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Field biologists commonly assume that
the organisms with which they deal are
well adapted—even optimally adapted—
to local circumstances. Both Ehrlich and
Raven (1969) and Endler (1977) have
de-emphasized the role of gene flow in
preventing large scale geographic differ-
entiation and local adaptation. This paper
documents a case in which gene flow may
have prevented small scale local adapta-
tion in one population of mosquito fish,
Gambusia affinis. It carries two messages:
field-workers should check the assumption
that their study organisms are adapted to
the local environment because that as-
sumption does not always hold, and there
are limiting cases involving high dispersal
rates over short distances in which gene
flow can overwhelm local selection pres-
sures.

Evidence that local populations are
being maintained away from the locally
optimum phenotype is rare. Camin and
Ehrlich (1958) analyzed the banding pat-
terns of water snakes (Natrix sipedon) on
islands in Lake Erie. They showed that
on the islands, where snakes were prob-
ably confined to a band of sandy substrate
near shore by lack of water inland, pat-
ternless, light-colored snakes were most
common. In contrast, on the mainland
where water snakes inhabit wooded
streams with darker, more complex sub-
strates, richly patterned, dark-colored
snakes predominated. However, a small
proportion of the island snakes were pat-
terned, and therefore maladapted to the
local environment, an observation that

1 Current address: Reed College, Portland, Ore-
gon 97202.
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Camin and Ehrlich explained by invoking
gene flow from the mainland.

To understand why we did the experi-
ments reported here, the reader must re-
alize that at the outset we did not conceive
this study as a problem in population
structure, gene flow, and maladaptation.
We thought we were working with micro-
geographical variation in life-history traits
that could be explained either by local ad-
aptation or by developmental sensitivity
to early environment. Let us begin with
the field-data that demanded an explana-
tion.

In April, 1975, and again in April,
1976, we sampled two populations of mos-
quito fish at Armand Bayou, Texas, a na-
ture reserve about 50 km southeast of
Houston. The sampling date was chosen
to yield the first brood of the year. One
population we seined along the margins of
the brackish (10%c) estuary that forms
the bayou; the other we seined from a se-
ries of pools 150-300 m up a small, fresh-
water (0%o) steam that drained into the
bayou through an intermittently dry con-
nection. The course of the stream had
been modified by road construction in
1967 and 1969 (pers. comm., N. Gamos,
Trans. Dept., Harris Co., Texas). Since
that time, 12—-24 generations elapsed prior
to the collection of the first field sample,
and 14-27 generations prior to the second
(using 2-3 generations/year).

In both 1975 and 1976, females at a giv-
en size (75 mg dry weight) from fresh
water had fewer (16 vs. 25 in 1975, 13 vs.
20 in 1976) and larger (1.34 vs. 1.1A mg
in 1975, 1.20 vs. 1.03 mg in 1976) young
than females from brackish water, and
they had smaller ratios of dry weight of
brood to dry weight of mother (0.27 vs.
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TABLE 1. Summary of field data. Comparisons of fresh and brackish population of Gambusia affinis at
Armand Bayou, Texas, in April, 1975 and 1976. Confidence limits (2 SE) for traits at given weights are
estimated from vegression equations. P-values for fresh-brackish comparisons result from analysis of vaviance

or covariance F-ratios.

1975 1976

Traits Fresh Brackish P Fresh Brackish P

Sample size:

Adult females 144 68 206 71

Adult males 46 13 71 28
Number of young in 75 mg females 16,0+ .3 254 *10 .001 13.3=*.3 19.6 .3 .001
Weight (mg) of early-eyed eggs 1.34 = .04 1.16 = .04 .001 1.20 .06 1.03 = .06 .001

(n = 68) (n = 36) (n = 110) (n = 37)

Dry wt of brood/dry wt of female, 0.27 £ .04 0.31 .09 .001 0.22 =.04 0.25 .09 .001

for 75 mg females
Length (mm SL) of 75 mg females 28.2 £ .14 285 .28 .001 27.8* .15 .28 *.24 .104
Length (mm SL) of 30 mg males 20.8 £ .24 21.3 * .41 .023 21.2 = .20 21.4 = .27 .164

0.311in 1975, 0.22 vs. 0.25 in 1976) (Table
1). All these differences were highly sig-
nificant (P < .001). Differences in the
condition (fatness or thinness) of males
and females from fresh and brackish
water were significant in 1975, not signif-
icant in 1976, and small in both cases.
(Condition is expressed as the regression
of length on the natural logarithm of
weight; the significance of differences in
condition, as for size of brood and other
weight-dependent traits, was calculated
by first estimating the effects of weight
and removing them from the data, then
performing an analysis of variance on the
residuals.)

The data fit at least three hypotheses
which were not mutually exclusive: (1) the
fish were getting more to eat in brackish
water, thus were able to put more energy
into reproduction without much sacrifice
in condition, and there were no major ge-
netic or developmental differences be-
tween the stocks; (2) each population was
distinct and adapted to its local environ-
ment; the differences between them had
a genetic basis, and investigation of what
caused the differences should shed light on
the evolution of life-history traits; (3) the
two populations were genetically identi-
cal, but the fish had a developmental sen-
sitivity to salinity that resulted in the pro-
duction of different phenotypes in each
environment.

