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Time to Metamorphosis as a Function of Larval Size in a Population of
Ambystoma tigrinum Salamanders Consisting of
Cannibal and Typical Morph Phenotypes

MICHAEL J. LANNOO, MICHAEL P. SWEET, NANCY M. LADEHOFE,
EDMUND S. FANGMAN, and WILLIAM B. COLLINS

Department of Zoological and Biomedical Sciences, Ohio University, Athens, Ohio 45701

Salamander larvae of the species Ambystoma tigrinum are dimorphic in northwestern Iowa. In addition to common typical morphs, there
exist rare, specialized cannibal morphs, which are induced environmentally by crowding. Cannibal morph phenotypes are characterized
morphologically by their large size, proportionately large heads and hypertrophied vomerine teeth, and behaviorally by facultative
cannibalism. During metamorphosis amphibians are particularly sensitive to predation. To help understand why cannibal morphs are
uacommon, we have raised cannibal and typical morphs in isolation and under crowded conditions to compare the timing and duration
of metamorphosis between these morphs. Results show that larger larvae, most of which exhibit characteristics intermediate between
cannibal and typical morphs, and three true cannibal morphs, do not exhibit a discrete time to metamorphosis; they are among the firse,
but not the first animals to metamorphose. Therefore cannibal morphs may be no more vulnerable to predation than typical morphs
during this critical period, and we do not consider that our “metamorphic bottleneck” hypothesis is supported. Overall, crowded larvae
metamorphosed an average of three to four days earlier than isolates and were an average of 6 mm smaller at metamorphosis.
INDEX DESCRIPTORS: Amphibian larvae, Cannibal morphs, Ontogeny, Aquatic ecology, Competition, Predation

The time to, and the size at, metamorphosis in amphibians are
influenced by environmental conditions. Conspecific density is
among the most important of these ecological factors. In general,
high densities of conspecifics lengthen the average time to metamor-
phosis, reduce the average size at metamorphosis, and increase the
variation in these characteristics. Intraspecific competition is usually
inferred or has been determined to be responsible for this pattern,
which has been shown for ambystomatid salamanders (Wilbur, 1976;
Wilbur and Collins, 1973; Stenhouse, et al., 1983; Petranka, 1984a,
b; Semlitsch and Gibbons, 1985; Stenhouse, 1985; Petranka and Sih,
1986: Semlitsch, 1987a, b), the salamandrid Nophthalmus (Morin,
et al., 1983; Harris, 1987), and several families of frogs (ranids:
Smith-Gill and Bervin, 1979; Collins, 1979; Dash and Hota, 1980;
Semlitsch and Caldwell, 1982; Travis, 1984; bufonids: Brockelman,
1969; Breden and Kelley, 1982; hylids: Sokol, 1984; Travis, 1984;
pelobatids: Newman, 1989). Recently however, Petranka (1989) has
suggested thar intraspecific aggression rather than competition for
food may explain density dependent effects in Amdbystoma opacum.

There are exceptions, where high conspecific densities may result
in fast growth and early metamorphosis. Within populations of the
salamander Ambystoma tigrinum (Green), cannibal morph (sensu Hux-
ley, 1955; and Collins and Cheek, 1983) phenotypes (Fig. 1) appear
to increase their rate of growth, and consequently their size, in
response to high densities of conspecifics. For cannibal morphs,
which are facultative cannibals, (Powers, 1907; Lannoo and Bach-
mann, 1984a; but see Rose and Armentrout, 1976), smaller con-
specifics are not only competitors but potential prey (Lannoo and
Bachmann, 1984a). High densities of salamander larvae occur during
times of droughe, when lowered water levels concentrate aquatic
animals (Lannoo and Bachmann, 1984a).

The question arises: Are cannibal morphs adaptive? {Adapration
here refers to any characteristic of an organism that contributes to its
survival and to the survival of its offspring; after Liem and Wake
(1985)1. Lannoo and Bachmann (1984a) have argued that aside from
a trophic advantage and the reduction of potential competitors
through cannibalism (e.g., Fox, 1975; Polis, 1981; Crump, 1983)
cannibal morphs should metamorphose earlier than typical morphs,
and thus reduce their risk of being caught without a suitable
environment as their pond dries. This argument is based on the
observation that larger amphibian larvae metamorphose early (Wil-
bur and Collins, 1973), and that in strongly seasonal environments,
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such as northern lowa, cannibal morphs are the largest larvae within a
population (Lannoo and Bachmann, 1984a). This may not hold for all
populations; Rose and Armentrout (1976) report that in Texas,
cannibal morphs metamorphose later than typical morphs.

