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ADAPTIVE COLORATION AND GENE FLOW AS A CONSTRAINT TO LOCAL
ADAPTATION IN THE STREAMSIDE SALAMANDER, AMBYSTOMA BARBOURI
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Abstract.—Predation is an important selective force that influences animal color patterns. Some larval populations of
the streamside salamander, Ambystoma barbouri, inhabit streams with fish predators. Other larval salamanders are
found in shallow, ephemeral streams that are predator-free. Quantitative melanophore cell counts and estimates of
percent body area pigmented indicated that larval coloration is strongly correlated with stream type. Larvae that
coexist with fish tend to be lighter than larvae from streams that are fishless and ephemeral. Two approaches dem-
onstrated that lightly pigmented salamander larvae better match the common background in relatively permanent
streams and are less conspicuous to fish than dark larvae. First, using a model based on the spectral sensitivity of the
fish and reflectance properties of salamanders and natural stream backgrounds, we showed that light larvae are three
times more cryptic than dark larvae on rocks. Second, lighter larvae had higher survival than darker salamanders on
rocks in a predator- choice experiment. It is not clear why larvae in ephemeral streams are darker. Larvae in ephemeral
streams should be active to feed and develop rapidly and reach sufficient size to metamorphose before seasonal drying.
Several hypotheses may explain why larvae tend to be darker in ephemeral streams, such as increased thermoregulatory
ability, better screening of ultraviolet radiation (in these shallower streams), or better background matching to terrestrial
predators. Among populations where salamander larvae coexist with fish, there are differences in relative crypsis.
Larvae from populations with fish and relatively high gene flow from ephemeral populations (where larvae are dark)
tend to be darker (with more melanophores) and more conspicuous to predators than those from more genetically
isolated populations, where larvae are lighter and more cryptic. These differences illustrate the role of gene flow as
a constraint to adaptive evolution.
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Adaptive coloration has been studied intensively in ani-
mals. Many species match the backgrounds in which they
live, especially those in environments with high predation
(Cott 1940; Kettlewell 1956; Endler 1984, 1988). Antipred-
ator adaptations can include countershading (Kiltie 1991),
pattern-matching (Endler 1984; King 1987; King and Lawson
1995), mimicry, and aposematic coloration. Animal color
patterns can also be used as signals to conspecifics (e.g.,
mates), for interspecific communication (Baylis 1979; Row-
land 1979; Endler 1987), or for thermoregulation (Brattstrom
1963, 1979; Hoppe 1979; Tracy 1979; Hutchison and Dupré
1992).

Several amphibian species closely match the reflectance
properties of their background in relatively uniform habitats
(Norris and Lowe 1964). Most studies of amphibian crypsis
have focused on metamorphosed terrestrial individuals (Nor-
ris and Lowe 1964; Nielsen and Dyck 1978; Kats and Van
Draght 1986; Heinen 1994), although predation pressure in
the aquatic larval environment is often greater than on ter-
restrial adults (Duellman and Trueb 1986). Some researchers
have studied adaptive coloration in larval amphibians, such
as plasticity or polymorphism in tail color (Caldwell 1982;
McCollum and VanBuskirk 1996), but crypsis, per se, has
been studied less often.

Larvae of the streamside salamander, Ambystoma barbouri,
face strong predation pressure from fish in some streams
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where the key larval response is to reduce activity to avoid
predation (Petranka 1983; Sih et al. 1988, 1992). However,
streamside salamander larvae face conflicting selection pres-
sures in other fishless streams where habitat ephemerality
favors increased activity to feed rapidly so that larvae can
metamorphose before stream drying (Petranka and Sih 1986,
1987; Maurer and Sih 1996).

Preliminary observations of streamside salamander col-
oration indicated distinct differences among stream types in
the degree of larval pigmentation. These differences appeared
to match the ecology of the stream site: larvae found in
streams with fish tended to be lighter and appeared to match
the stream background better than dark larvae, whereas dark
larvae were more common in ephemeral, fishless streams.
Darker pigmented amphibians can achieve higher body tem-
peratures more rapidly than lighter animals (Brattstrom 1963,
1979), allowing for increased activity and feeding and rapid
growth (Lillywhite et al. 1973).

Larvae of A. barbouri show behavior that results from
conflicting pressures of habitat ephemerality and predation.
In response to habitat ephemerality, streamside salamander
larvae have evolved high activity that reduces larval period
by increasing growth and developmental rates relative to their
sister-taxon, A. texanum (Petranka and Sih 1986; Maurer and
Sih 1996). In contrast, A. barbouri larvae respond to fish
predators by reducing activity level and increasing refuge use
(Sih et al. 1988, 1992). Fish chemical cues alone are sufficient
to induce significant larval responses (Sih and Kats 1991),
but larvae are still relatively active (e.g., emerge from re-
fugia) and suffer high rates of predation in both laboratory
and field experiments (Petranka 1983; Sih et al. 1988, 1992).

889

© 1999 The Society for the Study of Evolution. All rights reserved.



890

Why have streamside salamander larvae not evolved more
effective antipredator responses when the selective force of
fish predation is apparently strong? Our recent work suggests
that gene flow from ephemeral fishless populations (where
activity levels should be high) into populations with fish
(where larval activity should be low) is making larvae more
susceptible to predation (Storfer and Sih 1998). In particular,
there were significant positive correlations between the
strength of larval antipredator response and the genetic and
geographic isolation of the population from fishless streams.
These results support the theory that gene flow among pop-
ulations with conflicting selection pressures can swamp local
adaptation, resulting in populations with suboptimal adap-
tation to local conditions (Wright 1931; Slatkin 1985, 1987;
Templeton 1986).