With these hypotheses in mind, we de-
signed a set of experiments to assess the
relative importance of hypotheses (2) and
(3). We felt that hypothesis (1) was prob-
ably always a factor of some importance
in the field but was probably not a pri-
mary factor in this case because of the
small differences in condition of the fish;
we eliminated it from the experiments by
controlling food level.

BACKGROUND

The organism.—Gambusia affinis is a
small, sexually dimorphic, poeciliid fish
native to the Gulf Coast, lower Mississippi
drainage, and Atlantic lowlands of the
United States and Mexico (Rosen and Bai-
ley, 1963). Since 1905 it has been spread
around the world for mosquito control,
and now inhabits freshwater and brackish
areas in Europe, Asia, Africa, South
America, and Oceania (Seale, 1905,
Krumbholtz, 1948). Both genetic and social
factors have been implicated in the control
of age and size at maturity of male poe-
ciliids, which stop growing when they
mature (Borowsky, 1973; Kallman and
Schreibman, 1973; Kallman, 1976; Sohn,
1977a, 1977b). Females have indetermi-
nate growth and are the heterogametic sex
(Roberts, 1965; Chen and Ebeling, 1968).
Fertilization is internal, accomplished af-
ter a relatively simple courtship (Rosen
and Tucker, 1961; Carlon, 1969; Peden,
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1972, 1973; Martin, 1975), and young are
born alive after a gestation period of 16 to
80 days, depending on temperature, food
supply, season, and local adaptation (Hil-
debrand, 1917; Hubbs, 1971; Stearns,
1975). Females can retain viable sperm for
several months, and at times carry two
broods at different stages of development
(Scrimshaw, 1944; Hubbs, 1971; Stearns,
1975). Most populations have broad salin-
ity (Renfro, 1959; Ahuja, 1964) and ther-
mal (Otto, 1973, 1974; Johnson, 1976) tol-
erances.

METHODS AND EXPERIMENTAL DESIGN

The stocks for all experiments were
captured in the field on April 27, 1976
with a two-man seine (15 m long, 6.5 mm
mesh), shipped to Berkeley, and main-
tained in the type of water (fresh or brack-
ish) in which they were captured. Over 20
females and 20 males were taken from
each site. The stock tanks were 95 liter
aquaria with under-gravel filters; fish were
fed Tetramin flakes once per day.

Experiment 1.—In Experiment I, we
used the progeny of 18 females captured
in fresh water and 31 females captured in
brackish water in the field at Armand
Bayou. We made up fresh (0.5%0) and
brackish (10.0%0) media with Berkeley
city water and Instant Ocean salts (trace
elements included). When a female gave
birth, we put half her brood into fresh
water and the other half into brackish
water. After one week, we again split the
broods, putting half into fresh and half
into brackish water. We then combined
the broods from different females to get 20
fish per replicate (a 19 liter aquarium). In
any one replicate, the fish varied in age
over a four day range. Thus there were
eight treatments according to origin of par-
ents and the salinity of the water in which
the first week of life and the rest of life
were spent. These are denoted FFF, FFB,
FBF, etc. with the number of replicates
given in Table 2. Each aquarium received
15 mg of ground Tetramin flakes per day
for the first week, then 20, 25, 40, 50, 60,
... 130 mg per day in successive weeks.
After the 13th week, each aquarium re-

ceived a constant 6 mg per fish per day.
All aquaria were maintained at 25 = 1 C,
and every aquarium or jar was emptied,
cleaned, and refilled with fresh water once
a week. When a given replicate was 86
days old, the fish were anaesthetized in
soda water (CO, is the effective ingredi-
ent), then weighed (+0.1 mg) and mea-
sured (£0.5 mm). Handling mortality was
<1%. We maintained each replicate until
every surviving female had given birth at
least once.

Experiment 1I.—Experiment II dif-
fered from Experiment I in five respects.
First, the fish were born of females that
had spent their whole life in the labora-
tory; we used the progeny of eight females
from the FBB and six females from the
BBB treatments of Experiment I. Second,
we did not give the fish different treat-
ments in the first week of life; from the
day of birth we reared half of each brood
in fresh and half in brackish water. Third,
we raised the fish in isolation in 0.95 1 jars,
to minimize the effects of social interac-
tions on growth rates. Fourth, we used
strictly defined media, not Berkeley city
water: brackish = 114 liter distilled wa-
ter + 1.3 kg Instant Ocean salts + 15 ml
Instant Ocean trace elements + 8 g Na-
HPO; + 10 g NaHCOyg; fresh = 114 liter
distilled water + 65 g Instant Ocean salts +
1 ml Instant Ocean trace elements + 7 g
NaHPO; + 10 g NaHCO;. Both media
had pH = 6.8-6.9. Fifth, we did not
weigh the food for each fish, but fed them
slightly more Tetramin than they could
eat once each day. Water was changed
completely once a week, and the fish were
weighed and measured when 86 days old,
then reared to morphological maturity
(complete development of gonopodium in
males, appearance of cloacal spot in fe-
males). The four treatments in Experi-
ment II (FF, FB, BF, and BB) were de-
fined by the origin of the grandparents and
the medium in which the fish were raised.
Eight of the fish in the FF treatment were
given heavy medication (250 mg tetracy-
cline hydrochloride, 60 mg nitrofurazone,
25 mg furazolidone, 2 mg methylene blue,
and 0.04 mg sulfadimidine per 40 1 of me-
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TABLE 2. Length, weight, and survival of fish 86 days old. Experiment I. All veplicates started with 20 fish.
Treatment
conditions experienced Length Weight Survival
Number  Number (mm) (mg) mean

