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GENE FLOW AND INEFFECTIVE ANTIPREDATOR BEHAVIOR IN A
STREAM-BREEDING SALAMANDER
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Abstract.—Predators often feed on prey that show ineffective antipredator behavior. Gene flow among populations
may constrain evolution of effective antipredator ability in larvae of the streamside salamander, Ambystoma barbouri,
a species that occupies distinctly different habitats with conflicting selection pressures. Some streams are ephemeral,
where larvae should be active to feed and reach metamorphosis before stream drying. 'n contrast, other streams are
more permanent and contain pools with predatory fish, where larvae should remain inactive to avoid fish predation.
Feeding rates and predator escape behavior were assayed for laboratory-reared larvae from 15 populations. Larval
survival was also compared among populations in artificial streams with natural predators. Five populations represented
streams subjected to fish predation along a gradient of genetic and geographic isolation from populations without fish;
the remaining 10 populations were ephemeral and without fish. Individuals from populations with fish had significantly
stronger behavioral responses to fish (i.e., decreased feeding rate associated with the presence of fish and increased
escape response) than individuals from fishless populations. Larvae from populations containing fish that were more
isolated from fishless populations showed stronger antipredator responses than less isolated populations. Further, larvae
from more isolated populations survived longer in the predation experiment, indicating that the behaviors measured
were related with survival. These results suggest that gene flow between populations with conflicting selection pressures
limits local adaptation in some salamander populations with fish. While previous studies have typically focused on
the role of gene flow in pairs of populations, the results of this study suggest that gene flow is acting to swamp local

adaptation across several populations.
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Predation often has important effects on prey populations
and evolution of prey traits (Sih et al. 1985; Sih 1987; Vermeij
1987; Lima and Dill 1990). Recent reviews suggest that for
prey that potentially have effective antipredator responses
(e.g., that have the ability to hide, escape, or defend them-
selves against predators), variation in antipredator ability ex-
plains much of the variation in relative predator impacts (Sih
and Moore 1990). In these systems, prey that are consumed
are those that show ineffective antipredator ability (i.e., that
neither hide nor escape well). Given that predation is an
important selective factor, what constraints prevent evolution
of more effective antipredator abilities? One mechanism that
could maintain ineffective antipredator behavior is gene flow.

In theory, gene flow can have either positive or negative
consequences for adaptive evolution (Wright 1931; Shields
1982; Slatkin 1985, 1987; Templeton 1986). Historic interest
has been placed primarily on positive effects of gene flow,
such as maintenance of genetic variation within subpopula-
tions and spread of superior genes or gene complexes in a
metapopulation (Wright 1931, 1951; Slatkin 1985, 1987).
However, gene flow can also constrain local adaptation by
maintaining contact between populations with different se-
lection pressures, which can eventually prevent range ex-
pansion and/or speciation (Wright 1931; Mayr 1963; Endler
1977, Slatkin 1985). Models of gene flow and selection dem-
onstrate that above some threshold gene flow will homoge-
nize interacting populations (Haldane 1930; Hanson 1966;
Nagylaki 1975; Endler 1977; Slatkin 1985, 1987). When pop-
ulations are adapted to different local conditions, genetic ad-
mixture can result in outbreeding depression or a reduction
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in population fitness caused by a breakdown of coadapted
gene complexes or by swamping local adaptation (Shields
1982; Templeton 1986). Aside from its theoretical impor-
tance, gene flow as a constraining force has critical appli-
cation to conservation biology because gene flow is often
artificially increased via translocations of endangered species
(Avise 1994; Storfer 1996). Here, we present evidence that
in a sunfish-salamander system, gene flow between popula-
tions with predators versus those without helps to explain the
persistence of ineffective antipredator behavior in popula-
tions that suffer strong predation.

The streamside salamander, Ambystoma barbouri, is en-
demic to Kentucky, southern Indiana, and southern Ohio
(Kraus and Petranka 1989). Streamside salamander larvae
typically inhabit second-order riparian streams characterized
by clear and relatively shallow waters (Kraus and Petranka
1989; Sih et al. 1992). Green sunfish, Lepomis cyanellus, are
a major predator of A. barbouri larvae in some streams that
have permanent pools (Petranka 1983; Sih et al. 1992). How-
ever, larvae of A. barbouri also occur in ephemeral streams
where fish are completely absent (Petranka and Sih 1987).
These two stream ‘‘types’ create opposing local selection
pressures in different populations. In streams where A. bar-
bouri larvae encounter predatory fish, the optimal larval strat-
egy for avoiding predation is to reduce activity and to hide
under refugia (Kats et al. 1988; Sih et al. 1988). But, in
fishless streams, habitat ephemerality promotes increased ac-
tivity to feed rapidly so larvae can undergo metamorphosis
before streams dry up (Petranka and Sih 1986, 1987; Maurer
and Sih 1996).

In response to habitat ephemerality, A. barbouri larvae
show high activity levels that reduce larval period length by
increasing growth and developmental rates (Petranka and Sih
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1986; Maurer and Sih 1996). Yet, stream drying is a major
source of larval mortality despite these behavioral responses
(Maurer and Sih 1996). In contrast, A. barbouri larvae re-
spond to sunfish predators by reducing activity level and
increasing use of refugia during the day and by increasing
drift rates at night (Sih et al. 1988; Sih et al. 1992). However,
they are still relatively active during the day and suffer high
rates of predation in both laboratory and field experiments
(Petranka 1983; Kats et al. 1988; Sih et al. 1992). One pos-
sible explanation for this poor local adaptation to predators
is gene flow between ephemeral, fishless populations and
populations with fish. High rates of gene flow between pop-
ulations with opposing selection pressures should swamp lo-
cal adaptation (Wright 1969; Endler 1977; Slatkin 1987).
Thus, gene flow from fishless populations, where salamanders
should be active, into populations with fish, where low ac-
tivity is preferred, may cause individuals in populations with
fish to be overactive and more likely to be detected and con-
sumed by predators.

