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ABSTRACT

The evolution of alternate modes of development may occur through genetic changes in metamorphic
timing. This hypothesis was examined by crossing salamanders that express alternate developmental modes:
metamorphosis vs. paedomorphosis. Three strains were used in the crossing design: Ambystoma tigrinum
tigrinum (Ait; metamorph), wild-caught A. mexicanum (Am; paedomorph), and laboratory Am (paedo-
morph). Att/Am hybrids were created for each Am strain and then backcrossed to their respective Am line.
Previous studies have shown that a dominant allele from Att (met'") and a recessive allele from lab Am
(met') results in metamorphosis in Att/Am hybrids, and met*/met"™ and met"/met" backcross genotypes
are strongly associated with metamorphosis and paedomorphosis, respectively. We typed a molecular
marker (contig325) linked to met and found that met*"/met"™ and met*"'/met"™ were associated with metamor-
phosis in 99% of the cases examined. However, the frequency of paedomorphosis was 4.5 times higher for
met'™ /met'™ than for met™"/met™". We also found that met""/met™™ and met™" /met*" genotypes discriminated
distributions of early and late metamorphosing individuals. Two forms of phenotypic variation are contrib-
uted by met: continuous variation of metamorphic age and expression of discrete, alternate morphs. We
suggest that the evolution of paedomorphosis is associated with genetic changes that delay metamorphic

timing in biphasic life cycles.

LTERNATE modes of development are often ob-
served within and between closely related species.

A number of classic examples have been studied, includ-
ing flight and flightless forms of insects, feeding and
nonfeeding echinoderm larvae, and metamorphic and
nonmetamorphic salamanders (Rorr 1986; MaTsupa
1987; RAFF 1996; WEST-EBERHARD 2004). These exam-
ples indicate a taxonomically widespread potential for
the evolution of discrete, morphological characteristics
that allow for novel and alternative life histories. In each
of these cases, the phenotypic transition is explainable
using “heterochronic” terms that describe how develop-
ment evolves through changes in the timing in which
characters are expressed during ontogeny (Gourp 1977).
For example, the evolution of salamander paedomorpho-
sis presumably required a genetic change that blocked
the initiation of metamorphosis, and this resulted in
larval-form adults. Although such description is useful
for explaining evolutionary shifts in development, it
provides little insight about the structure of genetic
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architectures that underlie heterochronic, evolutionary
transitions.

Like the majority of frogs and toads, many salaman-
ders undergo an obligate metamorphosis that allows for
the exploitation of both aquatic and terrestrial habitats
during ontogeny. However, some salamander species
express an alternate developmental mode in which they
forego metamorphosis and remain in the aquatic habi-
tat throughout their lifetimes (Figure 1). Nonmetamor-
phic forms are termed paedomorphic because they main-
tain juvenile features of the ancestral condition as they
mature reproductively into large, larval forms (GouLD
1977). The exemplar of salamander paedomorphosis is
the Mexican axolotl (Ambystoma mexicanum). Ambystoma
mexicanum (Am) belongs to a group of several closely
related species collectively known as the tiger salaman-
der species complex (SHAFFER and McKNIGHT 1996).
Salamanders of this complex occupy a variety of North
American breeding habitats ranging from temporary
vernal pools to large permanent lakes. Among these
habitats, populations are highly variable for metamor-
phic timing and expression of paedomorphosis. Some
populations express metamorphosis (e.g., A. tigrinum
tigrinum, Att) or paedomorphosis like Am, while in other
populations both phenotypes are observed at varying
frequencies. Presumably, the expression of paedomor-
phosis is an opportunistic strategy that allows individuals
to more successfully colonize relatively permanent aquatic
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niches (WILBUR and CoLLINS 1973; SPRULES 1974). Paedo-
morphic tiger salamanders are found in newly created
habitats like cattle watering troughs and wastewater treat-
ment ponds (ROsE and ARMENTROUT 1975; CoLLINS 1981),
as well as in stable, large lake systems (SHAFFER 1984).