Mother Week 1 Rest of life of replicates of fish + 2 SE + 2 SE + 2 SE
Fresh Fresh Fresh 2 26 15.2 = 1.0 76.3 = 16.5 13.0 £ 6.0
Fresh Fresh Brackish 4 75 17.3 £ 0.3 119.2 = 6.2 18.8 = 1.0
Fresh Brackish Fresh 3 30 15.4 = 0.9 77.9 £ 14.1 10.0 = 3.5
Fresh Brackish Brackish 4 79 17.1 = 0.2 117.3 = 4.5 19.8 = 0.5
Brackish Fresh Fresh 1 9 16.8 = 2.3 94.6 = 34.8 9.0
Brackish Fresh Fresh 2 40 16.8 = 0.1 104.1 £ 6.7 19.0 = 0.0
Brackish Brackish Fresh 3 35 13.9 = 1.0 59.4 = 13.4 9.3 2.9
Brackish Brackish Brackish 3 51 17.7 £ 0.5 129.1 = 10.0 17.0 = 3.0

dium) to test the hypothesis that they were
suffering from a salinity-sensitive disease
expressed only in fresh water.

Experiment 111.—Experiment III dif-
fered from Experiment II in only two re-
spects. First, the fish used were the prog-
eny of fish caught in the field, as in
Experiment I. Second, the stock came
from Twin Reservoir in Hawaii, a fresh-
water reservoir at 670 m elevation that has
had a resident population of Gambusia for
about 70 years (ca. 140-210 generations).
The Hawaiian Gambusia were introduced
from Seabrook, Texas in 1905 (Seale,
1905), but whether they were taken orig-
inally from fresh or from brackish water
at Seabrook is not known. The two treat-
ments in Experiment III (FF or FB) were
defined only by the medium in which the
fish were raised (all fish having been born
of females from fresh water).

RESULTS AND DISCUSSION

Experiment I.—Experiment I was de-
signed to differentiate between the micro-
geographic adaptation hypothesis and the
developmental sensitivity hypothesis. If
the fish were adapted to their local envi-
ronments, then most of the variability in
Experiment I should have been expressed
at the highest level—mother’s origin—a
result indistinguishable from a pattern
caused strictly by maternal effects. If the
fish were all genetically equivalent with
respect to growth and reproduction, but
were developmentally sensitive to their
early environment, then most of the vari-
ability in Experiment I should have been
expressed at the second level—environ-

ment in which the first week of life was
spent.

In fact, the dominant effects on survival
and growth were all at the third level—
environment in which the rest of life was
spent. At 86 days of age, regardless of
mother’s origin or early environment,
there was a mean of 10.3 fish per replicate
surviving in fresh water (51.5% survival)
and 18.7 fish per replicate surviving in
brackish water (93.5% survival, Table
2). Replicates of the same treatment dif-
fered significantly in survival, but no oth-
er differences among treatments were sig-
nificant. Fish reared for the rest of their
life in fresh water were shorter (15.0 vs.
17.3 mm SL, P < .10) and lighter (73.2
vs. 118.6 mg wet weight, P < .05) than
fish reared for the rest of their life in
brackish water (Table 2). The environ-
ment later in life and the replicate both
had significant effects on the length and
weight of the fish at 86 days of age.

The results of Experiment I fit neither
the microgeographic adaptation hypothe-
sis nor the developmental sensitivity hy-
pothesis. We immediately suspected the
laboratory fresh water supply, which was
based on Berkeley city water. Therefore,
we performed Experiment II using de-
fined media made up from distilled water,
to test for a bad water supply, and with
a subset of the fish reared in fresh water
on heavy medication, to check for a salin-
ity-sensitive disease.

Experiment 11.—In Experiment II, the
survival results paralleled those of Exper-
iment I. overall, fish reared in fresh water
did not survive as well to 86 days of age
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TABLE 3. Swurvival to 86 days. Experiment 11.

Conditions experienced by

Number at 86 Days

Previous

generations Self Alive Dead Total % Surviving
Fresh Fresh 7 16 23 30.4
Fresh Brackish 19 5 24 79.2

Total 26 21 47 G =9.74, P < .005
Brackish Fresh 13 7 20 65.0
Brackish Brackish 16 4 20 80.0

Total 29 11 40 G =0.50, P > 5
Combined Fresh 20 23 43 46.5
Combined Brackish 35 9 44 79.5

Total 55 32 87 b = 10.47, P < .005

(46.5% vs. 79.5%) as fish reared in brack-
ish water (Table 3, P < .005). However,
the result was sensitive to the conditions
encountered by previous generations; fish
whose grandparents came from fresh
water showed a large and significant dif-
ference in survival (30.4% in fresh vs.
79.2% in brackish), whereas those whose
grandparents came from brackish water
showed a smaller and insignificant differ-
ence (65.0% in fresh vs. 80.0% in brack-
ish). This difference in the effect of the
treatments on the two stocks was not large
enough to be significant: mortality level
was independent of the origin of the
grandparent (G = 2.698, d.f. =1, P >
.10).

