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COLOR-PATTERN VARIATION IN LAKE ERIE WATER SNAKES: THE ROLE OF GENE FLOW 
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Abstract.-In an effort to clarify the evolutionary processes influencing color-pattern variation in Lake Erie island 
water snake (Nerodia sipedon) populations, rates of gene flow among island and mainland populations were estimated 
from patterns of allozymic variation detected using electrophoresis. Rates of gene flow were high with Nm, the number 
of migrants per generation, averaging 25.5 among island sites, 9.2 between the Ontario mainland and the islands, and 
3.6 between the Ohio mainland and the islands. Based on estimates of current population size from mark-recapture 
work and of past population size extrapolated from the extent of shoreline habitat, values of m between island and 
mainland populations ranged from 0.0008-0.01. Synthesis of estimates of the rate of gene flow with information on 
inheritance of color pattern, the strength of natural selection, and population history supports the hypothesis that color- 
pattern variation in island populations results from a balance between gene flow and natural selection. However, 
depending on the mode of inheritance of color pattern, stochastic processes such as drift may have been important 
in the initial stages of differentiation between island and mainland populations. 
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Understanding the role of gene flow in population differ- 
entiation and speciation is central to the study of evolution 
(Ehrlich and Raven 1969; Endler 1973; Slatkin 1987). Al- 
though estimates of gene flow are now available for a wide 
variety of organisms (Wright 1978; Slatkin 1981; Larson et 
al. 1984; Caccone 1985; Waples 1987; Liebherr 1988), few 
examples exist for which such estimates can be combined 
with information on other evolutionary processes (natural 
selection, genetic drift, historical events) to illustrate how the 
patterns of differentiation seen in nature arise (but see 
McNeilly 1968; Easteal 1986, Riechert 1993). Here, we ex- 
amine the role of gene flow in color-pattern differentiation 
among Lake Erie island and mainland populations of water 
snakes (Nerodia sipedon). Specifically, we estimate rates of 
gene flow among island and mainland populations from-pat- 
terns of allozymic variation. We then combine these estimates 
with information on natural selection, color-pattern inheri- 
tance, and population history to provide an unusually com- 
plete analysis of microevolution. 

Lake Erie island water snake populatio-ns exhibit contin- 
uous variation in color pattern, ranging from regularly banded 
morphs to uniformly gray unbanded morphs. In contrast, 
nearby mainland populations consist solely of banded morphs 
(see figures in Conant and Clay 1937; Camin and Ehrlich 
1958; King 1987). Color-pattern differences between island 
and mainland populations have resulted in recognition of 
island populations as N. s. insularum (vs. mainland N. s. 
sipedon; Conant and Clay 1937, 1963; Cliburn 1961). The 
high frequency of snakes with reduced patterns (smaller and 
fewer dorsal and lateral bands) in island populations is at- 
tributed to natural selection by visual predators and the per- 
sistence of regularly banded morphs to gene flow from the 
mainland (Camin et al. 1954; Camin and Ehrlich 1958; Ehr- 
lich and Camin 1960). This balance between selection and 
gene flow is often cited in evolutionary biology texts (e.g., 
Ford 1975; Stebbins 1977; Berry 1982; Hedrick 1983), and 
an exhibit illustrating it is found in the British Museum, 

Natural History. However, empirical work has focused pri- 
marily on the influence of natural selection (Camin et al. 
1954; Camin and Ehrlich 1958; Ehrlich and Camin 1960; 
King 1987, 1992, 1993b); relatively little is known about the 
role of gene flow. 

On islands, water snakes inhabit exposed rocky shorelines 
whereas on the mainland they inhabit heavily vegetated 
marshland. Because of this habitat difference, selection im- 
posed by visual predators apparently operates in opposite 
directions in island and mainland habitats. Young snakes with 
reduced patterns are more cryptic against island backgrounds 
than are fully patterned snakes (King 1992). Furthermore, on 
islands, young snakes with reduced patterns experience high- 
er survivorship than do fully patterned snakes (King 1992, 
1993b). In contrast, snakes with reduced patterns are less 
cryptic against mainland backgrounds than are fully patterned 
snakes (King 1992) and presumably experience reduced sur- 
vivorship on the mainland. (Among older snakes, fully pat- 
terned individuals are more cryptic than are individuals with 
reduced patterns against island and mainland backgrounds 
[King 1992], but no difference in survivorship is evident, 
perhaps because older snakes are too large to be subdued by 
most predators [King 1993b].) 

Evidence regarding gene flow is more speculative. Obser- 
vations of water snakes "swimming several miles from the 
nearest shore" (Camin and Ehrlich 1958, p. 507) suggest that 
high levels of gene flow between mainland and island pop- 
ulations are possible. However, adult water snakes exhibit 
high site specificity (Blanchard and Finster 1933; Brown 
1940; King 1987) and home rapidly following displacement 
(Fraker 1970). In Lake Erie island populations, fewer than 
3% of adult snakes are estimated to move between islands 
or between localities within islands each year: marked snakes 
were never observed to move among study sites separated 
by as little as 1.3 km (King 1987). 

Direct estimates of gene flow such as these, based on ob- 
served movements of known individuals, are subject to sev- 
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FIm. 1. The island region of western Lake Erie, showing the five 
island sites, the Ontario mainland site (Hillman Marsh), and the 
Ohio mainland site (Willow Point) included in this study. 

eral sources of error (Slatkin 1987). In species in which it is 
difficult to mark and recapture large numbers of individuals 
of all age classes (e.g., snakes), it may be impossible to assess 
movement patterns with confidence. Dispersing individuals 
may be less likely to reproduce than nondispersers, resulting 
in overestimates of gene flow (Endler 1977), and rare or 
episodic dispersal may go undetected, resulting in underes- 
timates of gene flow. Indirect estimates of gene flow, such 
as wseue in this study, avoid these shortcomings by assessing 
the genetic consequences of gene flow (Slatkin 1987). These 
methods typically use information on the distribution of ge- 
netic markers within and among populations to estimate Nm, 
the number of migrants per generation (where N is effective 
population size and m is rate of gene flow). Estimates of Nm 
are of value in determining whether random genetic drift 
could plausibly account for population differentiation (Nm < 
1) or whether some o'ther process, for example, natural se- 
lection, is required (Nm > 1) (Slatkin 1987). 