We examined the genetic contribution of a major-
effect QTL (met) that is strongly associated with the
discrete expression of metamorphosis vs. paedomor-
phosis in interspecific crosses using At and a laboratory
strain of Am (Voss and SHAFFER 1997). Previous studies
have shown that a dominant allele from A#t (met*") and
arecessive allele from lab Am (met') results in metamor-
phosis in Att/Am hybrids and that met*"/met"™ and met"/
met"™ backcross genotypes are strongly associated with
metamorphosis and paedomorphosis, respectively (Voss
1995; Voss and SHAFFER 1997, 2000) (Table 1). Here
we describe a newly identified and highly informative
expressed sequence tag marker for met called contig325.
This marker is informative in the majority of Ambystoma
species (data not shown) and thus represents an impor-
tant new candidate for studies of developmental timing
variation in natural populations. We also describe a
large, newly created backcross population using wild-
caught Am individuals called WILD2. WILD2 and the
smaller WILD1 backcrosses (Voss and SHAFFER 2000)
may differ from lab Am (LAB) backcrosses as a result of
differences in the effects of met alleles and/or genetic back-
ground effects. To test this idea, we examined contig325
within the context of all available backcross populations
(LAB, WILDI, and WILD2) to infer genetic changes
that have modified the paedomorphic response of the
natural Am population during domestication of the lab-
oratory strain at Indiana University (The Axolotl Col-
ony). Because WILD? is the largest Att/Am backcross
resource ever obtained (N = 457), we were also able to
accurately and reliably assess the genetic contribution
of met to a second form of phenotypic variation: continu-
ous variation in metamorphic timing. Our results show
that met contributes genetically to both discrete and
continuous forms of metamorphic timing variation.
This result suggests a linkage between the evolutionary
maintenance of biphasic life cycles and the evolution
of alternate developmental modes.

MATERIALS AND METHODS

Genetic crosses: We compared phenotypic and genotypic
segregation ratios that were obtained from three different
backcross resources. Three strains were used to make the back-
crosses: wild-caught Az, wild-caught Am, and laboratory Am
(Figure 1; Table 1). The LAB and WILD1 backcrosses have
been described (Voss 1995; Voss and SHAFFER 2000). For
LAB, Am were obtained from the Indiana University Axolotl
Colony strain; for WILD1, Am were collected from their natu-
ral habitat at Lake Xochimilco, Mexico D.F., Mexico. In these
and the WILD2 crosses described below, At were obtained from
the same source population in Tennessee (Charles Sullivan).

F1GURrE 1.—Larval and adult phases of Ambystoma. (A) Lar-
val A. mexicanum. (B) Adult A. t. tigrinum (metamorphic). (C)
Adult A. mexicanum (paedomorphic).

The WILD2 backcrosses were created to obtain the largest-
ever segregating population for genetic analysis of Ambystoma
(SmrtH 2002). WILD2 was created using Am individuals col-
lected from Lake Xochimilco to make F, hybrids and first
generation descendants of wild-caught Am to make back-
crosses. The F; hybrids were generated from a single cross and
backcross offspring were generated using three male Am and
four female Att/Am hybrids. A total of nine backcross families
compose WILD2 (Table 2). Artificial insemination was used in
all crosses (ARMSTRONG and DuHON 1989; Voss 1995).

Rearing conditions: The rearing methods for offspring from
LAB and WILD1 were described previously (Voss 1995; Voss
and SHAFFER 2000). Here we describe rearing conditions for
WILD2 offspring. At 21 days postfertilization, larvae were re-
leased from their eggs and placed individually in 5-oz paper
cups of artificial pond water. Throughout the course of this
experiment all individuals were maintained in a single room
within which the temperature fluctuated from 19°-22°. Indi-
viduals were reared in separate containers and rotated within
the room after water changes to reduce effects of spatial tem-
perature variation. Larvae were fed freshly hatched Artemia
twice daily for their first 30 days posthatching. After day 20,
posthatching diets were supplemented with small (<1 cm)
California black worms (Lumbriculus). During this time, indi-
viduals were provided with fresh water and cups after every
third feeding. On day 30, larvae were transferred to 16-oz
plastic bowls, after which they were fed California black worms
exclusively and water was changed every third day. Finally, at
80 days posthatching all individuals were transferred to 4-liter
plastic containers and were otherwise maintained under the
same regimen as the previous 50 days, until completion of
metamorphosis or the end of the experiment (day 350). The
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TABLE 1

Nomenclature for backcrosses, expected met genotypes, expected contig325 genotypes,
and expected morph phenotypes

Cross ID Backcross hybrid X Am mel genotype contig325 genotype Morph type
LAB (Att/Am-1ab) X Am-lab met*" /met'® 32541 /3254m Met
met'™ /met'® 3254m/3254m Paed
WILDI (Att/Am-wild1l) X Am-wildl met™" /et 3254/3254" Met
met™™ /met™'"! 3254m/3254n Paed
WILDI1 (Att/Am-wild2) X Am-wild2 met™" /met " 32541 /3254m Met
met™" 2 /met""* 3254m/3254m Paed