For both males and females, fish reared
in fresh water were significantly shorter
(11 mm SL vs. 15 mm SL for females, P <
.001) and lighter (18—19 vs. 58—69 mg wet
weight for females, P < .001) than fish

reared in brackish water (Table 4). Nei-
ther males nor females differed in condi-
tion in different treatments. The source of
the grandparents had a significant effect
only on male weight (P < .005); males
whose ancestors came from fresh water
were lighter.

The seven surviving fish which had re-
ceived heavy medication did not differ
either in weight (¢ = 1.059, P > .20) or
in length (¢ = 0.035, P > .90) at 86 days
of age from the six nonmedicated fish in
treatment FF. They did differ significant-
ly both in weight (¢ = 4.042, P < .001)
and in length (¢ = 5.124, P < .005) from
the fish in treatment FB. Only one of eight
medicated fish died before the 86th day;
this was significantly better survival than
was experienced by fish in treatment FF
(G = 8.382, P < .005), but was not sig-
nificantly different from that experienced
by fish in treatment FB (G = 0.290, P >

TABLE 4. Length and weight of fish 86 days old. Experiment I1.

Conditions experienced by

Traits at 86 days + 2 SE

Females Males

Grand-

parents Self n Length Weight n Length Weight
Fresh Fresh 6 10.6 + 1.2 18.0 £ 6.5 1 13.0 26.1
Fresh Brackish 13 15.0 £ 1.1 69.3 + 15.8 11 15.2 £ 0.6 53.3 7.9

Total 19 13.6 £ 1.3 53.1 £ 15.6 12 15.0 = 0.7 51.1 = 8.5
Brackish Fresh 11 10.9 = 0.5 19.1 = 2.7 2 12.7 29.7
Brackish Brackish 5 14.5 = 2.1 58.3 £ 20.7 12 15.6 * 0.4 67.6 = 5.2

Total 16 12.0 = 1.1 31.4 = 11.3 14 15.2 £ 0.7 62.2 = 8.6
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TABLE 5. Survival, length, and weight of fish 86 days old. Experiment I11. Fish from a freshwater reservoir

in Hawaii.
A. Survival
Number at 86 days
Treatment Alive Dead Total % Surviving
Fresh 32 8 40 80.0
Brackish 32 8 40 80.0
Total 64 16 80 G = 0.0, P > .99
B. Length and Weight
Traits at 86 Days + 2 SE
Females Males
Treatment n Length P Weight P n Length P Weight P
Fresh 11 184+ 1.2 .118 96.1 = 18.2 .863 21 16.9 0.6 .321 69.2 =5.1 .059
Brackish 13 17.3 = 0.7 97.9 = 10.2 19 16.5 + 0.6 81.0 = 11.5
Total 24 17.8 £ 0.7 97.1 £ 0.8 40 16.7 £ 0.4 74.8 £ 6.3

.50). None of the data from medicated fish
appear in Tables 3 and 4; the medication
experiment was analyzed separately as re-
ported above.

The results of Experiment II indicated
that the dramatic differences in growth
rates seen in Experiment I between fish
raised in fresh or in brackish water for the
rest of their lives were not caused by a
contaminated fresh water supply, because
the difference in growth rates in Experi-
ment II were just as dramatic, even for
the medicated fish. That medicated fish
had higher survival rates than unmedi-
cated fish, even though both groups grew
equally poorly, indicated that fish grown
in fresh water were susceptible to disease,
and that this effect could account for all
the differences in survival rate of fish
raised in fresh and brackish water. How-
ever, it could not account for the differ-
ence in growth rates. We suggest that
fresh water affected growth, and that fish
which grow poorly are more susceptible
to disease, but these data do not demon-
strate that.

None of the fish from Texas grew or
survived well in fresh water—not even
those whose parents or grandparents had
been caught in fresh water. The hypoth-
esis that best fit the data was that the fish
from Armand Bayou were maladapted to
the fresh water used for the laboratory ex-

periments. One explanation, that we did
not test, was that the fresh water in Texas
contains factors that promote the growth
and survival of Gambusia and that the
water used for the laboratory experiments
lacked these factors. Another hypothesis
is that the freshwater population in the
field was either swamped by gene flow
from the estuary or was the result of a
recent colonization event. To test this hy-
pothesis in Experiment III, we raised fish
that had been living for about 70 years in
a freshwater reservoir in Hawaii under
precisely the same conditions as we had
raised fish in Experiment II.