Importantly, because we have independent information on 
adult population size (King 1986), we are able to estimate 
the rate of gene flow, m, from Nm. This allows us to synthesize 
information on gene flow, selection, color-pattern inheritance, 
and population history to assess whether a balance between 

TABLE 1. Geographic distance (kilometers) between Lake Erie is- 
land and mainland study sites (shortest straight-line distance de- 
termined from National Oceanic and Atmospheric Administration 
chart #14830). 

North Middle Rattle- Ohio 
Pelee Bass Bass snake Middle main- 
Island Island Island Island Island land 

Ontario mainland 25.5 43.5 44.2 48.9 41.5 73.0 
Pelee Island 10.7 9.4 15.1 5.1 36.3 
North Bass Island 1.3 3.3 9.8 29.9 
Middle Bass Island 1.6 7.4 25.9 
Rattlesnake Island 12.7 31.4 
Middle Island 26.2 

gene flow and selection provides a plausible explanation for 
color-pattern differences between island and mainland water 
snake populations. Our synthesis suggests that in nature, in- 
heritance and population history may constrain selection and 
gene-flow coefficients to a narrower range than might be 
predicted from equilibrium models of population differen- 
tiation. Furthermore, even within this range of selection and 
gene-flow coefficients, stochastic processes such as random 
genetic drift may be necessary during the initial stages of 
population differentiation. 

METHODS 

Study Sites and Tissue Collection 

Blood and muscle samples were collected nondestructively 
from live water snakes captured by hand at five island sites 
and two mainland sites, one on the Ohio mainland and one 
on the Ontario mainland (fig. 1). The five islands from which 
tissue samples were collected varied in size from 20 ha (Rat- 
tlesnake Island) to more than 4000 ha (Pelee Island), spanning 
nearly the full range of island sizes in Lake Erie. Islands were 
9-19 km from the nearest Ohio mainland point, 13.5-33 km 
from the nearest Ontario mainland, and were separated from 
each other by 1.3-15.1 km (table 1). The two mainland sites 
were close to the Lake Erie shore adjacent to the island area 
and were 25.5-48.9 km from individual islands (table 1). 

Blood samples were collected from vessels in the tail using 
a heparinized hypodermic syringe (Bush and Smeller 1978); 
muscle samples were obtained by removing a small portion 
of the tail tip. The wound resulting from removal of the tail 
tip was protected with liquid bandage (New Skin, Inc., Cody, 
Wyo.). Blood samples were separated into plasma and red 
blood cell fractions by centrifugation. Tissue samples were 
frozen in liquid nitrogen within 30 min of collection and 
stored at -80?C until used for electrophoresis. Water snakes 
were measured to obtain snout-vent length, classified by sex 
and color pattern, and individually marked by scale clipping 
(Brown and Parker 1976). Following tissue collection, snakes 
were released at the site of capture. Long-term effects of 
tissue collection appeared to be minor: snakes recaptured 
following tissue sampling were in good health and tail loss 
in snakes has little effect on locomotion (Jayne and Bennett 
1989) or adult survivorship (Willis et al. 1982). 
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TABLE 2. Proteins, presumptive loci, tissue sources, and buffer systems used in electrophoresis. 

Protein Locus Tissue source Buffer system* 

Isocitrate dehydrogenase (E.C. 1.1.1.42) Idh-l rbc A 
6-Phosphogluconate dehydrogenase (E.C. 1.1.1.49) G-6-pgdh rbc A 
Adenylate kinase (E.C. 2.7.4.3) Ak muscle A 
Tripeptidase (leu-gly-gly) (E.C. 3.4.11.4) Trip-2 rbc A 
Fumarate hydratase (E.C. 4.2.1.2) Fum muscle, rbc A 
Glucose-6-phosphate isomerase (E.C. 5.3.1.9) Gpi muscle A 
Transferrin Trf plasma B 

* Buffer systems: A. Electrode buffer; 0.04 M citric acid adjusted to pH 7.8 with N-(3-aminopropyl)-morpholine (Sigma A-9028), and used once only. 
Gel buffer; a 1:20 dilution of this electrode buffer (modified from Clayton and Tretiak 1972). B. The discontinuous TRIS-citrate buffer system of Poulik 
(1957). 

Electrophoresis 

Electrophoresis was performed at the California Academy 
of Sciences using standard methods (Selander et al. 1971; 
Ayala et al. 1972; Murphy et al. 1990) adapted for use with 
water snakes (Lawson 1985, 1987 and table 2 herein). Anal- 
yses focused on seven proteins found to be polymorphic in 
pilot surveys or known to be polymorphic in populations 
elsewhere. Proteins assayed were isocitrate dehydrogenase, 
6-phosphogluconate dehydrogenase, adenylate kinase, tri- 
peptidase, fumarate hydratase, glucose-6-phosphate isomer- 
ase, and transferrin (table 2). At the fumarate hydratase locus, 
alternative alleles are inherited in sex-linked fashion (unpubl. 
data); thus, for this locus we included only males in our 
analyses (because natricine snakes have ZW sex chromo- 
somes [Cundall 1970], females are hemizygous at this locus 
and heterozygote frequencies can be determined only for 
males). 