If the cannibal morph phenotype is adaptive, then why aren't ali
Ambystoma tigrinum larvae in these populations cannibalistic? Further-
more, because typical morphs predominate, does this mean that there
is a cost to cannibal morphs that can be identified? Lannoo and
Bachmann (1984a) have argued that the costs of cannibal morphs
may occur at metamorphosis, when the few cannibal morphs in any
population would be disadvantaged. In Iowa all of the (presumably
typical) larvae within a population can metamorphose simultaneously
on one or a few rainy nights in July (similar to the “crash emigrations”
described for ranids of the region by Bovbjerg and Bovbjerg, 1964;
Bovbjerg, 1965). Most survive because there are many times more
salamanders than salamander predators, a theory termed “predator
satiation” {see Arnold and Wassersug (1978) for documentation in
amphibians]. In this scenario an earlier cannibal morph metamor-
phosis — distinct from the metamorphosis of typical morph larvae
but consisting of only a relatively few animals — would mean a
higher risk of predation, and put them at a selective disadvantage
compared to the more numerous typical morphs. We term this the
“metamorphic bottleneck hypothesis”. This hypothesis is critically
dependent on the assumption that cannibal morphs metamorphose at
a different time (i.e., earlier) than typical morphs. The purpose of the
present paper is to test this assumption using laboratory experiments.

MATERIALS AND METHODS

During the summers of 1988 and 1989, Ambystoma tigrinum
tigrinum larvae were collected by seining the pothole in the basin of
the kettle in the Frieda Hafner Preserve (owned by the Nature
Conservancy), in northwestern lowa (43° 23’ N, 95° 11" W). The
kettlehole, as it is known locally, is located about 8 km SW of The
Iowa Lakeside Laboratory, where our experiments were run. Breed-
ing, larval growth, and metamorphosis are seasonal; in this region
adult salamanders enter the ponds and marshes to breed in early
April, one to two weeks after ice is off. Eggs hatch by late April or
early May, then larvae grow and develop for about ten weeks and
metamorphose by mid-July (Lannoo and Bachmann, 1984a, b). In
deeper marshes in this area some animals overwinter as aquatic larvae
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drought, ponds dried earlier in 1989. The first salamanders in the lab
metamorphosed at the same time as salamanders in the field, but our
impression was that metamorphosis was prolonged in the lab.

Larvae were hand fed on pieces of earthworm and beef liver until they
would ingest no more. This food was supplemented once a week with
natural invertebrate prey (zooplankton and aquatic insect larvae),

Salamanders were examined twice a'day for signs of metamor-
phosis. Our criterion for metamorphosis was the time when all
secondary gill filaments were resorbed. At this stage the gill stalks
were usually less than 3 mm long, although larger animals had
slightly longer gills. This morphology was associated with crawling
out of the water, onto small rocks that were placed in each tank, and
with skin shedding. At metamorphosis the SVLs of animals were
again measured. To prevent measuring bias, the measurer had no
knowledge of the initial size of the animal. Data were recorded by day
(the day of collection being day 1) and by treatment [single (1X) ot
group (4X) tanks]. Metamorphosed animals were returned to the
shoreline of the Frieda Hafner Preserve with two exceptions: in 1988,
a few larvae were kept and preserved for morphological analysis; in
1989, the kettlehole dried and animals were instead returned to a
pond about ¥4 mi east of the Preserve. Because the kettlehole dried
early, we believe the salamanders that we collected, observed, and
returned, represented the entire reproductive success of this popula-
tion in 1989.

Statistics

The individuals in our population were approximately normally
distributed (with the exception of initial SVLs in the 4X creatment)
with equal variances and therefore we used parametric statistics —
the analysis of variance and t-tests for unpaired samples — to test for
significant differences. A priori we established our significance level
as p<<0.05.