Experiment 111.—In Experiment III,
the survival pattern changed dramatical-
ly; the fish survived equally well in fresh
and in brackish water (Table 5a). More-
over, there were no significant differences
in the length and weight of either males
or females raised in fresh or in brackish
water at 86 days of age (Table 5b). The
sexes differed significantly in length (P =
.004) and weight (P = .001), but not in
condition (P = .490). However, within
each sex fish were thinner in fresh water:
at a given weight near the mean weight,
females were 1.4 mm SL longer in fresh
water than in brackish water (for both
sexes, P < .001). Thus the laboratory
freshwater supply did have measurable
effects on fish known to be well-adapted
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TABLE 6. Electrophoretic data bearing on the hypotheses of local adaptation.

A. Direct test for differences n overall distribution of alleles between fresh and brackish populations.

6-PGD a-GPD
Field Site n F* M S Total G P F M M, S Total G P
Fresh 56 5 7 100 112 9.116 .025 O 78 3 25 106  9.742 .01
Brackish 83 7 17 82 106 160 12 29 102
109 12 24 182 218 1 138 15 54 208
B. Observed genotypic frequencies.
6-PGD a-GPD
Field site n FF MM SS FM FS MS n FF MM MM, SS FM FM, FS MS MM, MS
Fresh 56 0 O 4 0 5 7 53 0 28 0 2 0 0 0 20 2 1

Brackish 53 0 4 34 1 6 8 51

0 15 1 3 1 o 0 21 8 2

G = 18.99, P < .005

G = 24.45, P < .005

* F, M, M, and S refer respectively to an allelomorphic series ranging 1n relative mobility from most anodal (fastest) to most cathodal (slowest)

to fresh water, but these were subtle ef-
fects, much less dramatic than the effects
of laboratory fresh water on fish from Ar-
mand Bayou.

Electrophoretic data.—To test the pos-
sibility of genetic differentiation between
the two populations, we performed hori-
zontal starch gel electrophoresis on ex-
tracts of whole ground fish from both fresh
and brackish water populations, using
standard methods (Selander et al., 1971;
Harris and Hopkinson, 1976). A prelimi-
nary test of 20 fish from each stock for 24
structural proteins revealed (a) problems
in scoring three systems (2 glutamate-ox-
aloacetate transaminases [GOT] and
phosphoglucomutase [PGM]), which were
discarded, 14 systems which could be
scored but were monomorphic and iden-
tical in both populations (alcohol dehydro-
genase [ADH], isocitrate dehydrogenase
[ICD], 2 malate dehydrogenases [MDH],
glyceraldehydephosphate dehydrogenase
[GAPDH], aconitase [ACON], two dipep-
tidases, adenosine deaminase [ADA], and
five general proteins), and (c) seven sys-
tems in which there were clear indications
of electrophoretic variability (glycerol-3-
phosphate dehydrogenase [a-GPD], phos-
phogluconate dehydrogenase [6-PGD], 3
lactate dehydrogenases [LDH], and 2 glu-
cosephosphate isomerases [GPI]). We
were unable to resolve the esterase loci
described by Yardley and Hubbs (1976).

We therefore increased the sample size for
these seven systems; for two (6-PGD and
a-PGD) there was sufficient variability to
permit tests for significant differences be-
tween stocks. Data on both 6-PGD and
a-GPD indicated that the two populations
differed significantly in allele frequencies
for the two systems but the differences
were not large (Table 6a). We interpret
that as indicating weak but detectable ge-
netic isolation between the two stocks.

Both systems in both populations did
not differ significantly from Hardy-Wein-
berg expectations (Table 6b, fresh: 6-PGD,
G = 0.25,P > .5;a-GPD,G =0.62,P >
.90; brackish: 6-PGD, G = 1.6, P > .5;
a-GPD, G = 1.04, P > .90). However,
in both systems the genotypic frequencies
differed significantly between fresh and
brackish populations. Thus both allele
and genotypic frequencies differ in the
fresh and brackish populations. We con-
clude that the two populations differ ge-
netically, but not by very much, and that
further differentiation is prevented by mi-
gration or by the short period since a pos-
sible colonization event in 1967-1969.
Yardley and Hubbs (1976) also reported
genetic heterogeneity between mosquito
fish populations over similarly short dis-
tances in Texas.

Fitness calculations.—Of course,
growth and survival to 86 days of age are
not the most direct measures of fitness. In
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Estimates of reproductive contributions from 4 of 8 treatments. Experiment I.

Treatment

Conditions experienced Survival to Size of

Age at maturity 1st brood
Mother Week 1 Rest of life n maturity (1o (b 14by
Fresh Fresh Brackish 24 170.4 .60 8.13 4.88
Fresh Brackish Brackish 22 171.0 .55 7.91 4.35
Brackish Fresh Brackish 17 159.8 .85 9.40 7.99
Brackish Brackish Brackish 11 162.1 .37 7.36 2.72

Experiment I, we raised all surviving fish
to maturity; most relevant here are data
on survival to maturity, age at maturity,
and size of first brood. Because only 10 of
the females raised for the rest of their life
in fresh water survived to give birth, we
report only the data for fish raised for the
rest of their life in brackish water (n
75), where the sample size justifies some
inferences.