Analyses 

Genotypic frequencies at each locus were tested for de- 
viations from Hardy-Weinberg equilibrium conditions (Weir 
1990). We computed Fst for each locus for all possible pairs 
of sites using the method of Nei and Chesser (1983) as mod- 
ified by Van Den Bussche et al. (1986). Jackknifing across 
loci was used to generate Fst*, a less biased estimate of Fst, 
and to estimate the variance in Fst* (Weir and Cockerham 
1984). We estimated Nm based on the relationship Fst* = 1/ 
(1 + 4Nm) (Wright 1943, 1969). We estimated upper and 
lower 95% confidence limits on Nm by substituting Fst* + 
1.96 SE into this relationship (for an alternative method, see 
Johnson et al. 1988). 

Other methods for estimating Fst (Nei and Chesser 1983; 
Weir and Cockerham 1984) gave results similar to the method 
of Van Den Bussche et al. (1986). We present results from 
the latter method because it avoids undefined, negative values 
for Fst and because it includes a correction for sample size. 
The lack of rare alleles in our samples precludes estimating 
gene flow by Slatkin's rare-allele method (Slatkin 1981, 
1985a, 1985b, 1987). However, estimates of Nm based on 
Slatkin's method are generally similar to those based on Fst 
(Slatkin and Barton 1989). 

We computed Fst and Nm between pairs of populations 
because the relationship between pairwise estimates and geo- 
graphic distance provides a simple test for isolation by dis- 
tance (Slatkin 1993). Statistical significance of the relation- 
ship between pairwise estimates of Nm and geographic dis- 

tance was tested using the Mantel test (Douglas and Endler 
1982). The form of this relationship was characterized using 
linear regression (Slatkin 1993). 

Patterns of gene flow were investigated further by gener- 
ating dendrograms by the UPGMA method with Nei's un- 
biased genetic identities and the distance-Wagner method 
with Cavalli-Sforza and Edward's chord distances and mod- 
ified Rogers' distances using BIOSYS-1 (Swofford and Se- 
lander 1981). Tree lengths were compared using FREQPARS 
(Swofford and Berlocher 1987). When applied to populations 
linked by gene flow, such tree diagrams reflect levels of gene 
flow rather than phylogenetic history: populations that ex- 
change migrants only rarely are placed on more distant 
branches than are populations that exchange migrants more 
frequently. 

RESULTS 

The seven polymorphic loci assayed were represented by 
two to three alleles each in the populations sampled (tables 
2, 3). Most alleles were present in all populations although 
allelic frequencies at some loci were quite variable (table 3). 
Within populations, genotypic frequencies did not deviate 
significantly from Hardy-Weinberg expectations (P > 0.05). 

Fst* varied from 0.005 to 0.093, and Nm varied from 2.4 
to 53.1 between pairs of sites (table 4). Confidence intervals 
around these estimates are large because when Fst* is small, 
as is the case here, small changes in Fst* result in large 
changes of Nm. Rates of gene flow (Nm) decreased with in- 
creasing distance between sites (Mantel test of log(distance) 
versus log(Nm), t = -2.15, P < 0.05, fig. 2) as expected 
under a model of isolation by distance (Slatkin 1993). Nm 
was greater between island-island pairs than between island- 
mainland pairs. Nm was lower between the Ohio mainland 
and the islands than between the Ontario mainland and the 
islands. 

Estimates of gene flow based on patterns of genetic vari- 
ation may fail to distinguish historical patterns of gene ex- 
change from ongoing gene flow (Larson et al. 1984; Caccone 
1985). For Lake Erie water snake populations this is a prob- 
lem of distinguishing gene flow that occurred before the iso- 
lation of island populations from gene flow that has occurred 
since isolation (ca. 4000 ybp). Two lines of evidence suggest 
our estimates reflect ongoing gene flow. First, in the absence 
of selection, Fst (and hence Nm) approaches equilibrium rap- 
idly (Hartl and Clark 1989). Second, no relationship between 
distance and Nm is seen among Lake Erie populations of 
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TABLE 3. Sample size (N), allelic frequency, and heterozygote 
frequency (H) for protein loci in Lake Erie island and mainland 
water-snake (Nerodia sipedon) populations. 

North Middle Rattle- 
Ontario Pelee Bass Bass snake Middle Ohio 
mainland Island Island Island Island Island mainland 

Isocitrate dehydrogenase- 1 
N 27 108 103 44 42 25 87 
A 0.037 0.019 0.049 0.011 0.059 0.000 0.408 
B 0.963 0.981 0.951 0.989 0.941 1.000 0.592 
H 0.074 0.037 0.097 0.023 0.119 0.000 0.425 

6-Phosphogluconate dehydrogenase 
N 27 108 103 44 42 25 89 
A 0.185 0.171 0.117 0.148 0.119 0.180 0.011 
B 0.667 0.667 0.772 0.727 0.714 0.800 0.882 
C 0.148 0.162 0.112 0.125 0.167 0.020 0.107 
H 0.519 0.491 0.408 0.523 0.452 0.360 0.214 

Adenylate kinase 
N 26 108 100 44 42 25 88 
A 1.000 0.977 0.920 0.966 0.976 0.920 1.000 
B 0.000 0.023 0.080 0.034 0.024 0.080 0.000 
H 0.000 0.046 0.160 0.068 0.048 0.160 0.000 

Tripeptidase-2 
N 27 106 100 44 42 25 88 
A 0.296 0.518 0.415 0.500 0.440 0.600 0.494 
B 0.704 0.482 0.585 0.500 0.560 0.400 0.506 
H 0.444 0.453 0.470 0.455 0.357 0.480 0.489 

Fumarate hydratase 
N 10 54 42 29 12 18 44 
A 0.300 0.148 0.083 0.034 0.042 0.056 0.386 
B 0.700 0.852 0.917 0.966 0.958 0.944 0.614 
H 0.400 0.296 0.167 0.069 0.083 0.111 0.500 

Glucose-6-Phosphate isomerase 
N 26 108 103 44 42 25 89 
A 0.000 0.014 0.005 0.011 0.000 0.020 0.000 
B 0.019 0.042 0.019 0.000 0.000 0.060 0.146 
C 0.981 0.944 0.976 0.989 1.000 0.920 0.854 
H 0.038 0.111 0.049 0.023 0.000 0.016 0.292 

