given other in-
formation about the populations? We can begin by asking if
the estimated Ne’s are compatible with the observed genetic
diversities, with the expected changes in diversity over time,
and with census sizes.

Expected loss of heterozygosity over time. In a closed pop-
ulation we expect gene diversity (expected heterozygosities)

to decrease over time according to (1 2 1/2Ne)t, where t is
the number of generations. Four of five populations showed
a decrease in heterozygosity over time, and the populations
with smallest estimated Ne showed the largest decrease (Table
5). Interestingly, the observed changes in heterozygosities
were close to those predicted by the Ne’s from Waples’ es-
timator, while those predicted by the Ne’s from Wang’s were
too large (Table 4). These results suggest that the Waples’
method estimates of Ne may be closer to the true values and
that Wang’s are slight underestimates. On the other hand, the
moment estimates can be upwardly biased when based on
loci having many rare alleles (Berthier et al. 2002; Wang,
2001). Also, any immigration would have slowed the loss of
heterozygosity, making Wang’s estimates of Ne appear to be
underestimates. The change in heterozygosity predicted by
the Wang and Whitlock estimates are grossly out of line with
observed changes, again suggesting that this method pro-
duced substantial underestimates of true effective size.

Observed genetic diversities versus estimated Ne’s. Av-
erage gene diversities in these populations ranged from 0.86
to 0.92 (Table 5). These diversities are higher than expected
for completely closed populations having Ne’s in the hun-
dreds. For example, under an infinite alleles model of mu-
tation (Nei 1987, p. 375), and assuming mutation rates are
between 1023 and 1024 (Goldstein and Schlotterer 1999), Ne’s
of around 2200 to 22000 are required to maintain HE 5 0.9
in a closed population at drift-mutation equilibrium. Under
a pure stepwise model of mutation (Nei 1987, p. 379), Ne’s
of around 12,000 to 120,000 would be required. Microsat-
ellite mutation is not purely stepwise, and it takes only a
small proportion of large-step mutations to make allele fre-
quency distributions resemble those of the infinite alleles
model (Goldstein and Schlotterer 1999), therefore the most
reasonable range is probably closer to that specified by the
infinite alleles model. Nevertheless, even if mutation rates
are close to 1023, closed populations in the thousands would
still be required to maintain the observed heterozygosities
over time. On the other hand, this result is not unique. In
other studies in which short-term estimates of Ne were com-
pared with heterozygosity-based (long-term) estimates, the
long-term estimates were always much larger than the short-
term estimates (Lehmann et al. 1998; Jorde and Ryman 1996;
Balloux et al. 1998; Palm et al. 2003). This result probably
reflects the fact that few populations are truly closed, and
that it takes only a small amount of immigration to maintain
genetic diversities over evolutionary time scales. So depend-
ing on the rate and mode of mutation, short-term Ne’s for R.
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pipiens in the hundreds to low thousands could be quite com-
patible with the observed heterozygosities, provided there is
occasional immigration. The estimates of Ne based on het-
erozygosity are probably best interpreted as estimates of the
species-wide or metapopulation-wide Ne, not that of any local
subpopulation.

Estimated Ne’s versus census sizes (Nc). We do not have
good estimates of census sizes for these populations. How-
ever, our egg mass counts at FAIRM suggested a census size
of at least three to four hundred breeders at that site in 2004.
Also, these populations appear to be typical R. pipiens pop-
ulations, and mark-recapture data from similar sites give es-
timates of a few thousand total individuals (Merrell 1968; F.
Schueler, pers. obs.). Thus, Nc’s in the range of hundreds to
a few thousand are very likely, and are also consistent with
our casual field observations at these and at similar sites. We
can certainly be sure that Nc’s are not in the tens of thousands.
Census sizes in the hundreds to a few thousand would imply
that Ne/Nc ratios for these populations are somewhere in the
range of 0.1–1.0. This range is consistent with typical values
expected for wildlife populations (Nunney 1992). Thus, these
data also suggest that our Ne estimates are not way out of
line.

Ne/Nc estimates in R. pipiens versus in other frog species

We conclude that populations of R. pipiens in the New
York/Ontario region have relatively stable populations, with
Ne’s best estimated to be in the range of a few hundred to
fewer than 2000 individuals. Our rough estimates of census
size thus suggest that Ne/Nc ratios are at least 0.10, and prob-
ably higher. Thus, our estimates of Ne/Nc are much more in
line with estimates from other ranid frogs than the tiny es-
timates obtained for toads (see Introduction). Unfortunately,
there have been few attempts to estimate Ne in any frog spe-
cies, and most of these were fairly crude. More data on ef-
fective size in other frog and toad species are needed before
we can conclude what is ‘‘typical’’ for anurans, or if Ne/Nc

ratios differ predictably among different groups of anurans.

General conclusions

Overall, this study illustrates three findings that contribute
to our general understanding of population genetics and evo-
lution. First, this study represents an example of a species
in which population genetic structure is temporally stable
(over the 11–15 generations studied here). These data are the
first to address the open question of the temporal stability of
population genetic structure in anurans. It is important that
more studies be conducted to determine the extent to which
these results are found in other species. Second, this study
indicates that the effective size of typical R. pipiens popu-
lations is in the range of hundreds to a few thousand frogs,
giving Ne/Nc ratios between 0.10 and 1.0. Such ratios may
be typical for ranid frogs, but not necessarily all anurans.
Finally, the results of this study indicate that a promising
approach to jointly estimating Ne and m (Wang and Whitlock
2003) should be used with caution. Improper designation of
migrational source allele frequencies may lead to estimates
of Ne that are inaccurate by up to an order of magnitude.
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