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ABSTRACT: Populations of unisexual Ambystoma salamanders typically consist of ploidy-variable individuals (diploid through pentaploid) that
differ in their proportional representation within the populations. These salamanders reproduce using a method that has been termed
kleptogenesis: stealing genetic material from males of compatible bisexual Ambystoma species (e.g., Jefferson Salamanders [A. jeffersonianum]
and Blue-spotted Salamanders [A. laterale]). Kleptogenesis can result in ploidy-variable embryos within an egg mass because the unisexual female
might or might not incorporate the male genome. Little is known about the survivorship of individuals having different ploidy levels. Triploid
individuals are most abundant, indicating that higher ploidy individuals (tetraploids and pentaploids) are either produced more rarely, or suffer
higher mortality than triploids. We assessed the frequency of ploidy levels (determined by microsatellite analysis) across four life-history stages
over 2 yr: adults, early larvae, late larvae, and metamorphosed juveniles. We found that warmer breeding-season temperatures were correlated
with an increased frequency of high-ploidy individuals being produced. In addition, there was a gradual decline in tetraploids across all stages as
the larvae developed into adults. Breeding season temperature and selection against certain ploidy levels both appear to be important drivers of
unisexual salamander population composition at our study site.
Key words: Caudata; Kleptogenesis; Microsatellites; Survival; Tetraploid; Triploid

PLOIDY-VARIABLE organisms are known throughout the
animal kingdom, including vertebrates such as parthenogenetic triploid whiptails (Aspidoscelis; Lueck 1985), gynogenetic polyploid sturgeon (Acipenser transmontanus; Van
Eenennaam et al. 1996), hybridogenetic triploid minnows
(Squalius alburnoides; Sousa-Santos et al. 2007), and
tetraploid treefrogs (Hyla versicolor, which reproduces
through genome replacement; Wasserman 1970). These
organisms have both advantages and disadvantages when
compared with their diploid counterparts. Advantages
include gene redundancy that masks both mutations and
otherwise homozygous loci (potentially recessive; Mable and
Otto 2001), heterosis (hybrids being more fit than nonhybrid
parents), and the gain of asexuality (Comai 2005). Disadvantages include increased cell volume (Fanhauser 1945;
Uzzell 1964), difficulties in mitosis that result in aneuploidy,
difficulties in meiosis (particularly in odd ploidy levels), and
changes in gene expression and epigenetic instability (Comai
2005).
Unisexual (all female) Ambystoma salamanders produce
ploidy-variable offspring through a mode not known in any
other reproductively active organism (Panek 1978; Weller
and Menzel 1979; Splosky et al. 1992; Brodman and Krouse
2007). Unisexual Ambystoma salamanders pick up spermatophores produced by males of syntopic, sexually reproducing
Ambystoma species and produce ploidy-variable offspring.
Compatible males, or hosts, include five species (A. laterale,
A. jeffersonianum, A. barbouri, A. tigrinum, and A. texanum),
all of which are diploid, sexual species with both male and
1

female members (Brodman and Krouse 2007; Bogart et al.
2009; Bi and Bogart 2010). After sperm acquisition, both eggs
that are unreduced by mitotic division and eggs that are
reduced through meiotic mechanisms can be produced within
a single egg mass (Bogart 1982; Bogart et al. 2007). Bogart et al.
(2007) proposed kleptogenesis as an appropriate term for
this unique method of reproduction.
Kleptogens might variably incorporate the male spermatophore into the egg, resulting in a range of ploidy-variable
individuals within an egg mass. If the sperm is incorporated,
the resulting embryo might have either an extra genome
(ploidy elevation) or replacement of the maternal genome by
the paternal genome, resulting in the same ploidy level as the
mother (genome replacement; Bogart et al. 2007). In ploidyelevated organisms, the offspring are produced through an
endomitotic event followed by meiosis, resulting in genetically variable offspring (Macgregor and Uzzell 1964; Bogart
et al. 2007). If the sperm is not incorporated, the resulting
offspring are produced asexually. Unisexual salamanders
range from diploid to pentaploid; triploids are the most
common and pentaploids are rare (Lowcock et al. 1991;
Bogart and Klemens 2008).
Increasing ploidy, along with the combination of multiple
species’ genomes, might confer both advantages and
disadvantages. High genetic diversity in unisexuals might
result in heterosis; when compared with sexual congeners,
unisexuals have broader habitat tolerance (Bogart 2003),
hatch earlier and larger (Panek 1978; Licht and Bogart
1989), and are more aggressive (Brodman and Krouse 2007).
In contrast, these extra genomes might compromise cell
function, possibly contributing to the high embryonic
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TABLE 1.—Allele size ranges and diversity at each locus within early, late, and juvenile stages in samples obtained from ambystomatid salamanders the
Edwin S. George Reserve (ESGR), Michigan. bp 5 base-pair.

