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Effects of Holocene Climate Fluctuation on Mitochondrial DNA
Variation in the Ringed Salamander, Ambystoma annulatum

CHRISTOPHER A. PHILLIPS, GLORIA SUAU, AND ALAN R. TEMPLETON

We analyzed mitochondrial DNA variation in the Ringed Salamander, Ambystoma
annulatum. Four of six populations studied were fixed for the same haplotype. We
attribute this lack of detectable variation to recent colonization of this area, a hy-
pothesis which is supported by paleoecological data and previous biogeographical
analysis of the sympatric Spotted Salamander, Ambystoma maculatum. This study dem-
onstrates the potential benefits of comparing biogeographical data across species
and suggests that the Hypsithermal Interval may be an overlooked source of im-
portant historical impacts for species in the midwestern United States.

EOGRAPHIC structure of genetic variation
is influenced by recurrent events such as
restricted gene flow and nonrecurrent, histori-
cal events such as range expansion and long-
distance colonization (Templeton et al., 1995).
The relative importance of these factors to pop-
ulation structure varies among populations and
species, but it is becoming clear that historical
factors can play a major role (Brawn et al,
1996), especially in species with limited vagility
(Larson et al., 1984; Phillips, 1994). A species’
geographic range can also determine whether
recurrent or historical factors are more influ-
ential; for example, historical factors should
predominate in organisms that currently inhab-
it recently glaciated portions of North America
and Europe (Sage and Wolff, 1986; Merila et al.,
1996; Bernatchez and Wilson, 1998). Other, less
well-known climatic events may be equally im-
portant determining factors and can involve
species whose current ranges were not directly
impacted by the presence of ice sheets.

The Hypsithermal Interval, a warm-dry peri-
od beginning about 8000 years ago and lasting
until 4000 years before present (Wright, 1971;
Webb and Bryson, 1972) is thought to have
caused the expansion of the Prairie Peninsula
beyond its current boundaries in midwestern
North America. Across large sections of Illinois
and Missouri, deciduous forest was replaced by
xeric-adapted grassland communities such as
prairie and savanna. One implication of this
vegetation shift is that woodland species cur-
rently inhabiting the borders of the Prairie Pen-
insula must have colonized these regions in the
last 4000 years when deciduous forest was rees-

tablished as the climate ameliorated. Phillips
(1994) postulated that this recent invasion, cou-
pled with waves of colonization and extinction,
explained the lack of mtDNA variation detected
in Spotted Salamanders, Ambystoma maculatum,
along the current southern boundary of the
Prairie Peninsula in the northern Missouri
Ozarks. This study provides a test of this hy-
pothesis by examining mtDNA variation in an-
other woodland salamander from this region,
the Ringed Salamander, A. annulatum. This spe-
cies was chosen because it is restricted to hard-
wood or mixed hardwood-pine forests and the
northern extent of its current range coincides
with the southeastern boundary of the Prairie
Peninsula.

MATERIALS AND METHODS

Ringed salamanders are found throughout
the forests of the Ozark Plateau from St. Louis,
Missouri, southwest to northeastern Oklahoma
and northwestern Arkansas (Fig. 1). We sam-
pled 101 ringed salamanders from six popula-
tions throughout the species’ range in Missouri
{Table 1). Populations are defined as the indi-
viduals breeding in a single pond. Four popu-
lations were sampled in the northern Ozarks
where no mtDNA variation was detected in spot-
ted salamanders, and two were sampled in the
southern Ozarks where up to three haplotypes
were detected per population (Phillips, 1994).
We seined larvae from breeding ponds from
early May through late September. Adults were
taken from pitfall traps or seined from breeding
ponds from January through April. We isolated
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Fig. 1. Map of midwestern North America show-
ing collecting localities for ringed salamanders (num-
bered dots; same as in Table 1), eastern limit of Prai-
rie Peninsula, current range of the ringed salamander
(stippled area), and location of the pollen analysis of
King and Allen (1977; star).

TABLE 1.
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total genomic DNA from nitrogen powdered tis-
sue or whole blood. DNA was digested accord-
ing to manufacturer’s recommendations using
the six-base recognizing restriction enzymes
Bcll, Bglll, EcoRl, EcoRV, Kpnl, Pstl, Poull, and
Stul (New England Biolabs, Beverly, MA). Frag-
ments of the digested DNA were separated by
electrophoresis through agarose and the DNA
was transferred to a support membrane by
Southern blotting.

Southern blots were hybridized to radioac-
tively labeled A. maculatum mtDNA clones
pAm10 and pAm6 (Phillips, 1994). We visual-
ized the DNA fragments using autoradiography.
Restriction site information was inferred from
fragment patterns using double digestion.

Permutation chisquare analysis using 1000
resamples was used to test for heterogeneity in
haplotype frequencies among all populations
and within and between the northern and
southern populations. An arc-sine square-root
test was used to test the null hypothesis that the
two population groups have the same expected
heterozygosity (the probability of drawing at
random two different mtDNA haplotypes).