Gene flow previously has been invoked as a means to main-
tain camouflaged and noncamouflaged morphs despite strong
local selection in species such as the pepper moth, Biston
betularia (Kettlewell 1956; Bishop and Cook 1975; but see
Majerus 1998), a water snake, Nerodia sipedon (Camin and
Ehrlich 1958; King 1987; King and Lawson 1995); and a
walking stick, Timema cristinae (Sandoval 1994). Whereas
these types of studies often investigate pairs of populations,
our study takes the next step of analyzing gene flow in a
framework where populations fall along a gradient of genetic
isolation. Thus, we can test statistically for a correlation be-
tween lack of gene flow and strength of local adaptation.

The present study was conducted to assess color differ-
ences among larvae from streams with and without fish. We
had three goals: (1) determine whether light larvae match the
dominant background in fish pools better than dark larvae;
(2) quantify differences in pigmentation of larvae in popu-
lations with and without fish; and (3) determine if gene flow
is swamping local adaptation by making larvae in less ge-
netically isolated populations with fish less camouflaged (i.e.,
darker) than larvae from more isolated populations.

MATERIALS AND METHODS
System and Study Sites

The streamside salamander, A. barbouri, has an endemic
distribution limited to Kentucky, southern Indiana, and south-
ern Ohio (Kraus and Petranka 1989). Larvae typically inhabit
second- order riparian streams characterized by clear and
relatively shallow waters, where the substrate is limestone
bedrock covered with a thin layer of silt that appears as a
tan-yellow color (Kraus and Petranka 1989; Sih et al. 1992).
Eggs are laid under rocks in winter and hatch in early spring
(Kraus and Petranka 1989). Green sunfish, Lepomis cyanellus,
are major predators of streamside salamander larvae in some
streams that have permanent pools (Petranka 1983; Petranka
and Sih 1986, 1987; Sih et al. 1992).

Salamander eggs were collected from 15 populations in
and around the Lexington, Kentucky, area (see fig. 1 of Stor-
fer and Sih 1998). Five streams with fish included Raven Run
downstream (RRD, Fayette Co.), Crayfish Creek (CR, Jes-
samine Co.), Wildcat Creek (WC, Anderson Co.), Albert
Moore (AM, Henry Co.), and Marble Creek downstream
(MCD, Clark Co.). The remaining 10 streams were fishless.
The five populations with fish fell along increasing geograph-
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ic and genetic distances from fishless populations (see table
1 of Storfer and Sih 1998).

Salamanders from the 15 populations were reared in the
laboratory following a common-garden design. Eggs were
collected at stage 9 (late blastula, under 29 h old at 20°C,
Harrison 1969) and reared in an environmental chamber. Fif-
teen eggs were collected from each of the 15 study popu-
lations. Three groups of five eggs per population were aerated
and reared in separate 13.2-L (41 cm X 28 cm X 15 cm)
Rubbermaid® Clear Box containers with 10 L of water. Con-
tainer placement was randomized among steel shelves (with
thin support bars, making the background clear) in the cham-
ber, which mimicked natural temperature (estimated from the
average temperature taken twice a week from three streams)
and light regime. Vitalite® full-spectrum bulbs were used
for illumination.

Survey of Stream Backgrounds

To determine which background A. barbouri larvae should
match the best in streams with fish, we assayed the dominant
stream background. In natural streams where larval stream-
side salamanders are typically found, the major background
types in every stream we studied are: (1) limestone bedrock
covered with a thin layer of silt; (2) mud along the stream
edge; and (3) decaying leaves along the stream edge (A.
Storfer, unpubl. data). A fourth category was added to include
all other backgrounds (i.e., algae, sticks, and so on). We used
a transect survey method and ran three transects (perpendic-
ular to stream flow) in each of three different fish pools from
each of two different streams that contain A. barbouri. We
sampled randomly five points on each transect (for a total of
90 points). The background type at the bottom of the pool
at each point was recorded.

Spectrometric Analyses of Background Matching

To test the hypothesis that light larvae match the most
common stream background in fish pools better than dark
larvae, we conducted spectrometric analyses. Because human
vision and the vision of other animals differs greatly, what
appears cryptic to the human eye may not appear cryptic to
another species (Lythgoe 1979; Jacobs 1981; Endler 1983,
1990, 1991). The spectral composition of an object that
strikes the eye of an observer depends on: ambient light
spectra striking the object, reflectance spectra of the object
itself, and transmissive properties of the environment (Endler
1990). The observer’s perception of that object is determined
by optical properties of the eye, visual pigments in the retina,
and neural wiring of the brain. To calculate these in the sun-
fish-salamander system, we need to know: (1) the ambient
light striking the water; (2) the attenuation coefficient of the
water; (3) the spectral reflectance properties of salamanders
and stream backgrounds; (4) the distance from the observer
(fish) to the salamander; and (5) the properties of the visual
system of the sunfish. A full description of how to measure
light and color patterns can be found in Endler (1990, 1991,
1993).

We collected light spectra from two pools along Raven
Run in clear, sunny weather on April 15, 1998, between 1100
h and 1330 h. The foliage was sparse, with approximately