Locus
AjeD378
AjeD94
AjeD346

Ambystoma jeffersonianum

Ambystoma laterale

Reference

Diversity in alleles at the
ESGR (# of alleles)

210–290 bp
185–250 bp
160–200 bp

135–155 bp
245–305 bp

Julian et al. 2003
Julian et al. 2003; Ramsden et al. 2006
Julian et al. 2003; Ramsden et al. 2006

6
19
26

mortality observed in unisexual salamanders (83% in some
populations; Ramsden 2005; Bi and Bogart 2010). Increased
ploidy levels result in larger cell sizes that can decrease in
the capacity for gas exchange and the ability to transport
oxygen throughout the body (Uzzell 1964; Mueller et al.
2008). In frogs, larger cell size might also detrimentally affect
the ability to undergo metamorphosis because erythrocytes
mature and synthesize adult hemoglobin rather than larval
hemoglobin to adjust for the change from aquatic into
terrestrial habitat (Benbassat 1974; Lowcock et al. 1991).
This decrease in cell function could be a mechanism
preventing the infinite addition of genomes, and might
explain why higher ploidy individuals are rare. Tetraploid
and pentaploid individuals are more common in larvae than
in adults, so it appears that some selection occurs against the
higher ploidy levels as the cohort ages (Bogart et al. 2007).
Our study seeks to determine the developmental stage at
which selection against higher ploidy levels is strongest.
Published estimates of frequencies of ploidy-variable biotypes are often grouped across life-history stages (e.g.,
juveniles and adults; Ramsden 2005; Bogart et al. 2007),
making such an assessment impossible. Here, we report the
frequencies of ploidy levels in four distinct ontogenetic
stages of unisexual Ambystoma salamanders (breeding
adults, early larvae, late larvae, and juveniles) across 2 yr.
We hypothesize that if cellular complications occur, then
selection will be strongest at metamorphosis, and there will
be a reduction in the frequency of high-ploidy (tetraploid)
individuals between the late larval stage and the juvenile
stage. Bogart et al. (1989) determined that sperm is less
likely to be incorporated at cooler temperatures than at
warmer temperatures in a laboratory setting. Therefore, we
predict a correlation between warm temperatures during the
breeding season and increased frequency of high-ploidy
larvae produced by genome addition.
MATERIALS AND METHODS
Field Sampling
The study was conducted at the University of Michigan’s
Edwin S. George Reserve (ESGR), near Pinckney, Michigan, USA. The ESGR includes a 540-ha area of oak–hickory
(Quercus spp.–Carya spp.) forest with many wetland areas
and vernal ponds (Skelly et al. 1999). The ponds at the
ESGR have been sites of long-term amphibian research
(Skelly et al. 1999; Franker 2009; Benard and Maher 2011).
We collected samples from three amphibian breeding ponds
within the ESGR: Ilex Pond, West Woods Big, and Dreadful
Hollow Pond, all of which are fully encircled by drift fence–
pitfall trap arrays (Boes and Benard 2013). Three sexually
reproducing ambystomatids breed in these ponds: Bluespotted Salamanders (Ambystoma laterale), Spotted Sala-