RESULTS AND DISCUSSION

The eight restriction enzymes produced 23
restriction sites. Only one EcoRV site and one
Pstl site were detected in the mtDNA of the
ringed salamanders assayed. The other restric-
tion enzymes cut the mtDNA from two to six
times. The two variable enzymes, Poull and Stul,
cut two or three times and defined three hap-
lotypes, AA, AB, BA (Table 1). The first position
denotes the number of Puull sites and the sec-
ond the number of Stul sites (A indicates three,
B indicates two).

The distribution of genotypes among popu-
lations and the frequencies within populations
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PopULATIONS. Codes are those used in Figure 1. The first letter of the haplotype designation refers to the
number of Puull sites, the second refers to the number of Stul sites (A = 3, B = 2).

Haplotypes

Code Population (latitude/longitude) Sample size (frequency)
1 St. Louis Co., MO (38°36.5'N-90°40.7'W) 20 AA (1.00)
2 Warren Co., MO (38°48.2'N-91°12.1'W) 18 AA (1.00)
3 Lincoln Co., MO (38°55.6'N-90°42.8'W) 23 AA (1.00)
4 Camden Co., MO (37°58.3'N-92°41.5'W) 12 AA (1.00)
5 Stone Co., MO (36°44.2'N-93°25.3'W) 14 AA (0.65)
BA (0.35)

6 Stone Co., MO (36°43.7'N-93°26.0'W) 14 AA (0.50)
AB (0.30)

BA (0.20)
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are given in Table 1. Only the southern popu-
lations (numbers 5-6) contained more than
one haplotype. With the exception of popula-
tion 4, these were also the sites with the smallest
sample sizes. The northern populations (num-
bers 1-4) shared a single haplotype. There was
heterogeneity in haplotype frequencies among
all populations (x? = 46.89, P = 0.00) but not
within the northern or southern populations
(southern population: x*> = 3.36, P = 0.24).
Thus, the source of heterogeneity is the contrast
between the northern and southern Ozarks.
The expected heterozygosity was zero for the
northern Ozarks and 0.56 for the southern
Ozarks. The test statistic for the arc-sine square-
root test was 7.6 indicating a highly significant
difference in the level of genetic variation be-
tween the northern and southern populations.

The lack of mtDNA variation in the northern
Ozark populations of the ringed salamander is
predicted if populations recently colonized this
area from the south. Under this hypothesis
(Phillips, 1994), woodland salamanders along
the southern border of the Prairie Peninsula
were pushed south as grassland and savanna re-
placed forests in this direction during the Hyp-
sithermal Interval, 8000 to 4000 years ago. As
the climate ameliorated, the Prairie Peninsula
contracted and forest replaced grassland. Wood-
land salamanders reinvaded from populations
along the southern margin of the peninsula,
but lineage sorting caused by waves of coloni-
zation and extinction reduced the mtDNA var-
iation to one or a few common haplotypes from
the source area (Nagylaki, 1976; Maruyama and
Kimura, 1980; Hewitt, 1993). The effects of col-
onization and extinction would be expected to
be more severe the farther north populations
were established. An alternative, but not mutu-
ally exclusive, explanation is that the coloniza-
tion was kin-structured and matrilineal (e.g., a
group of related sisters), which led to a reduc-
tion of mtDNA diversity greater than that which
would be expected for nuclear markers (Wade
et al., 1994). Under either scenario, the Hyp-
sithermal Interval occurred too recently for the
accumulation of a substantial amount of genetic
variation.

Phillips (1994) reviewed the literature on the
climatic history of North America and cited pa-
leoecological evidence to support this hypothe-
sis. The most pertinent data came from a pollen
analysis on sediments from peat deposits at a
site in southeastern Missouri currently beyond
the southeastern limit of the Prairie Peninsula
(King and Allen, 1977). The data suggest that
between 8700 and 5000 years ago, oak (Quercus)
and ash (Fraxinus) pollen was replaced by pol-
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len derived mainly from a grass-dominated com-
munity. This trend was reversed around 4000
years ago when the pollen profile returned to
that of an oak- and hickory-dominated com-
munity. These changes were thought to reflect
an expansion and retraction of the Prairie Pen-
insula in Missouri. It is possible that the ecotone
between the two habitat types was dynamic,
moving north and south as the climate fluctu-
ated during the Hypsithermal. This situation
would have compounded the effects of the col-
onization-extinction process and decreased the
genetic variation of the colonizers at a faster
pace than has been proposed (Nagylaki, 1976).

This study demonstrates the potential bene-
fits of comparing biogeographical data across
species and suggests that Holocene climate fluc-
tuations may be an overlooked source of im-
portant historical effects for species in the mid-
western United States, especially those not di-
rectly affected by Pleistocene glaciation.
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