RESULTS

Size Distributions

During both years the distribution of SVLs within populations of
Ambystoma tigrinum larvae containing individuals with cannibal
motph features was approximately normally distributed, with a
slight skew — the largest animals were larger than expected based on
a normal curve (Fig. 2). This size distribution has been seen in other
marshes throughout the region in other years (Lannoo, unpubl. data).
These largest individuals typically exhibit, to varying degrees, the
broad heads and vomerine tooth development characteristic of can-
nibal morphs (Lannoo and Bachmann, 1984a). Larvae were collected
at smaller sizes in 1989, in part because they were captured two
weeks earlier in the year, but also because this region experienced a
late spring in 1989, and larvae were younger and less developed.

The Relationship of Initial Size and Growth to
Time to Metamorphosis
In 1988, salamanders began metamorphosing on June 27th (seven

Table 1. The relationship between initial larval size (in mm,
SVL, with standard error) and metamorphosis. In both
years metamorphosed larvae were larger at the time of
collection than non-metamorphosed larvae.

Metamorphosed Non-metamorphosed ¢ P
1988
57.6 (5.6) 48.9 (5.2) 6.2 <10~¢
n =97 n=19
1989
43.4 (5.3) 38.0 (5.4) 4.9 <107
n =54 n =58
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Fig. 2. The size distributions of Ambystoma tigrinum larvae collected
at the Frieda Hafner Preserve kettlehole in 1988 and 1989. Note that in
both years larval sizes are approximately normally distributed, with a
slight skew towards larger sizes.

days after they were collected), and in 1989, on July 4th (28 days
after they were collected). In 1988, our experiments were terminated
on August Sth (46 days after collection) and in 1989, on July 28th
(53 days after collection). In 1988, 97 salamanders metamorphosed
(82%), 19 had not, three died. In 1989, 54 salamanders metamor-
phosed (51%), 48 had not, 12 died. Mortality in the 4X tanks was
usually due to stress or injury brought on by cannibalistic attempts.
Initial Size

In both years larger larvae were the first to metamorphose. These
differences were significantly different for both years (Table 1). Most
of these large larvae (six of eight larger than 45 mm SVL on July 6th,
1989) exhibited at least partial vomerine tooth hypertrophy and a
broadening of their heads. Among the metamorphosing salamanders
in 1988, initial size was negatively correlated with time to metamor-
phosis (Fig. 3; p<10~ ). This trend was not apparent in 1989,
probably because a lower percentage of animals metamorphosed.

Growth Rates and Size at Metamorphosis

Growth rates were not significantly different between metamor-
phosed and non-metamorphosed animals in either year (Table 2a).
Likewise, SVLs of metamorphosed and non-metamorphosed larvae on
the final day of our observations were not significantly different in
either year (Table 2b). Growth rates were higher in 1989, but
interestingly, mean size at metamorphosis was smaller in 1989.

The Comparison Between 1X and 4X Treatments
The percentage of larvae metamorphosing between treatments was
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Table 2. A. The relationship between growth rates
(mm/day, SVL, with standard error) of metamorphosed and
non-metamorphosed larvae. B. A comparison of the size of
animals (mm, SVL, with standard error) at metamorphosis
to the size of non-metamorphosing animals at the end of
our experiment each year.

A.
Metamorphosed Non-metamorphosed ¢ P
1988
0.38 (0.17) 0.34 (0.08) 1.0 0.30
n =97 n =19
1989
0.43 (0.09) 0.46 (0.10) 1.8 0.08
n = 54 n = 58
B.
Metamorphosed Non-metamorphosed ¢ P
1988
63.8 (5.1 64.7 (4.6) 0.5 0.60
n = 97 n =19
1989
59.7 (4.9) 61.3 (5.9) 1.4 0.15
n = 54 n = 58

similar within years. In 1988, 83% of the larvae in the 4X treatment
metamorphosed, while 84% of the larvae in the 1X treatment
metamorphosed. In 1989, 54% of the larvae in the 4X treatment
metamorphosed, while 51% of the larvae in the 1X treatment
metamorphosed. (These percentages do not include animals that died
during the experiments.)

Larvae in the 4X treatment metamorphosed significantly earlier
than those in the 1X treatments during both years; the mean
difference was between three and four days in both years (Table 3a).
These differences were not correlated with growth rates (Table 3b). In
1988, larvae in the 1X treatment grew faster than in the 4X
treatment but these differences were not significant. In 1989, larvae
in the 4X treatment grew significantly faster than those in the 1X
treatment. Taken together these data do not support a correlation
between growth rate and time to metamorphosis.