The data are equivocal. In the experi-
ment, the expected number of offspring in
the first brood of a newborn female, ad-
justing for the different mean survival
rates in the different treatments, was 4.88
for FFB, 4.35 for FBB, 7.99 for BFB,
and 2.72 for BBB (Table 7). Ages at ma-
turity were greater for females whose par-
ents came from fresh water, but not sig-
nificantly so (170.7 days vs. 161.5 days,
P = ,506). Broods (adjusted for size of
female) were slightly smaller for females
whose parents came from fresh water, but
again not significantly so (8.02 vs. 8.69,
P = .385). The variability among repli-
cates and the low survival rate (.37) in the
BBB treatment, which occurred between
86 days and maturity, contributed to the
lack of a significant difference in repro-
ductive fitness between stocks.

Overall discussion.—One inference from
these experiments is that all the fish found
at Armand Bayou, regardless of whether
they were found in fresh or in brackish
water, were maladapted to life in fresh
water: they survived less well and attained
smaller sizes at a given age than fish raised
in brackish water. Of the 100 fish still
alive in freshwater at 86 days of age, only
10 females survived to give birth at 147—
207 days of age. Nevertheless, the fresh-

water population in Texas appeared to be
thriving: fish were numerous and preg-
nant females were common. We therefore
conclude that laboratory conditions mim-
icked the direction but not the degree of
the impact of fresh water in the field: fresh
water had a much stronger impact in the
laboratory. The importance of the effect
in the field populations cannot be dis-
counted, especially in view of the dra-
matic difference between Experiment II
and Experiment III. Thus the primary ex-
planation for the differences between fresh
and brackish populations noted in Table
1 is physiological, not evolutionary or de-
velopmental. This result does not rule out
microgeographic adaptation or some de-
velopmental sensitivity to early environ-
ment as partial explanations for the pat-
tern in the field data, but it does relegate
them to a minor role. The electrophoretic
data are irrelevant, suggesting weak but
detectable genetic isolation of stocks,
which is consistent with either genetic or
physiological explanations.

An alternative explanation of the results
is that the laboratory fresh water lacked
growth-promoting factors found in fresh
water in the field in Texas, and present—
or compensated for by other factors—in
Instant Ocean. If that is the case, one then
has to explain why the fish from Hawaii,
whose ancestors came from within 5 km
of the Texas stocks, did not need this fac-
tor. With the evidence in hand, this hy-
pothesis cannot be ruled out.

Suppose the fish were maladapted to
fresh water. What then? Gambusia is usu-
ally found in fresh water and does not en-
ter water more saline than 20%o (Simp-
son and Gunter, 1956). We suggest only
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two hypotheses are tenable: either fish
movement into the freshwater stream at
times of high water is providing enough
gene flow to prevent local adaptation, or
the freshwater population is the result of
a recent colonization event, probably since
1969, following road construction in the
area. Both processes could have occurred
together. In either case, the fish living in
brackish water have lost, or never gained,
the tolerance of fresh water exhibited by
the species over most of its range. That
conclusion leads us to the following pre-
diction: if the freshwater population of
this study were isolated from the brackish
population by a weir, it should either go
extinct or measurably increase in tolerance
to fresh water.

If we assume, for purposes of discus-
sion, that the freshwater population is
both marginal and maladapted, then Car-
son’s (1955) and Soulé’s (1973) discussions
of the genetics of marginal populations are
relevant. Carson noted that marginal pop-
ulations of Drosophila are more homozy-
gous for chromosomal polymorphisms
than central populations. He interpreted
this as an adaptation for higher recombi-
nation rate in marginal populations. Soulé
suggested that marginal populations of
vertebrates were deficient in allelic poly-
morphisms because they are less vagile
than Drosophila, and that marginal pop-
ulations lose alleles through genetic drift
and reduced immigration. In this case, the
freshwater population shows a tendency
towards fixation of the commonest allele
for both 6-PGD and «-GPD (Table 6a),
but we would add to Soulé’s interpreta-
tions another alternative hypothesis: selec-
tion favors the common alleles in fresh
water. The data are not adequate to dis-
criminate among drift, selection and other
possibilities (Lewontin, 1974), nor are the
differences in allele and genotypic fre-
quencies so large as to call forcefully for
explanation.

If we—again for purposes of discus-
sion—conceive of the freshwater popula-
tion as in a dynamic equilibrium between
selection (for local adaptation) and immi-
gration (from the estuary), then the ap-

propriate theoretical model is an island,
or pocket, with a small population receiv-
ing immigrants from a large, central pop-
ulation. Haldane (1930) analyzed the case
where one allele is favored locally, but the
other is continually introduced by immi-
grants. He found that the deleterious allele
will be kept at low frequencies so long as
m, the migration coefficient, is sufficiently
smaller than s, the selection coefficient.
Nagylaki’s (1975) results are similar. If se-
lection and migration are the only forces
at work in this case, significant but not
dramatic differences in allele frequencies
(cf. Table 6) suggest that they are of the
same magnitude, with a selection coeffi-
cient (s) slightly larger than the migration
coefficient (m). Haldane (1930), Hanson
(1966), and Nagylaki (1975) all predict a
sudden collapse in local adaptation when
migration exceeds a certain threshold (cf.
Felsenstein, 1976). The electrophoretic
data suggest that the balance between se-
lection and migration is such that this
threshold has not been exceeded for
6-PGD and o-GPD; the data on growth
and survival suggest that this threshold
has been exceeded for loci associated with
osmoregulation.