We present results of assays of antipredator behavior re-
corded from 15 populations of A. barbouri larvae reared un-
der constant laboratory conditions. Assays examined larval
responses to fish chemicals since larvae have been shown to
respond to fish chemical cues as if fish were present (Kats
et al. 1988; Sih and Kats 1991). Using allozymes, we esti-
mated levels of gene flow among populations. We then ad-
dressed the influence of gene flow by correlating antipredator
responses to fish with degree of isolation from ephemeral
fishless populations. If gene flow was limiting local adap-
tation, then more isolated populations with fish predators
should show a greater behavioral response to fish than pop-
ulations connected by gene flow to ephemeral populations.
We also present results from an experiment in seminatural
streams that tested larval survival in the presence of sunfish.
The latter experiment addressed whether populations that per-
formed better in behavioral trials had higher survival with
actual predators.

MATERIALS AND METHODS

Study Sites

We conducted laboratory work on the University of Ken-
tucky campus. Salamander eggs were collected from 15 pop-
ulations in and around the Lexington, Kentucky, area (see
Fig. 1). The streams with fish included Raven Run down-
stream (RR), Crayfish Creek (CR), Wildcat Creek (WC), Al-
bert Moore (AM), and Marble Creek downstream (MCD).
The fishless streams were: Raven Run upstream (RRU), Toy-
ota Plant (TP), Fish Hatchery (FH), Dry Branch Creek (DB),
Fossil Creek (FOS), Chandler Creek (CC), Marble Creek up-
stream (MCU), Sligo (SL), Miller Creek, (aka ‘‘Bathrobe
Creek” BC), and Switzer (SW). These streams were chosen
for two reasons. First, they represented the known popula-
tions (after extensive stream surveys, see Petranka 1983;
Kraus and Petranka 1989) within an approximate 50-km ra-
dius of the University of Kentucky campus. Second, they
were hierarchically sampled; populations with fish varied in
their geographic distance from fishless populations.

559

Gene Flow

We used horizontal starch gel electrophoresis to survey
allozymes and followed the procedures and running condi-
tions outlined by Shaffer et al. (1991) for ambystomatid sal-
amanders. Muscle tissue was extracted from the tail and body
wall of salamander larvae, subsequently frozen at —80°C and
manually ground in deionized water prior to electrophoresis.
Standard starch gel electrophoresis was used following Harris
and Hopkinson (1976). We were able to score unambiguously
nine polymorphic loci (lactate dehydrogenase, LDH-A; mal-
ate dehydrogenase, MDH-1,2; aspartate aminotransferase,
SAAT; leu-ala substrate, LA-2; mannose-6-phosphate isom-
erase, MPI; glucose-6-phospate isomerase, GPI; phospho-
glucomutase, PGM-1,2).

Gene flow was estimated with 6 (Weir and Cockerham
1984), a measure of population subdivision that is calculated
based on allelic differences among populations. Theta was
estimated with GSED (Lewis and Zaykin 1996); values of 6
are inversely proportional to the amount of gene flow (Wright
1931; Weir and Cockerham 1984). Specifically, 6 is derived
from Wright’s original Fgr statistic of inbreeding and esti-
mates the proportion of heterozygotes that are deficient in a
subpopulation relative to the entire population if it were pan-
mictic. Fgt, however, is based upon an infinite island model
that assumes there are an infinite number of subpopulations
(Wright 1931); 6 was derived to accommodate a finite number
of populations and ranges from zero (complete panmixis) to
one (complete isolation, see Weir and Cockerham 1984). Two
major criteria were used to determine the relative isolation
of each population with fish from its nearest neighbor fishless
population: geographic distances and pairwise estimates of
gene flow (see Table 1). We use terrestrial geographic distance
between populations rather than stream distance because it
is unlikely that larval dispersal and consequent gene flow
occurs among streams for three reasons. First, fish prevent
movement through permanent stretches of stream that con-
nect the second-order streams inhabited by larval A. barbouri.
There are detectable genetic differences between upstream
and downstream portions of the same stream that are sepa-
rated by a series of fish pools (Storfer, unpubl. data). Second,
cascades prevent movement of larvae upstream (Sih, pers.
obs.). Third, larval movement between streams does not ne-
cessitate gene flow; larvae must survive to sexual maturity
and breed. We present the gene flow statistic as a summary
of the genetic data because the complete results are outside
the scope of this paper; they will be presented elsewhere.

Rearing

Larvae were reared from early egg stages (stage 9, deter-
mined in the field, late blastula, approximately 29 h old;
Harrison 1969) under standard laboratory conditions. Three
clutches of 10 eggs were collected from each of the 15 study
populations. Each clutch was aerated and reared in a 13.2-L
(41 cm X 28 cm X 15 cm) Rubbermaid® Clear Box container
at a standardized water level. After hatching, the three clutch-
es of larvae from the same population were mixed together
and then placed at random into three containers to simulate
natural mixing. Container placement was randomized among
shelves in an environmental chamber that mimicked natural