manders (A. maculatum), and Tiger Salamanders (A.
tigrinum). Ambystoma maculatum sperm cells are incompatible with the eggs of the unisexual complex (Bogart et al.
1989), and unisexual females incorporate genomes from A.
tigrinum only when A. laterale and A. jeffersonianum are
absent (Brodman 2010). Therefore, the only sperm-donor
species at the ESGR is A. laterale. Ambystoma jeffersonianum genomes are present in all of the unisexual salamanders
at the ESGR even in the absence of bisexual A. jeffersonianum individuals. This is true of most northern unisexual
populations, and likely resulted from northward colonization
following ancestral contact with A. jeffersonianum (Bi et al.
2008).
We caught adults in pitfall traps that were checked twice
daily for the duration of two breeding season (8–17 March
2012, and 11–12 March and 30 March–10 April 2013). We
sampled every adult female of the A. laterale/unisexual
complex at each pond. Because differentiation among these
types is difficult in the field, all sample identifications were
genetically confirmed in the lab. Only female salamanders
were sampled because male unisexuals are very rare
(Ramsden 2005), and we assumed that all male individuals
represented A. laterale. We processed adults as part of an
ongoing mark and recapture study, which involved anesthetization in tricaine methanesulfonate (MS-222), marking
with passive integrated transponders, taking approximately 5
mm of tail tissue for genetic analysis, and measuring mass
and snout–vent length (SVL).
Six weeks after the initial sampling of each breeding
season (28 April–5 May 2012, and 11–22 May 2013), we
captured early larvae (larval stages 39–40; Shi and Boucaut
1995) using dip nets because their small size permitted them
to escape minnow traps. One month later (5–12 June 2012
and 24 June–9 July 2013), we caught late larvae (larval stages
46–47) using both dip-netting and unbaited minnow traps.
We deployed minnow traps overnight for 15 h (Anderson
and Giacosie 1967). For all larval samples, we measured total
length and then excised 3–5 mm of tail tissue. We stored
tissue samples and organisms that died in sampling (,4% of
early larvae) in 95% ethanol for genetic analysis. After
sampling, we returned all organisms to their original pond.
The field season of 2012 was hot and dry, so juveniles were
metamorphosing as the ponds dried up (5–9 July 2012). We
sampled any organisms identified as members of the
unisexual complex after finding them under cover objects
and along the drift fences under leaf litter. Again, we
measured SVL, and removed roughly 5 mm of tail tissue for
DNA analysis, and stored tissue samples in 95% ethanol. We
released individuals on the outside (forest side) of the drift
fences near cover objects. The field season of 2013 was wet,
and juveniles moved out of the ponds much later (17–29 July
2013), but our sampling protocol was otherwise identical.
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FIG. 1.—Average temperature and rain events at the Edwin S. George Reserve, Michigan, during the 2012 and 2013 breeding seasons. Dotted lines
represent average temperatures on days without breeding activity.

Genetic Analysis
We completed DNA extraction and purification using the
QIAGEN DNeasy Blood and Tissue Kit (QIAGEN
Sciences, Germantown, MD) following the manufacturer’s
instructions. We used QIAGEN Multiplex PCR (Polymerase
Chain Reaction) kit to simultaneously amplify three
fluorescently tagged microsatellite loci to determine biotype
for each individual. Two loci—AjeD94 and AjeD346—
amplify in both A. jeffersonianum and A. laterale, but in
different size ranges, whereas AjeD378 amplifies only in A.
jeffersonianum (Julian et al. 2003; Ramsden et al. 2006;
Table 1). As an example, AjeD94 amplifies in the 185–250base-pair (bp) range for A. jeffersonianum genomes
(abbreviated J) and in the 135–155-bp range for A. laterale
genomes (abbreviated L). If three peaks occur (e.g., 147,
151, and 244), the individual is a triploid and its biotype is
LLJ (two genomes from A. laterale and one genome from
A. jeffersonianum).
The conditions for all PCR programs were as follows: 165
s of initial denaturation at 94uC, followed by 34 cycles of
denaturation for 45 s at 94uC, annealing for 45 s at 58uC, and
extension for 90 s at 72uC. The PCR program ended after
a final extension step of 5 min at 72uC. We sent PCR
products in 96-well plates to the Georgia Genomics Facility
(GGF; University of Georgia, Athens, GA) for genotyping
with the Applied Biosystems 3730xl 96 capillary DNA
Analyzer. The GGF added formamide and 500-ROX size
standard to 2-ml PCR products for electrophoresis.
Data Analysis
We used the Geneious software package to visualize
electropherograms received from the GGF (Geneious v6.0.4
created by Biomatters; Kearse et al. 2012), and verified allele
calls following Ramsden (2005). We determined ploidy level
by the number of peaks present in each individual across all
three loci. When the number of peaks differed between two
loci, the locus with the greater number of peaks was used to
assign the ploidy level. For example, if locus AjeD94 shows
peaks at 145 and 185 (diploid) and AjeD346 shows peaks at