Transferrin 
N 28 110 103 45 42 24 90 
A 0.500 0.545 0.631 0.667 0.488 0.563 0.433 
B 0.500 0.450 0.369 0.333 0.512 0.437 0.522 
C 0.000 0.005 0.000 0.000 0.000 0.000 0.044 
H 0.429 0.482 0.408 0.533 0.595 0.375 0.489 

garter snakes (Thamnophis sirtalis) or brown snakes (Storeria 
dekayi) (Lawson and King in press; King and Lawson unpubl. 
data), suggesting that 4000 yr has been enough time for the 
relationship between distance and Nm to break down, at least 
in some species. (Island garter snakes and brown snakes have 
a history of isolation similar to that of water snakes but, 
because they are smaller in body size and more terrestrial, 
garter snakes and brown snakes are expected to have lower 
rates of gene flow.) 

Dendrograms generated using Nei's unbiased genetic iden- 
tities, Cavalli-Sforza and Edward's chord distances, and mod- 
ified Rogers' distances were similar in topology in that the 
five island sites consistently grouped together, the Ontario 
mainland site was on the next closest branch, and the Ohio 
mainland site was on the most distant branch. The tree based 
on modified Rogers' distances (fig. 3) was shorter (length = 

2.0 - 

1.5 - 

z 
0 

0.5 0 
01.0- 
0.05 - 

0.0 0.5 1.0 1.5 2.0 
LOG(DISTANCE) 

FIG. 2. Relationship between rate of gene flow and geographic 
distance between pairs of study sites. The regression line, log(Nm) 
= 1.70 - 0.57*log(distance), is included for heuristic purposes, 
not for significance testing (see text). 

5.01) than trees based on Nei's unbiased genetic identities 
(length = 5.21) or Cavalli-Sforza and Edward's chord dis- 
tances (length = 5.11). 

SYNTHESIS 

To evaluate whether gene flow and natural selection might 
balance each other to produce the pattern of variation seen 
in Lake Erie water snake color patterns, four kinds of infor- 
mation are required: (1) mode of inheritance, (2) strength of 
natural selection, (3) rate of gene flow, and (4) population 
history. Available information of each kind is summarized 
below and then used to address the question of whether ob- 
served combinations of selection and gene flow might rea- 
sonably be expected to produce the patterns of variation seen 
in island water snake populations. Because the direction and 
strength of selection is expected to be similar among the 
islands but to differ between islands and mainlands, and be- 
cause rates of interisland gene flow are high (table 4), a simple 
island-continent model, in which islands are treated as a sin- 
gle genetic unit, is used in this synthesis. 

ONTARIO MAINLAND 

PELEE ISLAND 

NORTH BASS ISLAND 

MIDDLE BASS ISLAND 

RATTLESNAKE ISLAND 

MIDDLE ISLAND 

OHIO MAINLAND 

FIG. 3. Dendrogram generated using the distance-Wagner method 
with modified Roger's distances, illustrating patterns of gene flow 
among Lake Erie island and mainland water snake populations. 
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TABLE 4. Estimates of F8t* (standard deviation) (above diagonal) and Nm (95% confidence interval) (below diagonal) between pairs 
of study sites. 

Ontario Pelee North Bass Middle Bass Rattlesnake Middle Ohio 
mainland Island Island Island Island Island mainland 

Ontario mainland 0.019 0.024 0.038 0.021 0.050 0.049 
(0.013) (0.011) (0.019) (0.016) (0.023) (0.028) 

Pelee Island 12.8 0.009 0.009 0.006 0.018 0.054 
(8.6, 25.3) (0.001) (0.005) (0.003) (0.008) (0.032) 

North Bass Island 10.3 26.8 0.005 0.008 0.035 0.062 
(7.7, 15.6) (24.9, 28.9) (0.002) (0.005) (0.021) (0.029) 

Middle Bass Island 6.4 29.0 53.1 0.012 0.011 0.093 
(4.6, 10.2) (19.9, 53.1) (41.3, 74.4) (0.009) (0.001) (0.038) 

Rattlesnake Island 11.7 39.7 29.4 19.8 0.017 0.072 
(7.3, 27.9) (30.6, 56.5) (19.8, 57.1) (12.6, 45.3) (0.006) (0.040) 

Middle Island 4.7 13.3 6.9 22.8 14.5 0.058 
(3.5, 7.2) (9.9, 20.3) (4.6, 12.8) (21.4, 24.3) (11.64, 19.3) (0.034) 

Ohio mainland 4.9 4.4 3.8 2.4 3.2 4.0 
(3.4, 8.6) (3.0, 8.0) (2.7, 5.9) (1.8, 3.6) (2.2, 5.7) (2.7, 7.2) 

Inheritance 

Island water snake populations exhibit continuous varia- 
tion from regularly banded to uniformly gray and unbanded, 
suggesting that color pattern may be inherited as a quanti- 
tative trait influenced by alleles at many loci. With this pattern 
of inheritance in mind, heritability of individual color-pattern 
components (DB, the number of dorsal blotches; LB, the 
number of lateral blotches; ROWS, the height of lateral 
blotches in scale rows; and VEXT, the extent of ventral pig- 
mentation) was estimated as 0.20 to 0.79 (table 1 in King 
1993a). However, correlations between within-family means 
and variances and the results of two laboratory crosses sug- 
gest that color pattern is controlled in part by a single major 
locus with alleles for a reduced pattern recessive to alleles 
for a regular (mainland) pattern (King 1993a). Given these 
results, we take two approaches in synthesizing the effects 
of gene flow and selection on island water snake color pat- 
terns. One is to assume that inheritance is Mendelian with 
the allele for a reduced pattern fully recessive to the allele 
for a regular pattern; the other is to assume that inheritance 
is quantitative. As will be seen below, these approaches rep- 
resent opposite extremes with respect to the range of con- 
ditions under which population differentiation can occur. 