Dominant met*" alleles derive from the same At strain. Recessive met and met*" alleles derive from different
Am strains. Contig325 is a species-specific marker locus linked to met. Morph types are based upon a single
gene model. Aut, A. tigrinum tigrinum; Am, A. mexicanum. Met, metamorph; Paed, paedomorph.

majority of backcross offspring were euthanized, as described
above, upon completion of metamorphosis or at day 350. At
this time, individuals were dissected and tissue samples (liver
and/or blood) were collected for DNA isolation. A few individ-
uals were not euthanized and are currently being maintained
for use in future studies. For these individuals, tissue samples
were collected as tail clips.

Phenotypic scores: Individuals were scored as metamorphs
upon complete resorption of all external gills (gills <1.0 mm
in length). Age at metamorphosis was recorded as the number
of days from fertilization to completion of metamorphosis.
For WILD2, the experiment was terminated on day 350, at
which point no individuals had completed metamorphosis
within the previous 3 weeks. All remaining individuals showed
no sign of having initiated metamorphosis (no apparent re-
gression of the tail fin or external gills) and were scored as
paedomorphs.

Genotyping: A total of 98, 112, and 457 individuals from
LAB, WILDI1, and WILD2, respectively, were genotyped for
contig325, a molecular marker that was isolated as a result
of ongoing EST and genetic linkage mapping projects that
generate genome resources for Ambystoma research (http:/
salamander.uky.edu). This marker was isolated from an Am
tail regeneration blastema cDNA library (PuTTa et al. 2004).
Additional coding sequence for this EST was obtained by

5'-RACE and assembled with existing EST sequences. The
resulting 985-bp DNA sequence shows strong similarity to a
human nerve growth factor receptor precursor (sequence data
not shown; NP_002498, bit score = 164; BLASTX).

A 221-bp DNA fragment corresponding to contig325 was
amplified from all individuals under standard PCR conditions
(150 ng DNA, 50 ng each primer, 1.2 mMm MgCly, 0.3 units
Taq polymerase, 1X PCR buffer, 200 mm each of dATP, dCTP,
dGTP, and dTTP; thermal cycling at 94° for 4 min; 33 cycles
of 94° for 45 sec, 60° for 45 sec, 72° for 30 sec; and 72° for 7
min). DNA was isolated from all individuals using a previously
described phenol extraction method (Voss 1993). Primer se-
quences for amplifying contig325 are forward, 5-GTGAAGT
CAGTGATGAAAGTCCATGT-3’, and reverse, 5-CTAGGA
TACCAGTGGGAGAGTGTAAT-3'. Genotypes were assayed by
restriction digestion of PCR products with a diagnostic Alul
restriction enzyme (New England Biolabs, Beverly, MA) and
agarose gel electrophoresis.

Linkage analysis: Linkage and QTL mapping studies were
performed using the software package MapMakerQTXb19
(http:/www.mapmanager.org/mmQTX html; MEER el al.
2004). Linkage distance and arrangement among contig325
and previously described amplified fragment length polymor-
phisms (AFLP) (Voss and SHAFFER 1997) was estimated using
the Kosambi mapping function at a linkage threshold of P =

TABLE 2

WILD2 backcrosses showing parentage, morph segregation, and mean age
at metamorphosis for contig325 genotypes

Parents Offspring Mean age at metamorphosis
Cross ID F, P, Met Paed % Paed 32541/ 3254 3254m/3254m
1 Fy, Py, 69 5 0.07 175.4 217.4
2 Fi, Py, 50 7 0.12 171.3 199.1
3 Fis Py, 38 3 0.07 183.2 206.7
4 Fiy Py, 65 11 0.15 177.1 204.8
5 Fy, Py, 56 6 0.10 173.2 210.1
6 Fi Py, 80 3 0.04 164.5 203.8
7 Fis Py, 44 1 0.02 165.1 214.6
8 Fi4 P,y 35 4 0.10 159.9 200.2
9 Fi, Py, 16 4 0.20 156.7 209.2
Total 453 44 0.09 170.9 207.1
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Frcure 2.—Likelihood-ratio statistic (LRS) plot for associa-
tion of paedomorphosis with genetic factors in the met QTL
region. The LRS for the contig325 marker is shown. Horizontal
shaded lines represent LRS thresholds for suggestive (1.3),
significant (6.6), and highly significant associations (15.6) as
estimated using Map Manager QTXb19.

