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MOLECULAR AND QUANTITATIVE TRAIT VARIATION WITHIN AND AMONG
POPULATIONS OF THE INTERTIDAL COPEPOD TIGRIOPUS CALIFORNICUS
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Abstract. While molecular and quantitative trait variation may be theoretically correlated, empirical studies using
both approaches frequently reveal discordant patterns, and these discrepancies can contribute to our understanding of
evolutionary processes. Here, we assessed genetic variation in six populations of the copepod Tigriopus californicus.
Molecular variation was estimated using five polymorphic microsatellite loci, and quantitative variation was measured
using 22-life history and morphometric characters. Within populations, no correlation was found between the levels
of molecular variation (heterozygosity) and quantitative variation (heritability). Between populations, quantitative
subdivision (QST) was correlated with molecular subdivision when measured as FST but not when measured as RST.
Unlike most taxa studied to date, the overall level of molecular subdivision exceeded the level of quantitative sub-
division (FST 5 0.80, RST 5 0.89, QST 5 0.30). Factors that could contribute to this pattern include stabilizing or
fluctuating selection on quantitative traits or accelerated rates of molecular evolution.
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The ability of a population to respond to a changing en-
vironment depends on additive genetic variation for ecolog-
ically relevant quantitative characters. However, data on such
characters are rare for most species due to the technical dif-
ficulties of partitioning phenotypic variation into its genetic
and environmental components. Instead, the vast majority of
studies rely on molecular markers as a surrogate for adaptive
genetic variation. This has led to considerable recent interest
in the extent to which molecular and quantitative genetic
variation are correlated (Pfrender et al. 2000; Merilä and
Crnokrak 2001; Reed and Frankham 2001; McKay and Latta
2002).

Within populations, heterozygosity is theoretically ex-
pected to be linearly related to additive genetic variance (Fal-
coner and McKay 1996). If this relationship is reliable, then
molecular heterozygosity could be used as a convenient pre-
dictor of a population’s ability to respond to new environ-
mental challenges. A variety of complicating factors can
erode this relationship, however, including nonadditive gene
action, conversion of genetic variance components by pop-
ulation bottlenecks, differential selection, different mutation
rates, and environmental effects (Reed and Frankham 2001).
Although heterozygosity may correlate with heritability in
those few cases that meet all the assumptions (e.g., Brisoe
et al. 1992), many empirical studies show little correspon-
dence. In fact, a recent meta-analysis of 71 datasets found
no significant correlation between heterozygosity and heri-
tability with a mean regression coefficient of 20.08 (Reed
and Frankham 2001).

The extent to which molecular markers reflect quantitative
genetic subdivision between populations is also disputable.
A literature review by Merilä and Crnokrak (2001) found a
strong positive relationship between molecular (FST) and
quantitative (QST) subdivision across studies of a variety of
species. However, a subsequent review by McKay and Latta
(2002) found no significant correlation and detailed a number
of theoretical reasons (e.g., selection, mutation, epistasis)

why no such relationship should be expected. This prompted
a debate over the appropriate choice of studies and methods
(Crnokrak and Merilä 2002; Latta and McKay 2002). Rela-
tionships between FST and QST might be expected to be weak-
er in intraspecific studies, where the range of values is typ-
ically smaller than interspecific studies. Of the very few in-
traspecific studies reported to date, positive correlations be-
tween molecular and quantitative subdivision have been
found in the annual plant Senecio vulgaris (Steinger at al.
2002) and in two species of the microcrustacean Daphnia
(Lynch et al. 1999; Morgan et al. 2001) but not in the common
frog Rana temporaria (Palo et al. 2003).

Also at issue is the magnitude of FST versus QST. The
majority of studies find that QST exceeds FST, suggesting the
effects of diversifying selection (Lynch et al. 1999; Merilä
and Crnokrak 2001; McKay and Latta 2002; Rogers et al.
2002; Storz 2002; Palo et al. 2003). Some have suggested
that inflated quantitative divergence is less likely in recently
diverged populations where selection has had little time to
act (Whitlock 1999). However, others have noted this infla-
tion is reduced in highly subdivided populations (Lynch et
al. 1999), possibly because there is little room for QST to
exceed FST as both measures approach unity (Hendry 2002).
Clearly, further work on the empirical relationships between
molecular and quantitative genetic variation is warranted.