Strength of Natural Selection 

Estimates of the strength of natural selection operating on 
color pattern come from a longitudinal study in which neo- 
nates born to wild-caught females were scored for color pat- 
tern, marked, released on a single island, and resampled the 
following year to determine color-pattern distributions among 
survivors (King 1987, 1993b). Being longitudinal, this data 
set requires fewer assumptions (Lande and Arnold 1983) than 
do available cross-sectional data sets (e.g., Camin et al. 1954; 
Camin and Ehrlich 1958; Ehrlich and Camin 1960). It is also 
the largest data set (317 released, 54 recaptured) and thus 
should provide the most accurate estimates of selection. Fi- 
nally, because snakes were scored for individual color-pattern 
components and as regular or reduced in pattern, this data 
set provides estimates of selection for both Mendelian and 
quantitative models of inheritance. 

For the Mendelian-inheritance model, relative fitness of 

regular and reduced patterns were estimated based on their 
frequency among released and recaptured snakes. Snakes 
were classified as regular or reduced by three methods, all 
of which gave similar results. (1) Banded morphs were clas- 
sified as regular, unbanded and intermediate morphs were 
classified as reduced (morph criteria in King 1987). (2) 
Snakes falling within the ranges of DB, LB, ROWS, and 
VEXT scores of 145 mainland snakes were classified as reg- 
ular, other snakes were scored as reduced. (3) Snakes were 
classified as mainland (regular) or island (reduced) using dis- 
criminant functions generated from DB, LB, ROWS, and 
VEXT scores of 1560 island and 145 mainland snakes. 
(Snakes in the mass-release experiment were not used in 
generating discriminant functions. Discriminant functions 
correctly classified 79% of island snakes and 96% of main- 
land snakes by site.) Relative fitnesses were computed as 
number recaptured/number released. These were standardized 
to a maximum of 1, giving relative fitness of 1 for the reduced 
pattern and 0.78-0.90 for the regular pattern (depending on 
method of classification). This is equivalent to a selection 
coefficient, s of 0.1-0.22. 

For the quantitative-inheritance model, directional-selec- 
tion differentials (in SD units) were -0.35 for DB, -0.25 
for LB, -0.03 for ROWS, and -0.03 for VEXT; directional 
selection gradients (also in SD units) were -0.30 for DB, 
-0.27 for LB, 0.01 for ROWS, and 0.16 for VEXT (table 
4.A in King 1993b). 

Rate of Gene Flow 

For the island-continent model, an estimate of gene flow, 
m, between the mainland and the islands is needed. In gen- 
erating such an estimate, we assume that values of Nm be- 
tween mainland-island pairs (table 4) reflect the movement 
of individuals between that mainland and the islands as a 
group, rather than between that mainland and the specific 
island in question. Our reasoning is that because interisland 
gene flow is common (table 4), estimates of the number of 
migrants moving between any mainland-island pair includes 
contributions from movement between that mainland and the 
other islands. We therefore averaged Nm between the Ohio 
mainland and the islands (= 3.6) and between the Ontario 
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mainland and the islands (= 9.2) and summed these values 
to obtain an overall estimate of Nm between the mainland 
and the islands of 12.8 individuals per generation. (Hierar- 
chical FSt values [Weir and Cockerham 1984], generated us- 
ing BIOSYS-1, gave an estimate of Nm between island and 
mainland regions of 14.5 individuals per generation, sup- 
porting our assumption that values of Nm between mainland- 
island pairs reflect the movement of individuals between that 
mainland and the islands as a group.) 

Next, to estimate m from Nm, an estimate of current adult 
water snake population size of the island region (N = 1262; 
table 2 in King 1986) was used, giving m = 0.01. However, 
because confidence limits on this estimate of population size 
are large (523-4064; King 1986), because some water snakes 
occur at localities not included in this estimate (pers. obs.), 
and because current population sizes are markedly smaller 
than in the recent past (King 1986), this value may overes- 
timate the rate of gene flow occurring before the middle of 
this century. 

To estimate m before recent population declines, we first 
estimated past population size. We measured the extent of 
island shoreline (water snakes are restricted to shoreline hab- 
itats in the island region; King 1986) from topographical 
maps using a computerized digitizer and SigmaScan software 
(Jandel Scientific). We included all 19 islands in our analysis 
because historically, water snakes were found on all 19 (King 
unpubl. data). However, the five largest islands (Pelee, Kel- 
leys, South Bass, Middle Bass, and North Bass) account for 
80% of island shoreline. We then multiplied the extent of 
island shoreline (114.4 km) by 140, the mean number of adult 
water snakes per kilometer of shoreline observed at study 
sites where density remains high (range = 22-381 adults/ 
km; table 1 in King 1986). This gave an estimate for N across 
all islands of 16,016 (estimates for individual islands ranged 
from 42 on Starve Island to 4760 on Pelee Island) and an 
estimate for m of 0.0008. 

Population History 

The geological history of the island region provides a time 
frame for differentiation between island and mainland pop- 
ulations. Islands in western Lake Erie were formed by rising 
lake levels following the retreat of the Wisconsin glaciation 
and consequent uplift of the eastern outlet of Lake Erie (Calk- 
in and Feenstra 1985). Although glaciers retreated about 
12,000 ybp, uplift sufficient to flood the shallow island region 
of western Lake Erie did not occur until about 4000 ybp 
(Calkin and Feenstra 1985). Presumably, the island region 
was inhabited by water snakes before island formation: iso- 
tope studies indicate that present climatic conditions date 
from 7000-8000 ybp (Fritz et al. 1975) and river drainages 
dissecting the area (e.g., Detroit, Maumee, Portage, and San- 
dusky rivers) would have provided typical mainland water 
snake habitat. Thus, island water snake populations likely 
originated as rising lake levels fragmented a formerly con- 
tinuous population (King 1987). Before isolation, all water 
snake habitats were presumably similar to present-day main- 
land habitats and snakes with reduced patterns did not gain 
a selective advantage until after rising lake levels exposed 
the limestone and dolomite, which now comprise the island 

shorelines. Using age at first reproduction (2 yr in males, 3 
yr in females; Feaver 1977; King 1986) as an estimate of 
generation time, 4000 yr represents roughly 1000-2000 water 
snake generations over which selective differences between 
island and mainland habitats may have operated. 