175, 250, and 305 (triploid) for the same individual, this
individual would be designated as a triploid, based on the
assumption that AjeD94 was homozygous for one allele.
We used chi-squared analyses to assess the independence
of observed biotype frequencies (Zar 2010). We also used
chi-squared tests to determine whether there were differences in biotype frequencies among ponds for each year. If
no differences were detected, samples of a single life-history
stage from all ponds were pooled to provide an increased
sample size. We then used chi-squared analyses to test the
independence of observed biotype frequencies between
each life-history stage to determine when selective pressure
occurs on the cohort as it ages. We also used chi-squared
analyses to determine whether there was a difference in
frequencies of observed biotypes between years within
ponds. A Yate’s continuity correction was added to all 2 3
2 contingency tables and a Bonferroni correction factor was
applied to alpha values when multiple comparisons were
made. We performed t-tests to detect any differences in the
size of individuals at each life-history stage between
sampling years.
RESULTS
Weather Data
During breeding activity in 2012 (8–17 March), there was
2.29 cm of rain total, and the average air temperature was
9.4 6 1.8uC (mean 6 1 SE; Fig. 1). During a 9-d period at
the end of breeding season (16–24 March), the average air
temperature was 17 6 0.6uC. From the beginning of the
breeding season to the last day of juvenile collection, 27.86
cm of rain were recorded, precipitation events were brief,
and the average temperature was 11.4 6 0.7uC. Of the three
ponds studied, West Woods Big had no standing water after
11 July 2012. On the same date, Dreadful Hollow Pond
consisted of a small, shallow pool surrounded by deep muck,
and Ilex Pond was a dense, mostly dry patch of buttonbush
(Cephalanthus occidentalis) with water only in the deepest
sections of the pond.
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TABLE 2.—Number of individuals in each ploidy level in each life stage. Values in parentheses are the sample sizes from each pond (Dreadful Hollow
Pond, Ilex Pond, West Woods Big) at the Edwin S. George Reserve, Michigan.
Year
2012

Life stage
Adult
Early larvae
Late larvae

2013

Triploid

Tetraploid

Pentaploid

Total

0

308
(27/120/143)
67
(28/21/18)
68
(24/23/21)
76
(30/26/20)
131
(10/0/104)
104
(35/40/29)
94
(47/38/9)
62
(29/33/0)
910

26
(4/7/14)
29
(7/11/11)
16
(6/7/3)
7
(4/2/1)
20
(2/0/18)
7
(4/1/2)
5
(2/2/1)
1
(1/0/0)
111

0

334

1
(0/0/1)
0

99
84

0

83

2
(0/0/2)
0

153

0

102

0

63

3

1029

2
(1/0/1)
0

Juveniles

0

Adult

0

Early larvae

0

Late larvae

3
(1/2/0)
0

Juveniles
Total

Diploid

5

The 2013 breeding season was interrupted by a 17-d period
when the average air temperature was 21.3 6 0.7uC; so
breeding activity occurred from 11 to 12 March and 30 March
to 10 April. During this time, there was 4.11 cm of rain total,
and the average air temperature was 4.4 6 1.0uC (Fig. 1).
From the beginning of the breeding season to the last day of
juvenile collection, 42.37 cm of rain was recorded, and the
average air temperature was 13.5 6 0.8uC. Of the three ponds
studied, all had water remaining as the last juvenile sample
was collected on 29 July 2013. Despite the differences
between the 2012 and 2013 breeding seasons while the adults
were in the ponds, the average air temperatures during the
egg and larval stages were very similar between years (11.4 6
0.7uC vs. 13.5 6 0.8uC respectively).
The Hell, Michigan, weather station (National Weather
Service ID HELM4) was used for all weather data analyses.
When data from the Hell weather station were unavailable,
data from the Howell, Michigan, Sewage Plant (National
Weather Service ID HOWM4) were used. All weather data
were obtained via Weather Source, LLC (2013).
Sample Composition and Average Size
In 2012, we collected samples from 334 adults, 99 early
larvae, 84 late larvae, and 83 juveniles from all ponds. Of the
600 salamanders sampled in 2012, only 2 were diploid (LJ)
and 1 was pentaploid (LLLLJ; Table 2). All remaining
individuals were triploid (LLJ) or tetraploid (LLLJ). In 2013,
we collected samples from 153 adults, 111 early larvae, 102
late larvae, and 63 juveniles. Of the 429 salamanders
sampled in 2013, 3 were diploid and 2 were pentaploid
(Table 2). We did not capture adults at Ilex Pond in 2013 on
account of logistical constraints. Additionally, there was
a die-off event at West Woods Big Pond from 7 to 30 June
2013, resulting in lower sample sizes for the late larval stage
from this pond.
In 2012, the average sizes were 21.0 6 0.4 mm total length
(TL) for early larvae, 38.0 6 1.7 mm TL for late larvae, and
32.0 6 0.7 mm SVL for juveniles. In 2013, the average sizes
were 30.0 6 0.6 mm TL for early larvae, 44.0 6 0.9 mm TL
for late larvae, and 34.0 6 0.3 mm SVL for juveniles.
Average values for these three life-history stages were larger