The difference in time (days) to metamorphosis between the 4X
and 1X treatments was correlated with size at metamorphosis in both
years. Larvae in the 1X treatments were slower to metamorphose (by
about three days) but significantly larger (6 mm average) at metamor-
phosis than those in the 4X treatments (Table 3c).

DISCUSSION

Our experiments were conducted over two field seasons and
produced consistent trends. In both years, larger larvae and crowded
larvae took less time to metamorphose. Because larger larvae tend to
have cannibal morph features, this result initially supported the
metamorphic bottleneck hypothesis. However, we found that the
three identified full cannibal morphs [using the criteria in Lannoo
and Bachmann (1984a)] were among the first, bur not the first, to
metamorphose. Therefore, at this time we cannot consider that
cannibal morphs exhibit a discrete metamorphosis, and conclude that
the data do not support the metamorphic bottleneck hypothesis.

Initial Size Distribution

The size (SVL) distribution of Ambystoma tigrinum larvae in popula-
tions containing cannibal morph characteristics show an approxi-
mately normal distribution with a slight skew towards larger sizes —
the largest larvae are bigger than expected from a normal distribution
(Fig. 2). This curve was also characteristic of a separate population of
salamanders located in the Gull Point State Park containing cannibal

morphs in 1982 (Lannoo and Bachmann, 1984a) and 1988 (Lannoo,
unpubl. data). Most of these larger larvae, to varying degrees, have
the broad heads and vomerine tooth development characteristic of
cannibal morphs (Fig. 1).

Time to Metamorphosis

Size. Larger larvae metamorphosed significantly earlier than
smaller ones in both years (Table 1; Fig. 3). This is in agreement with
the observations of most authors working with both anurans and
urodeles, and has led to the concept of a critical size threshold or
optimum size for metamorphosis (Wilbur and Collins, 1973; Collins,
1979; Werner, 1986).

Cannibal morphs may vary their relative time to metamorphosis
compared to typical morphs across their range. In our population
cannibal morphs were among the first to metamorphose. Yet,
according to Rose and Armentrout (1976), cannibal morphs in Texas
appear to metamorphose later than small morphs. Powers (1907)
also mentions that in Nebraska cannibal morphs are slow to meta-
morphose.

Growth Rate. Growth rates (mm/day, SVL) were not significantly
different between animals that metamorphosed and those that did not
(Table 2). Therefore we assume that growth rate differences did not
affect the time to metamorphosis.

Size at Metamorphosis

At first it may seem contradictory that there were not significant
differences between the size of larvae at metamorphosis and the final
size of non-metamorphic larvae if, as we report, initially larger larvae
metamorphosed first and growth rates were the same. However,
larvae that metamorphosed reached this size sooner than non-
metamorphosed larvae. We assume that most of the larvae that had
not metamorphosed at the end of our observations would have done so
had we continued our observations, although larvae in this region are
known to overwinter (Lannoo, unpublished data).

Table 3. A comparison of the 1X and 4X treatments:
A. Time to metamorphosis (in days); B. Growth rates
(mm/day SVL); C. Size at metamorphosis (mm SVL). All
means include standard errors.

A. Days to Metamorphosis

1X 4X t P
1988
18.4 (8.0) 15.1(8.1) 2.1 0.04
n = 353 n = 44
1989
39.7 (6.0) 36.1 (5.4) 2.4 0.02
n = 53 n = 44
B. Growth Rate
1X 4X t P
1988
0.41 (0.16) 0.35 (0.17) 1.8 0.08
n =53 n = 44
1989
0.39 (0.08) 0.46 (0.09) 2.8 *+0.01
n =53 n = 44
C. Size at Metamorphosis
1X 4X t P
1988
66.4 (5.0) 60.7 (3.3) 6.5 <10°¢
n =53 n = 44
1989
63.0 (4.1) 57.1 (3.9) 54 <1077
n = 53 n = 44
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Crowding