Combinations of Selection and Gene Flow Producing 
Patterns of Variation Seen in Island Water Snake 

Populations 

Mendelian Inheritance.-Assume that (1) color pattern is 
inherited in Mendelian fashion with reduced pattern fully 
recessive to regular pattern; (2) on islands, snakes with re- 
duced patterns have fitness 1 - h (h < 0) and snakes with 
regular patterns have fitness 1; (3) mainland populations are 
fixed for the regular pattern allele; and (4) gene flow occurs 
from the mainlands to the islands at rate m. Then the change 
in the frequency of the reduced pattern allele (q) in the island 
population each generation is 

q - hq2 
q [= h2 q - mq, 

and at equilibrium, allele frequency in the island popula- 
tion is 

h ? [h2 + 4mh(m + 1)]1/2 
q= 2(m + 1)h 

(after Hartl and Clark 1989, p. 310). 
Replacing h with the more familiar selection coefficient, 

s = 1 - [1/(1 - h)], snakes with regular patterns have fitness 
1 -s, snakes with reduced patterns have fitness 1, and 0 < 
s < 1. Using values of 0.1-0.22 for s and values of 0.0008- 
0.01 for m (based on past and current population estimates), 
equilibrium frequencies of the reduced allele in island pop- 
ulations are expected to exceed 90% (fig. 4A). Present-day 
allele frequencies appear somewhat lower than this. Fre- 
quencies of snakes with reduced patterns (scoring unbanded 
and intermediate morphs as reduced and banded morphs as 
regular, morph criteria in King 1987) average 54% (range = 
29%-74%) across nine islands (table 5A) (using color-pattern 
scores of mainland snakes or discriminant functions as cri- 
teria for classifying snakes as regular or reduced gives similar 
frequencies). Assuming Hardy-Weinberg conditions, this 
gives an average allelic frequency of 73% (range = 53%- 
86%) (table SA). (Because selection and gene flow result in 
deviations from Hardy-Weinberg expectations, estimates of 
allelic frequency are only approximate.) However, before the 
1950s, frequencies of the reduced allele (estimated from the 
literature and from museum specimens; table 5 in King 1987) 
consistently exceeded 90% (range = 92%-100%, n = 5 is- 
lands) (table SB, C). Changes in the frequency of snakes with 
reduced patterns over time may reflect the increased effect 
of gene flow (increased m) as population sizes have declined 
(King 1987). 

Considering equilibrium allele frequencies gives an in- 
complete picture of color-pattern evolution in Lake Erie water 
snake populations. This is because under the island-continent 
model, each combination of m and s also has a second, un- 
stable equilibrium below which the favored allele decreases 
in frequency (Hartl and Clark 1989, p. 311). Thus, this un- 
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TABLE 5. Frequency of the reduced-pattern phenotype and esti- 
mated frequency of the reduced pattern allele in current and past 
Lake Erie water-snake populations. Estimates for current popula- 
tions (A) are based on field work conducted 1980-1992. Estimates 
for past populations are based on published accounts (B) and mu- 
seum specimens (C) as described in King (1987). 

Phenotypic Allelic 
Island N frequency frequency 

A. Current populations 
East Sister Island 12 0.42 0.65 
Johnsons Island 28 0.29 0.53 
Kelleys Island 75 0.71 0.84 
Middle Island 44 0.40 0.63 
Middle Bass Island 353 0.65 0.81 
North Bass Island 392 0.74 0.86 
Pelee Island 600 0.48 0.69 
Rattlesnake Island 45 0.56 0.75 
Sugar Island 11 0.60 0.77 

B. Past populations, published accounts 
Kelleys Island, pre-1937 16 0.88 0.94 
Middle Island, 1949 131 0.93 0.97 
Middle Bass Island, pre-1937 51 0.90 0.95 
Pelee Island, pre-1937 36 1.00 1.00 

C. Past populations, museum collections 
Middle Island, 1945-1958 16 0.93 0.97 
Pelee Island, 1933-1937 21 0.86 0.93 

1947-1950 33 0.85 0.92 
South Bass Island, 1930-1940 21 0.95 0.98 

1948-1953 19 0.95 0.97 

stable equilibrium represents an initial allele frequency, qi, 
which must be exceeded before a given combination of m 
and s can result in an increase in allele frequency. Using the 
estimates of s and m described above, values for qj necessary 
to achieve equilibrium allele frequencies of greater than 50% 
fall between 0.001 and 0.1 (fig. 4B). 

In the case of Lake Erie island water snake populations, 
initial allele frequencies are further constrained by the time 
available for differentiation to occur (ca. 1000 generations). 
Using the estimates of s and m described above, values of qj 
necessary to achieve q > 50% within 1000 generations fall 
between 0.005 and 0.1 (fig. 4C). (Increasing the number of 
generations [e.g., to 1500] or increasing final allele frequency 
[e.g., to 75%] has little effect on qi for the range of s and m 
used here.) 