111

in 2013 than in 2012 (early larvae t 5 212.66, P , 0.001; late
larvae t 5 23.72, P 5 0.001; juvenile t 5 23.77, P , 0.001).
Biotype Frequencies
Within-year comparisons.—Diploid (LJ) and pentaploid (LLLLJ) individuals were rare (n 5 5 and 3,
respectively; Table 2) and are excluded from statistical
analyses. Because triploid (LLJ) and tetraploid (LLLJ)
individuals sum to nearly 100% of our samples, we focus
our statistical analyses on the frequency of tetraploids only.
The frequencies of tetraploid individuals was similar across
ponds in both years (2012, x2 5 4.25, P 5 0.83; 2013, x2 5
2.02 P 5 0.98; Fig. 2). Therefore, we grouped the three
ponds for further analysis. We determined the target total
sample and the sample size of each life-history stage prior to
data collection; therefore, the data were organized into a 2 3
4 contingency table with one fixed margin.
The sample size of each life stage was predetermined so
the chi-squared analyses were performed in the same
manner for both years. The frequencies of tetraploid
occurrence differed among life-history stages in 2012, but
not in 2013 (Table 3). Subdividing the 2012 contingency
table, we found that the frequencies of ploidy levels were
similar between early and late larvae, late larvae and
juveniles, or juveniles and adults (Table 3). The frequency
of ploidy levels differed between early larvae and adults,
however, and a trend toward a higher proportion of
tetraploids was found in the early larvae versus the juveniles
(Fig. 2). Because the initial 2013 analysis was not statistically
significant, subdividing the contingency table further was
unnecessary.
Between-year comparisons.—The frequency of occurrence of tetraploid organisms differed between years for the
pooled ponds’ early larvae stage, and shows a trend in the
late larvae stage (P , 0.001 and P 5 0.03, respectively).
There was no difference between years in the occurrence of
tetraploid individuals for the adult or juvenile stages (P $
0.18). The ploidy levels at individual ponds differed across
life-history stages sampled each year. The proportion of
tetraploid individuals was higher among early larvae for Ilex
Pond and West Woods Big in both years (P # 0.03).
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FIG. 2.—The percentage of tetraploid samples in each life stage between ponds in 2012 (A) and 2013 (B). Ilex Pond adults were not sampled in 2013.
Because of a die-off event at West Woods Big, juveniles were not found in 2013. The percentage of tetraploid individuals (pooled across ponds) from 2012
(C) and 2013 (D) declines as the population ages through metamorphosis. Significant differences are denoted when bars do not have the same
corresponding letter.

DISCUSSION
This study focused on the frequencies of ploidy levels
through four life-history stages of unisexual Ambystoma at
the ESGR to determine survivorship of ploidy-variable
individuals. The distributions of ploidy levels in each of the
life-history stages were similar, with the exception of the
significant difference between adults and early larvae, and
a trend between early larvae and juveniles. Contrary to our

initial hypothesis, the decline in higher ploidy levels takes
place gradually across juvenile development, rather than
abruptly at metamorphosis when physiological stress is
expected to be greatest (e.g., Benbassat 1974).
Across the range of unisexual Ambystoma, the frequencies
of lower (2N) and higher (4N, 5N) ploidy levels appear to
vary greatly. Triploid individuals are most common (Phillips
et al. 1997; Bogart 2003; Bogart and Klemens 2008), and

TABLE 3.—Results from chi-squared analyses of the independence of ploidy levels (triploid and tetraploid) between life-history stages of ambystomatid
salamanders collected from three Michigan ponds in 2012 and 2013. No differences existed among ponds (P $ 0.83); thus, ponds were pooled for these
analyses. The frequency of tetraploid early larvae differed significantly between years (x2 5 20.4, P , 0.001).
Life-history stagea
Year
2012
2013