SUMMARY

At Armand Bayou, Texas, mosquito fish
(Gambusia affinis) living in a small, fresh-
water stream had fewer, larger young and
made smaller reproductive efforts than
mosquito fish living 150-300 m away in a
large, brackish estuary. In Experiment I,
we raised the progeny of field-caught fish
from both fresh and brackish water half
in fresh and half in brackish water for the
first week of life, and then half in fresh
and half in brackish water for the rest of
their life, at densities of 20 fish per tank
(eight treatments: FFF, FFB, FBF, FBB,
BFF, BFB, BBF, BBB). The major ef-
fects were all caused by the environment
in which the fish were raised after the first
week of life: fish raised in fresh water had
lower survival (51.6% vs. 93.6%), were
shorter (15.0 vs. 17.2 mm SL), and were
lighter (72.5 vs. 118.2 mg wet weight) at
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86 days of age than fish raised in brackish
water.

In Experiment II, we reared the prog-
eny of fish from treatments FBB and BBB
in isolation from birth in either fresh or in
brackish water made up from distilled
water (four treatments: FF, FB, BF, BB).
Eight of the fish reared in fresh water also
received medication. Fish reared in fresh
water again had lower survival (46.5% vs.
79.5%), were shorter (11.1 vs. 15.2 mm
SL), and were lighter (20.2 vs. 63.2 mg
wet weight) than fish reared in brackish
water. The fish that had received medi-
cation did not differ in length and in
weight from the other fish reared in fresh
water, but they did have higher survival
rates.

In Experiment III, we reared the prog-
eny of fish from a freshwater reservoir in
Hawaii in fresh or in brackish water. The
results differed strikingly from the results
of the first two experiments. Fish reared
in fresh water had the same survival rate
(80.0% vs. 80.0%), were the same length
or slightly longer (17.4 vs. 16.8 mm SL),
and weighed the same or slightly less (78.4
vs. 87.9 mg wet weight) than the fish
reared in brackish water.

The fresh and brackish stocks differed
significantly in the distribution of allele
frequencies at 2 of 24 loci examined
(6-PGD and a-GPD); these differences
were small. We suggest that the primary
cause of the differences noted in the life-
history traits of fresh and brackish popu-
lations in the field was not local adap-
tation (an evolutionary explanation) or
developmental sensitivity to early environ-
ment (an ontogenetic explanation) but mal-
adaptation to the freshwater environment
(a physiological explanation).

ACKNOWLEDGMENTS

Roy Johnson and John Key of the Texas
Parks and Wildlife Laboratory at Sea-
brook, Texas, gave cheerful and energetic
help in the field. Phil Schmitz, Maureen
Longworth, Deborah McGann, and Dan
Hannah assisted in the experiments. Dave
Wake, Jim Patton, Mike Hirshfield, Ray
Huey, Peter Frank, Henry Schaffer, and

two anonymous reviewers offered com-
ments that considerably improved the
manuscript. This study was inspired by a
question Bill Wellington asked Stearns
during his Ph.D. defense at the University
of British Columbia in 1975. It was sup-
ported by the American Philosophical So-
ciety and the Miller Institute for Basic
Research in Science. The National Science
Foundation provided funds for the elec-
trophoretic studies through grant DEB 72-
02545.

LITERATURE CITED

AHUJA, S. K. 1964. Salinity tolerance of Gambusia
affinis. Indian J. Exp. Biol. 2:9-11.

Borowsky, R. L. 1973. Social control of adult size
in males of Xiphophorus variatus. Nature
245:332-5.

CamiN, J. H., aND P. R. EHRLICH. 1958. Natural
selection in water snakes (Natrix sipedon L.) on
islands in Lake Erie. Evolution 12:504-11.

CARLSON, D. R. 1969. Female sexual receptivity in
Gambusia affinis (Baird and Girard). Tex. J. Sci.
21:167-73.

CarsoN, H. L. 1955. The genetic characteristics of
marginal populations of Drosophila. Cold Spring
Harbor Symp. Quant. Biol. 20:276-86.

CHEN, T. R., AND A. W. EBELING. 1968. Karyo-
logical evidence of female heterogamety in the
mosquitofish Gambusia affinis. Copeia 1968:
70-5.

EnrLICH, P. R, AND P. H. RAVEN. 1969. Differ-
entiation of populations. Science 165:1228-32.

ENDLER, J. A. 1977. Geographic Variation, Spe-
ciation, and Clines. Princeton Univ. Press,
Princeton.

FELSENSTEIN, J. 1976. The theoretical population
genetics of variable selection and migration. Ann.
Rev. Genet. 10:253-80.

HALDANE, J. B. S. 1930. A mathematical theory of
natural and artificial selection. VI. Isolation.
Proc. Cambridge Philos. Soc. 26:220-230.