Quantitative Inheritance.-Assume (1) that inheritance is 
quantitative, (2) that heritability is constant through time and 
identical in island and mainland populations, (3) that the di- 
rectional selection differential (in SD units) in island popula- 

FIG. 4. A. Combinations of gene flow (m) and selection coeffi- 
cients (s) giving stable equilibrium frequencies (q) for the reduced- 
pattern allele of 50% or greater, based on an island-continent model 
in which inheritance is Mendelian and reduced pattern is fully re- 
cessive to regular pattern. B. Combinations of m and s giving stable 
equilibrium frequencies for the reduced pattern allele of 50%, given 
different initial allele frequencies (qi). C. Combinations of m and 
s giving frequencies of the favored allele in island populations of 
50% within 1000 generations, given different initial allele fre- 
quencies (qi). In each panel, likely combinations of m and s in Lake 
Erie water snakes are shown by the shaded area. 
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FIG. 5. Combinations of gene flow (m) and selection differentials 
(s) giving equilibrium differences (d) in mean color-pattern scores 
between island and mainland populations of 1 SD or greater based 
on an island-continent model with quantitative-inheritance. Likely 
combinations of m and s in Lake Erie water snakes are shown by 
the shaded area. 

tions is s, (4) that gene flow occurs from mainland to island 
populations at rate m, and (5) that the difference in phenotypic 
mean between mainland and island populations (in SD units) 
is d. Then the equation for between-generation response to di- 
rectional selection on a single phenotypic character (r = h 2s) 
can be extended to include gene flow as 

r = h2[s(1 - m) + dm], 

and the equilibrium difference between island and mainland 
populations is 

d = s(lIm - m). 

Note that, whereas the between-generation response to se- 
lection and gene flow depends on heritability, the equilibrium 
difference between populations does not. 

In the present case, in which directional selection differ- 
entials range from -0.03--0.35 among color-pattern com- 
ponents and m is estimated at 0.0008-0.01, equilibrium color- 
pattern scores in island populations are expected to fall three 
or more standard deviations below those in mainland pop- 
ulations (fig. 5). Observed color-pattern scores in nine island 
populations average 0.8 SD (range = 0.0-1.7) lower than in 
the mainland population for DB, 0.9 SD (0.0-2.2) lower for 
LB, 2.8 SD (1.2-3.8) lower for ROWS, and 5.2 SD (0.8-6.7) 
lower for VEXT (where SD refers to standard deviation of 
mainland snakes). Furthermore, differentiation should arise 
rapidly; differences in mean color-pattern score of at least 1 
SD are expected within 100 generations provided h2 is at 
least 0.1. 

This model overlooks two potentially important aspects of 
color-pattern evolution in Lake Erie water snakes. One is that 

color-pattern components are genetically correlated so selec- 
tion on one should result in correlated responses in the others 
(King 1993a). The other is that in addition to directional 
selection, quadratic selection (also termed curvilinear or vari- 
ance selection) also influences water snake color patterns 
(King 1993b). The first of these problems can be overcome 
by rewriting the model as 

Az= G[i(1 - m) + dm], 

as in multivariate selection models (Lande and Arnold 1983). 
Here, z is the vector of changes in trait means, G is the genetic 
variance-covariance matrix, i is the vector of standardized 
selection gradients, m is rate of gene flow, and d is the vector 
of trait differences between island and mainland populations. 
At equilibrium, 

d = (1/m - m). 

In the present case, 

0.17 0.19 0.10 0.12 
G 0.19 0.32 0.23 0.19 0.10 0.23 0.37 0.25 

0.12 0.19 0.25 0.40 

(computed from the full-sib analysis of King [1993a] after 
standardizing color-pattern scores to mean of 0 and variance 
of 1) 

-0.30 

and - 0.27 

0.16 

(from top to bottom, vector entries refer to DB, LB, ROWS, 
and VEXT; from King 1993b). This gives 

-30.0 -374.7 
-27.0 -337.2 d 110 and 12.5 

16.0 199.8 

(in SD units) for m = 0.01 and 0.0008, respectively. Equi- 
librium differences differ from observed differences between 
island and mainland populations in magnitude (DB and LB) 
and direction (ROWS and VEXT). However, the approach to 
equilibrium is slow especially when m is small, and before 
reaching equilibrium, character means are strongly affected 
by correlated selection (fig. 6). For example, after 1000 gen- 
erations (approximately the time for which island populations 
have been isolated) and with m = 0.0008, island water snakes 
are expected to have lower means than mainland water snakes 
for all four color-pattern components, even though, at equi- 
librium, means for VEXT and ROWS in island populations 
are expected to exceed those in mainland populations (fig. 
6C). Although the direction of these nonequilibrium differ- 
ences is consistent with that observed between island and 
mainland populations, the magnitude of these differences is 
unrealistically large. 

Quadratic selection is not so easily incorporated into a 
model involving gene flow. This is because unlike the mean, 
the variance of a composite population (consisting of frac- 
tions m and 1- m of two other populations) is not a simple 
function of the variances of the source populations. This dif- 
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FIG. 6. Correlated evolution of differences in color-pattern com- 
ponents between island and mainland water snake populations (in 
SD units). Components include number of dorsal blotches (DB), 

ficulty is unfortunate because differences in variances be- 
tween island and mainland populations generally exceed dif- 
ferences in means. Variances in nine island populations av- 
erage 12.3 (range = 2.2-18.3) times greater than on the main- 
land for DB, 4.1 (1.6-7.4) times greater for LB, 6.1 (3.1- 
8.2) times greater for ROWS, and 18.8 (5.0-24.8) times great- 
er for VEXT. Thus, although the quantitative-inheritance 
model suggests that estimated selection differentials and 
gene-flow coefficients could give rise to differences in mean 
color-pattern scores that are similar in direction to those ob- 
served between island and mainland populations, model and 
observation differ with respect to the magnitude of these 
differences. Furthermore, the model fails to address differ- 
ences in variance between island and mainland populations. 

DISCUSSION 

Estimated rates of gene flow among Lake Erie water snake 
populations are high, averaging 25.5 individuals per gener- 
ation among islands, 9.2 individuals per generation between 
the Ontario mainland and the islands, and 3.6 individuals per 
generation between the Ohio mainland and the islands. That 
gene flow occurs more commonly between the Ontario main- 
land and the islands than between the Ohio mainland and the 
islands is somewhat surprising given that the Ohio site is 
closer to all islands but Pelee (table 1). One reason for this 
may be that the Catawba/Marblehead peninsula represents a 
barrier to gene flow from our Ohio mainland site. Regardless, 
estimated rates of gene flow generally decrease with increas- 
ing distance between sites (fig. 2). 