Early Metamorphosis. Crowded larvae (4X treatment) metamor-
phosed significantly earlier than larvae kept individually (1X treat-
ment) in both years (Table 3a). These differences averaged three to
four days. Growth rates do not appear to be responsible for this trend:
in 1988, 1X and 4X animals grew at the same rate, while in 1989,
4X animals grew significantly faster (Table 3b). Perhaps then, time
to metamorphosis is partially dependent on social factors such as
crowding. Breden and Kelley (1982) have shown that in Bufo, an
increase in the interactions among pre-metamorphic tadpoles length-
ens the duration of metamorphosis. In Ambystoma this effect may be
reversed,

Size. In addition to decreasing the time to metamorphosis,
crowding decreases the size at metamorphosis (Table 3c.). Again the
magnitude of these differences was similar between years, with
salamanders in the 1X treatments metamorphosing about 6 mm SVL
larger. We make these statements tentatively: these differences may
be partially related to the initial differences in size at the beginning of
our observations; in 1988 larvae in the 1X tanks averaged 2.4 mm
larger than animals in the 4X tanks (57.2 to 54.8 mm SVL), in 1989
1X animals were 3.1 mm larger (58.9 to 55.9 mm SVL).

The size at metamorphosis varies among years: 1989 larvae were
smaller than 1988 larvae (Table 3c). Taken together, these data on
time to, and size at, metamorphosis support the idea that metamor-
phosis in populations containing cannibal morphs is influenced to
some extent by environmental factors.

A Critique of the Experimental Design: A Role for
Crowding in Maintaining Cannibal Morphs?

In our experiments we purposely isolated or semi-isolated our
animals and controlled their food and temperature regimes. However,
by doing this we reduced or canalized social interactions. At this
point we do not know whether the cannibal morphology represents
an irreversible shift in the developmental program of these animals,
or whether cannibal morph features can revert to typical morph
features once the environmental factors that induce the cannibal
morph are removed (as suggested by Powers, 1907: p. 265). If the
latter case is true, further experiments controlling for this contingen-
cy need to be done.

In the 4X tanks, there were several cannibalistic attempts that
were unsuccessful because of the similar size between predator and
prey salamanders. Isolates, of course, had no interactions with
conspecifics. And although, as much as possible, we attempted to
mimic natural conditions, we realize now that because larvae were
isolated or semi-isolated, they may not have responded under our

=-34x + 634, 12= 24

8

SVL (mm)

Fig. 3. The relationship between size at capture and time to metamor-
phosis in 1988. Observe that larger larvae metamorphosed sooner.
(The probability of the slope = 0 is <107%.)
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laboratory conditions in the same manner that they would have under
more social field conditions.

A Note on the Distribution of Cannibal Morphs and a
Plea for Conservation

Cannibal morphs have been described in Ambystoma tigrinum in the
United States for the southwestern subspecies A. 2. mavortium and A.
t. nebulosum, and western populations of A. . tigrinum. Animals from
eastern and northern populations of A. z. tigrinum kept under
crowded conditions (i.e., regimes that produce cannibal morphs in
western populations) did not exhibit cannibal morph characteristics
{Lannoo, et al., 1989). Presumably, the genes for cannibal morphs are
the same among these three subspecies but are either not present or
not expressed in eastern populations of A. . tigrinum. Our reports
have been the only documented evidence of cannibal morph Ambysto-
ma tigrinum larvae in lowa, and in A. 2. tigrinum across its range,
which includes much of the eastern United States. In fact, Iowa may
mark the eastern boundary of this phenotype; collections made at the
Ledges State Park, west of Ames in 1979 and 1980 — when cannibal
morphs were first collected in northwestern Iowa — did not contain
cannibal morphs (MJL, unpubl. data).

Clearly, more work needs to be done before we will fully under-
stand the biology of cannibal morphs. We know of only two
Ambystoma tigrinum populations containing cannibal morphs in Iowa,
yet our attempts to gain legal protection for these animals have not
been successful. The laws governing endangered and protected
species in Jowa do not recognize polymorphisms. In northwestern
lIowa, natural amphibian populations have declined, largely because
their habitats are being used to raise game fish (Bovbjerg, 1965), but
also, as in the case of Rana pipiens, through potential competition
from recent introductions of non-native species (i.e., the bullfrog
Rana catesbeiana). We hope that through education it will be
recognized that the native amphibian populations fulfill ecological
roles, and that the ecologies and evolutionary histories of some types,
including the rare cannibal morph A. tigrinum larvae, are incomplete-
ly understood. These animals should be allowed to persist.
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