HansoN, W. D. 1966. The effects of partial isola-
tion (distance), migration, and different fitness
requirements among environmental pockets upon
steady state gene frequencies. Biometrics 22:453—
68.

HaRrris, H., AND D. A. HOPKINSON. 1976. Hand-
book of Enzyme Electrophoresis in Human Ge-
netics. North-Holland Publishing Co., Amster-
dam.

HILDEBRAND, S. F. 1917. Notes on the life history
of the minnows Gambusia affinis and Cyprino-
don variegatus. Rept. U.S. Comm. Fish. 857,
15 p.

Husss, C. 1971. Competition and isolation mech-
anisms in the Gambusia affinis x Gambusia het-
ervochir hybrid swarm. Bull. Texas Mem. Mus.
19, 47 p.



MALADAPTATION IN MOSQUITO FISH 75

Jounson, C. R. 1976. Diel variation in the thermal
tolerance of Gambusia affinis. Comp. Biochem.
Physiol. 55:337-40.

KaLLMAN, K. D. 1976. Control of size in Xipho-
phorus pygmaeus (Poeciliidae, Pisces). Amer.
Zool. 16:260.

KaLLMAN, K. D., AND M. P. SCHREIBMAN. 1973.
A sex-linked gene controlling gonadotrop differ-
entiation and its significance in determining the
age of sexual maturation and the size of the platy-
fish, Xiphophorus maculatus. Gen. Comp. En-
docrin. 21:287-304.

KrRUMHOLTZ, L. A. 1948. Reproduction in the west-
ern mosquitofish, Gambusia affinis affinis (Baird
and Girard), and its use in mosquito control.
Ecol. Monogr. 18:1-43.

LEWONTIN, R. C. 1974. The Genetic Basin of Evo-
lutionary Change. Columbia Univ. Press, N.Y.

MARTIN, R. G. 1975. Sexual and aggressive behav-
ior, density, and social structure in a natural pop-
ulation of the mosquitofish, Gambusia affinis hol-
brooki. Copeia 1975:445-54.

NacyLAKI, T. 1975. Conditions for the existence
of clines. Genetics 80:595-615.

OtTO, R. S. 1973. Temperature tolerance of the
mosquitofish, Gambusia affinis. J. Fish. Biol.
5:575-83.

1974. The effects of acclimation to cyclic
thermal regimes on heat tolerance of the west-
ern mosquitofish. Trans. Amer. Fish Soc. 103:
331-5.

PEDEN, A. E. 1972. The function of gonopodial
parts and behavioral pattern during copulation
by Gambusia (Poeciliidae). Can. J. Zool. 50:955—
68.

1973. Variation in anal spot expression of
gambusiin females and its impact on male court-
ship. Copeia 1973:250-63.

RENFRO, W. C. 1959. Survival and migration of
freshwater fishes in salt water. Texas J. Sci.
11:182-80.

ROBERTS, F. L. 1965. A chromosome study of Gam-
busia affinis holbrooki. Copeia 1965:238-9.

ROSEN, D. E., AND R. M. BAILEY. 1963. The poe-

ciliid fishes (Cyprinodontiformes), their structure,
zoogeography, and systematics. Bull. Amer.
Mus. Nat. Hist. 126, 176 p.

RoseEN, D. E., AND A. TUCKER. 1961. Evolution
of secondary sexual characters and sexual behav-
ior patterns in a family of viviparous fishes (Cy-
prinodontiformes: Poeciliidae). Copeia 1961:201—
12.

ScriMSHAW, N. S. 1944. Superfetation in poeciliid
fishes. Copeia 1944:180-3.

SEALE, A. 1905. Report of Mr. Alvin Seale on the
United States Fish Commission, on the introduc-
tion of top-minnows to Hawaii from Galveston,
Texas. Hawn. Forester and Agric. 2:364-7.

SELANDER, R. K., M. H. SMmiITH, S. Y. YANG, W.
E. JoHNSON, aND J. B. GENTRy. 1971. IV.
Biochemical polymorphism and systematics in
the genus Peromyscus. 1. Variation in the old-
field mouse (Peromyscus polionotus). Studies in
Genetics IV. University of Texas Publ. 7103:49-
90.

SiMPsON, D. G., AND G. GUNTER. 1956. Notes on
habitats, systematic character, and life histories
of Texas salt water cyprinodonts. Tulane Stud.
Zool. 4:115-34.

SOHN, J. J. 1977a. The consequences of predation
and competition upon the demography of Gam-
busia manni (Pisces: Poeciliidae). Copeia
1977:244-7.

1977b. Socially induced inhibition of ge-
netically determined maturation in the platyfish,
Xiphophorus maculatus. Science 195:199-201.

SOULE, M. 1973. The epistasis cycle: a theory of
marginal populations. Ann. Rev. Ecol. Syst.
4:165-87.

STEARNS, S. C. 1975. A comparison of the evolu-
tion and expression of life history traits in stable
and fluctuating environments: Gambusia affinis
in Hawaii. Ph.D. thesis. University of British
Columbia, Vancouver.

YARDLEY, D., AND C. HUBBS. 1976. An electro-
phoretic study of two species of mosquito fish
with notes on genetic subdivision. Copeia
1976:117-120.