0.001. The maximum-likelihood position of the met QTL was
estimated using the interval mapping function. Significance
thresholds for interval mapping were obtained through 10,000
permutations of trait values among backcross progeny. Associ-
ations between contig325 genotypes and phenotypic variation
were measured using the marker regression function.

RESULTS

Identification of a highly informative EST marker for
met: The met QTL was originally identified in LAB using
AFLPs and interval mapping (Voss and SHAFFER 1997).
In LAB, met*/met" and met" /met'™ segregate as highly
penetrant genotypes for metamorphosis and paedomor-
phosis, respectively; in fact, cosegregation of associated
AFLPs and morph phenotypes was statistically consistent
with simple Mendelian inheritance. However, given the
anonymous nature of AFLPs and the nonspecific way
in which these markers are generated, we identified a
more informative and user-friendly marker for met: an
expressed sequence tag that we refer to as contig325. To
show correspondence of contig325 to met, we genotyped
individuals from LAB. We observed a higher association
between contig325 and met than was observed with the
most closely linked AFLP marker (estimated proportion
recombinants: AFLP32.17 = 0.15, N = 70; contig325 =
0.07, N = 91). Genotypes at contig325 explain 71% of
discrete variation for segregation of metamorphosis vs.
paedomorphosis in LAB. Interval mapping shows that
contig325 is located near the maximum inflexion point
of the previously determined AFLP LLOD profile for met
(Figure 2).

Survival of offspring in the newly created WILD2
mapping panel: Overall, a high proportion (91%) of
WILD2 backcross offspring survived from hatching to
completion of metamorphosis or failed to metamor-
phose by day 350. There were no significant differences
in survival probability among crosses. In total, the nine

TABLE 3
Segregation of contig325 genotypes

Cross type Morph 32541/3254m 3254m/3254m
LAB Met 52 5
Paed 2 39
WILD1 Met 60 35
Paed 1 16
WILD2 Met 219 196
Paed 1 41

crosses generated 497 backcross offspring that survived
through completion of metamorphosis or to the end
of the experiment as paedomorphs.

Segregation of discrete developmental modes and
contig325 in WILD2 and WILD1: We observed the segre-
gation of metamorphs and paedomorphs in all nine
WILD2 crosses (Table 2). Segregation ratios were not
significantly heterogeneous (G = 13.32, d.f. = 8, P =
0.10) among crosses; therefore segregation ratios were
pooled for hypothesis testing. The majority of offspring
generated (453 of 497) metamorphosed before day 350.
In total, only 44 (9%) of the offspring exhibited paedo-
morphosis and ratios were significantly different from
the simple Mendelian expectation of 1:1 (G = 392,
df. =1, P=4 X 107%, N = 497). Significantly lower-
than-expected numbers of paedomorphs (19%) were
also observed in WILD1 (Voss and SHAFFER 2000). Thus,
results from WILD1 and WILDZ indicate that the propor-
tion of paedomorphs is significantly lower in backcrosses
using wild-caught Am, relative to laboratory Am.

To determine if met contributed to the segregation
of discrete developmental modes in WILD2, we geno-
typed all individuals for contig325 (325) (Table 3). Inher-
itance of 325%/325%" and thus presumably of met*"/
met*"? (Table 1), vielded the expected metamorphic
phenotype in >99% of the cases. The 3254"/3254" geno-
type (presumably marking met""?/met*™* ) was not as
penetrant for the paedomorphic phenotype as only 17%
of individuals in this genotypic class were paedomorphs.
However, inheritance of met*"/met*"* is apparently nec-
essary for expression of paedomorphosis as only one
paedomorph inherited a met*"/met*" genotype. To in-
vestigate linkage results between WILD2 and WILDI,
which had previously been examined using only the
informative AFLP makers (Voss and SHAFFER 2000), we
genotyped individuals from WILD1 for contig325. The
pattern of segregation for contig325 in WILD1 was the
same as that observed for WILDZ2. All but one individual
that inherited 3254"/325" was metamorphic and 325"/
325" yielded incomplete penetrance for paedomor-
phosis (only 16 of 51 3254"/3254" genotypes were paedo-
morphic). Observation of the same pattern of segrega-
tion between WILD1 and WILD2 suggests no sex linkage
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Ficure 3.—Distribution of ages at metamorphosis for
WILD2 plotted separately for contig325 genotypes.

or maternal effect on the segregation of genotypes and
phenotypes because the crossing designs were reversed
to create WILD1 and WILD2 backcrosses (i.e., F; hybrids
were male in creating WILD1 but female in creating
WILDZ2). Overall, our results show that 32541/3254" is
strongly associated with the metamorphic phenotype; this
association did not vary across LAB, WILD1, or WILD2.
However, the proportion of 325%"/325*" genotypes that
were associated with paedomorphosis was 4.5 times higher
in LAB than in WILDI and WILD2. This indicates a ge-
netic difference in the basis of paedomorphosis between
the natural and domestic strains of Am.