Comparison
2

x
P
x2
P

A–E–L–J

E–L

E–J

E–A

L–J

L–A

A–J

35.72
,0.001*
10.58
0.16

3.93
0.39
0.25
0.97

13.23
0.004
2.45
0.48

31.24
,0.001*
3.16
0.37

4.02
0.26
1.68
0.64

8.37
0.04
4.34
0.23

0.04
1.00
6.98
0.07

a
A 5 adult, E 5 early larvae, L 5 late larvae, J 5 juvenile.
* Denotes statistical significance (a 5 0.05 for A–E–L–J and 0.008 for all 2 3 2 comparisons).
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multiple studies have reported populations of almost 100%
triploid (Panek 1978; Bogart et al. 1989; Lowcock and
Murphy 1990; Hedges et al. 1992). Our population is at the
low end of reported ranges for diploid and pentaploid
frequencies, with only 5 diploid and 3 pentaploid samples
out of 1029 individuals (0.48% and 0.29%, respectively).
Other studies have found ranges from 0% to 100% diploid
organisms (Bogart et al. 2007; Noel et al. 2011) and 2% to
8.5% pentaploid organisms (Phillips et al. 1997; Ramsden
et al. 2006). The lack of diploid organisms in the populations
at ESGR might be attributable to sexual discrimination by A.
laterale males with a preference for individuals having $2
sets of A. laterale genomes (e.g., triploid and tetraploid
unisexuals; Uzzell and Goldblatt 1967).
Effects of Temperature and Hydroperiod
We hypothesized that the temperature during the breeding
season might influence the production of tetraploid and
pentaploid offspring. We observed a lack of ploidy-elevated
offspring in 2013, perhaps as a result of that year’s cooler
breeding-season temperatures. Bogart et al. (1989) determined that at 6uC, inseminated eggs were more likely to
develop from gynogenesis. At higher temperatures (15uC),
eggs from the same female parents developed with ploidy
elevation. The air temperatures in the 2012 and 2013
breeding seasons (9.4 6 1.8uC and 4.4 6 1.0uC, respectively)
illustrate that temperatures as low as 9.4 6 1.8uC can
potentially induce genome addition. It is important to note
that Bogart et al. (1989) measured water temperature,
whereas our study reports air temperature. The relationship
between these two measurements in the field is likely to vary
based on several factors (e.g., pond size, depth, canopy cover),
and we recommend that future studies record water
temperature. To our knowledge, however, our study provides
the only support for the relationship between temperature
and ploidy elevation in natural populations, and indicates that
breeding season temperature might change population
composition across years. Longer term studies could corroborate this result over a wider range of breeding season
temperatures, and at different locations across the unisexual
range.
Our study provides additional evidence that ploidy level
affects individual fitness, and that the production of high
ploidy larvae might be associated with warm temperatures
during the breeding season. The mechanism of selection
against the higher ploidy larvae is unclear at this point.
Reduction in survivorship of tetraploids might be attributable to intrinsic factors (e.g., cellular complications hindering development), other genetically based traits that modify
individual behaviors (e.g., foraging, sensitivity to risk,
competitive ability, etc.), or any number of ecologically
relevant factors. However, the extrinsic environment might
also play a role. For example, shortened hydroperiods can
decrease survival rates to metamorphosis and decrease the
fitness of organisms that do survive (Rowe and Dunson
1995). Therefore, a shortened hydroperiod might synergistically interact with the physiological constraints common in
higher ploidy-level individuals. We suggest that either of
these avenues would be a fruitful avenue of future
experimental research.

Future research on climate change effects should consider
that complex interactions among temperature, ploidy elevation, and selection might alter population composition and
ecological interactions where unisexual salamanders exist.
Our results indicate that, as higher ploidy individuals are
selected against, a future population decline is possible if the
same number of eggs and hatchlings occur at warmer
temperatures (Carlson 2008). Another important consideration in light of climate change will be assessing phenological
shifts in breeding (Todd et al. 2010) that could produce
breeding asynchrony between unisexuals and their sexual
hosts. Because unisexuals at the ESGR interact with male
A. laterale only, additional work is required to determine
whether unisexuals interacting with different sexual host
species at other sites across their range show similar effects
of breeding season temperature or similar declines of highploidy individuals across developmental stages.
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