High rates of gene flow preclude random genetic drift as 
the sole process responsible for color-pattern differences be- 
tween island and mainland populations, lending credence to 
the hypothesis that color-pattern variation within island pop- 
ulations represents a balance between natural selection and 
gene flow. Furthermore, observed differences between island 
and mainland populations are in general agreement with dif- 
ferences predicted from our synthesis of available informa- 
tion on gene flow, selection, color-pattern inheritance, and 
population history. However, our synthesis also suggests that 
selection and gene flow may not have been the only processes 
contributing to differentiation between island and mainland 
populations: if reduction in color pattern is a recessive Men- 
delian trait, then stochastic processes (random genetic drift, 
inbreeding, and founder events) during the initial stages of 
differentiation may have been necessary to achieve allele 
frequencies sufficient for selection to become effective. Other 
models of inheritance make no such requirement on initial 
allele frequencies, thus further information on color-pattern 
inheritance would be useful. 

Our synthesis is limited by the accuracy with which pop- 

number of lateral blotches (LB), height of lateral blotches in scale 
rows (ROWS), and extent of ventral pigmentation (VEXT). Rates 
of gene flow are m = 0.1 (A), 0.01 (B), and 0.0008 (C). A is included 
to show the approach to equilibrium; B and C correspond to the 
range of gene-flow rates estimated here (note: scale of y-axis differs 
among panels). Lower rates of gene flow result in greater differences 
between populations and a slower approach to equilibrium. 
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ulation size, number of migrants, and selection are estimated. 
For example, our estimate of past population size ignores the 
fact that some areas of shoreline may be unsuitable as water 
snake habitat. Thus, we may have overestimated past pop- 
ulation size and hence underestimated past rates of gene flow. 
Our synthesis is also limited by the validity of underlying 
assumptions. For example, levels of differentiation predicted 
under the quantitative-inheritance model are generally greater 
than is currently observed between island and mainland water 
snake populations. However, this model assumes that genetic 
variances and covariances are similar in island and mainland 
populations and have remained constant through time, that 
color pattern has been subject only to directional selection, 
and that G and i have been estimated with reasonable ac- 
curacy. Although these assumptions simplify the quantita- 
tive-inheritance model, possible errors in estimating G, vari- 
able evidence for directional selection (King 1987, 1993b), 
and the possibility that quadratic selection affects color pat- 
tern (King 1993b) suggest that results from this model be 
interpreted with caution. 

Despite these limitations, our synthesis is useful in illus- 
trating the range of conditions under which differentiation 
between island and mainland populations might occur. The 
two alternative models of inheritance described here repre- 
sent opposite extremes in this regard. Under the Mendelian- 
inheritance model, selection coefficients must exceed gene 
flow by an order of magnitude or more in order for the re- 
duced allele to reach a frequency of at least 50% (roughly 
the minimum frequency observed in any present island pop- 
ulation, table 5) in approximately 1000 generations (fig. 4C). 
Additionally, given our estimates of s and m, an initial allele 
frequency of 0.005 must be achieved before differentiation 
can proceed (fig. 4C). In contrast, under the quantitative- 
inheritance model, differentiation of at least 1 SD (roughly 
the minimum difference between mainland and island color- 
pattern scores) will occur provided the selection differentials 
exceed gene flow only slightly (fig. 5). Furthermore, differ- 
entiation will proceed even if populations are initially iden- 
tical. 

The Mendelian-inheritance model is of further interest in 
that it provides a possible explanation for why pattern re- 
duction has not arisen in other water snake populations hav- 
ing selective regimes that might be similar to that of the Lake 
Erie islands (e.g., on limestone and dolomite shores else- 
where in the Great Lakes; King 1993a): perhaps the initial 
allele frequency required before differentiation can proceed 
has not been achieved elsewhere. For a recessive allele to 
reach frequencies of 0.005 or greater, as may be necessary 
in order for selection to become effective (fig. 4.C), requires 
a population structure in which random genetic drift, in- 
breeding, or founder events are likely. The degree of popu- 
lation subdivision imposed by island formation in Lake Erie 
may have been important in the initial stages of population 
differentiation of island and mainland water snakes. 

Because other modes of inheritance do not have this initial 
allele-frequency requirement, it is perhaps surprising that the 
allele for reduced color pattern appears to be recessive. How- 
ever, because recessive alleles are functionally neutral when 
rare, they can persist at higher frequencies than can disad- 
vantageous dominant alleles. Thus, before the change in se- 

lective regime to one favoring pattern reduction (brought 
about by Lake Erie island formation), recessive alleles for 
pattern reduction are more likely to have been present in 
ancestral populations than are dominant alleles. Interestingly, 
melanism in garter snakes (Thamnophis sirtalis), a trait 
known to be inherited as a Mendelian recessive (Blanchard 
and Blanchard 1940), also occurs at high frequencies in the 
Lake Erie area (King 1988). Melanism may provide a ther- 
moregulatory advantage and thus be favored by natural se- 
lection in cool, lakeshore habitats (Gibson and Falls 1979, 
1988). However, as suggested here for pattern reduction in 
island water snake populations, initial increases in the fre- 
quency of melanism in Lake Erie garter snakes may have 
required genetic drift, inbreeding, or founder events, and may 
have been facilitated by population subdivision. 

Our suggestion that population subdivision was important 
in the initial stage of differentiation between Lake Erie island 
and mainland water snake populations and that natural se- 
lection has subsequently carried island populations toward a 
new adaptive peak is not unlike the processes envisioned in 
Wright's shifting-balance theory (Wright 1931, 1988). 
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