Continuous variation for age at metamorphosis and
association with met: The large number of metamorphic
individuals in both genotypic classes from the WILD2
panel provided the opportunity to test for association
between contig325 and a second form of metamorphic
timing variation: age at metamorphosis. We examined
timing of metamorphosis only for those individuals that
did undergo a metamorphosis. Age at metamorphosis
varied continuously from 115 to 300 days in WILD2.
Plotting metamorphic ages separately for 3254/3254n
and 325%"/325" revealed two overlapping yet distinct
distributions (Figure 3; Table 2). The means of these
two distributions, 171 days and 207 days, differ signifi-
cantly (¢t = 14.48, d.f. = 413, P < 0.0001), with 325"/
3254 individuals metamorphosing on average 36 days
later than 3254 /3254 individuals. A similar difference
in age at metamorphosis between genotypic classes was
also observed within the WILD1 panel (¢ = 6.99, d.f. =
93, P < 0.0001) with 3254"/3254" individuals metamor-
phosing on average 25 days later than 3254/3254" indi-
viduals (Figure 4). Our replicated result indicates that
met, which is strongly associated with discrete variation
for metamorphosis/paedomorphosis, is also strongly as-
sociated with continuous variation for metamorphic age.

DISCUSSION

Novel developmental modes may evolve as a result of
genetic changes in developmental timing or hetero-
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Ficure 4.—Distribution of ages at metamorphosis for
WILDI1 plotted separately for contig325 genotypes.

chrony (GouLp 1977; Rorr 1986; MaTsupa 1987,
AmMBROS 1988; Rarr 1996; WEST-EBERHARD 2004). The
paedomorphic developmental mode of the Mexican ax-
olotl (Am) is a classic example of heterochrony. Paedo-
morphosis in Am presumably evolved as a result of a
genetic change that blocked the initiation of metamor-
phosis in a biphasic ancestor, and this resulted in larval-
form adults. In support of this idea, we found that within
interspecific crosses using Am and metamorphic A, the
segregation of genotypes at a major-effect QTL (mer)
was associated with the expression of metamorphosis
vs. paedomorphosis. This result supports the long-held
idea that paedomorphosis in Am evolved via saltation
(GoLpscHMIDT 1940; GourLp 1977, 1981; TomPKINS
1978; AmBRrOS 1988; McKINNEY and McNaMARA 1991;
Voss 1995; Voss and SHAFFER 1997; Futuyma 1998).
However, we also identified differences in gene effect
that have evolved rapidly between the laboratory and
wild strains of Am (Voss and SHAFFER 2000), and we
found that met contributed to a second form of pheno-
typic variation: continuous variation in age at metamor-
phosis. This later result indicates that expression of pae-
domorphosis is associated with genetic changes that
alter developmental timing (contra Ra¥r and Wray 1989;
Rarr 1996). Below, we review the primary results and
then explain how a genetic architecture that contributes
to both continuous and discrete phenotypic variation
supports a more gradual selection model for the evolu-
tion of paedomorphosis.

Genetic basis of discrete variation: expression of meta-
morphosis vs. paedomorphosis: A conceptual framework
for understanding how polygenes give rise to discrete
phenotypic variation is the threshold model (FALCONER
1989). Under this model, the expression of alternate
phenotypes depends upon an individual’s liability value
relative to a threshold value, with liability values above
and below the threshold yielding alternate phenotypes.
We suggest that contig325 makes a major contribution
to the liability or threshold underlying the expression of
metamorphosis vs. paedomorphosis. Within LAB, both
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3254/3254m and 3254"/325%" were highly predictive of
their expected phenotypes, indicating highly significant
linkage to a single locus (met) (x* = 84.97, d.f. = 1,
N =98, P < 0.001; Table 3). Thus, in the LAB genetic
background, the threshold for expressing metamorpho-
sis vs. paedomorphosis is traversed by the segregation
of alternate met genotypes at a single locus. Apparently,
32541/3254" i3 not sensitive to genetic background be-
cause this genotype was also highly predictive of meta-
morphosis in WILD1 and WILDZ2. Thus, in both LAB
and WILD genetic backgrounds, substitution of a single
Am met allele with a dominant At met allele rescued the
metamorphic phenotype in essentially all cases.

In contrast to 3254/325%" the penetrance of 325"/
3254 for paedomorphosis varied between LAB and the
WILD backcrosses. This suggests that met™ and met*""?
contribute differently to the underlying genetic archi-
tecture or that LAB and WILD genetic backgrounds
influence the probability of paedomorphosis differ-
ently. Although we cannot differentiate between these
two possibilities, the genetic basis of paedomorphosis
clearly differs between the natural population and a
recently derived laboratory strain of Am, thus indicating
the potential for rapid evolution of genetic architecture.
This supports the idea that the simple Mendelian basis
of paedomorphosis in LAB evolved recently during the
domestication of Am (Voss and SHAFFER 2000; see also
Maracinskr 1978). Although paedomorphosis is ex-
pressed by both the wild strain and the laboratory strain,
our results indicate that selection has canalized expres-
sion of paedomorphosis to a greater degree in the labo-
ratory strain, as assayed by our interspecific crossing
design. Thus, although paedomorphosis has been cited
as a classic example of heterochrony by a major gene
effect, our study shows that factors beyond a single major
gene are important in discrete trait expression in Am.

Genetic basis of continuous variation: variation in
metamorphic age: Because the WILD backcrosses yielded
a large number of metamorphosing offspring reared
under identical conditions, we were able to estimate the
contribution of met to variation in metamorphic age.
We found that metamorphic age varied significantly
between 3254"/3254 and 3254/325%" genotypic classes.
This indicates that met™"/met™™ delays timing of meta-
morphosis relative to met*/met™". Because met™"/met™™
was associated with paedomorphosis in WILD1,2 (all
but two paedomorphs were met""/met"™), our results
show that both delayed metamorphosis and expression
of paedomorphosis are associated with this genotype;
we note that these associations were observed in the
same genetic background. Conversely, an earlier meta-
morphosis was associated with the alternate met*"/met™"
genotype, again within the same WILD genetic back-
grounds. This indicates that met alleles deriving from
paedomorphic Am delay metamorphosis while met al-
leles from the metamorphic A¢#t decrease the time to
metamorphosis. We suggest that metamorphic age is a
continuous variable that is closely associated with the

underlying liability or threshold that determines the
expression of alternate developmental modes. Itis possi-
ble that met influences metamorphic timing via changes
in the timing of the sensitive period for hormonal initia-
tion of metamorphosis, as has been suggested for dung
beetles (Onthophagus taurus) that express alternate male
morphs (Moczek and NiyHouT 2002). A comparative
mapping project is underway to identify likely candidate
genes in the vicinity of contig325 (http://salamander.
uky.edu).

Evolutionary maintenance of the biphasic life cycle
and evolution of paedomorphosis: Our results suggest
that two distinct evolutionary processes—(1) adaptation
of biphasic life cycles through selection of metamorphic
timing (Voss et al. 2003) and (2) evolution of novel
paedomorphic developmental modes that isolate lin-
eages and promote speciation (SHAFFER 1984)—are ap-
parently linked by a common genetic architecture. Se-
lection for met alleles that increase or decrease age at
metamorphosis is expected to allow the evolution of a
continuum of metamorphic timing phenotypes. Be-
cause mel did not account for all of the variation in
metamorphic timing in WILDZ2, it is likely that other
loci make a contribution to continuous variation (Voss
et al. 2003). The average difference in metamorphic age
that we observed between met genotypic classes was 36
days. This amount of variation may significantly affect
larval survivorship in natural populations that use un-
predictable, ephemeral ponds (WiLBUR and COLLINS
1973). In more predictable ephemeral ponds, selection
is expected to favor alleles that delay metamorphic tim-
ing because larvae that attain larger body sizes have
increased survival probabilities after metamorphosis
(SEMLITSCH et al. 1988). In our study, inheritance of
the same met genotype was associated with delayed meta-
morphosis and expression of paedomorphosis. Because
both of these life history strategies would be favored in
a stable aquatic habitat, we propose that the evolution
of paedomorphosis in Am occurred gradually via selec-
tion for delayed metamorphic timing. Overall, our re-
sults provide a framework for understanding how meta-
morphic timing and paedomorphic phenotypes can
evolve to be fixed or variable within and between species
and thus how microevolutionary processes lead to mac-
roevolutionary patterns.
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