The copepod Tigriopus californicus is a particularly inter-
esting candidate for studies of genetic architecture because
its populations show extreme molecular subdivision, with
mitochondrial sequence divergence in some cases exceeding
20% (Burton and Lee 1994; Burton 1998; Edmands 2001).
Although levels of quantitative variation had never been re-
ported, the species short generation time and ease of hus-
bandry makes it amenable to quantitative trait measurement
under controlled laboratory conditions. In addition to as-
sessing the relationship between molecular and quantitative
trait variation, the present study focuses on comparisons be-
tween northern and southern regions. A mitochondrial phy-
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FIG. 1. Phylogeny based on a 395-base segment of cytochrome oxidase I showing reduced interpopulation differentiation at higher
latitudes. The tree shown is one of eight equally parsimonious tress of length 440 and consistency index 0.555. Populations are numbered
from north to south, and numbers along branches indicate the number of substitutions (values less than four were omitted for visual
clarity). Data come from Edmands (2001) except for the SUN population (D. Peterson and S. Edmands, unpubl. data) and the Tigriopus
japonicus sequence used as an outgroup (Machida et al. 2002). The six populations used in the present study are shown in bold type
with solid lines.

logeny for the entire species range shows that populations
from Oregon northward are derived and have interpopulation
divergences five times lower than those between southern
populations (Edmands 2001; Fig. 1). Reduced differentiation
at higher latitudes is a pattern common to a variety of taxa
and may be driven by recent colonization of high-latitude
areas following glaciation (Reid 1990; Hewitt 1996; Arm-
bruster et al. 1998; Avise and Walker 1998). Here, we look
at whether northern populations also have reduced subdivi-
sion for quantitative characters, and whether either molecular
or quantitative variation is reduced within populations. Pre-
vious molecular work on T. californicus relied primarily on
allozymes and mitochondrial DNA sequences (e.g., Burton
and Lee 1994), both of which show little variation within

populations. In this study we present the first data on micro-
satellite variation in the species.

MATERIALS AND METHODS

Population Sampling and Culture Maintenance

Copepods were collected from high intertidal pools at three
northern locations in British Columbia and Washington and
three southern locations in southern California (Fig. 1). The
sampling locations were Grappler Point, Vancouver Island,
British Columbia (GP, 488509N, 1258089W); Friday Harbor
Laboratories, San Juan Island, Washington (FHL, 488339N,
1238009W); Sunset Beach, Anacortes, Washington (SUN,
488309N, 1228429W); Point Dume, Malibu, California (PD,
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348009N, 1188489W); Royal Palms, Palos Verdes, California
(RP, 338429N, 1188199W); and San Diego, California (SD,
328459N, 1178159W). Samples from pools within the same
rock outcrop were combined because previous work shows
extensive gene flow within outcrops (Burton and Swisher
1984). Samples were collected in October and November
2001 and were shipped to the laboratory within three days
of collection. A subset of the animals was immediately frozen
at 2808C for microsatellite analyses and the remaining an-
imals were cultured under common conditions.

Cultures were established by placing 50 gravid females in
a 250-ml beaker containing 200 ml filtered (37 mm) seawater
supplemented with 0.04 g finely ground Spirulina algae
flakes. All cultures were kept at 208C with a 12:12 L:D pho-
toperiod. Every two weeks, half of the water in each beaker
was replaced by fresh seawater supplemented with Spirulina.
All cultures were maintained under these conditions for 7–
10 weeks (about two generations) before the crossing ex-
periments began.

Microsatellite Analyses

An enriched DNA library from the Royal Palms population
was used for microsatellite isolation and primer development
(S. Harrison, D. Peterson, and S. Edmands, unpubl. data).
Twelve microsatellite loci were initially screened in all six
populations. Five of these loci were found to be polymorphic
within at least one population and these five were then sur-
veyed in 50 individuals from each population (these were not
the same individuals used for analyses of quantitative traits).
The five loci used were di- and tetranucleotide repeats, with
total fragment sizes ranging from 100 to 223 bp.

DNA for microsatellite assays was extracted from indi-
vidual copepods by incubation in 25 ml proteinase-K cell-
lysis buffer for 1 h at 658C followed by 15 min at 998C (see
protocol in Lee and Frost 2002). Polymerase chain reactions
(PCRs) were carried out in 10-ml final volumes with 2.5 mM
MgCl2. Reactions were composed of a 4-min denaturation at
948C, followed by 35 cycles of 30 sec at 948C, 30 sec at 55–
608C (depending on the locus), and 30 sec at 728C, finally
followed by a 5-min extension at 728C.

PCR products (2–3 ml 1 0.4 ml loading dye) were run on
small (15cm 3 17 cm 3 0.8 mm), nondenaturing TAE poly-
acrylamide gels, with the lower portion of the gel supple-
mented with the polymer Spreadex (Elchrom Scientific, Ja-
maica Estates, NY). Conditions were optimized for different
fragment ranges. Fragments ranging from 100 to 150 bases
were run on 7% gels, whereas fragments between 160 and
223 bases were run on 6% gels. Gels were run for 2 h at 250
V and were then stained with ethidium bromide and visu-
alized on a UV light box.

Observed and expected heterozygosities were calculated
for each locus in each population and deviations from Hardy-
Weinberg equilibrium were tested following the procedure
described in Guo and Thompson (1992). Molecular subdi-
vision among populations was calculated in two ways. First,
FST was estimated using both ARLEQUIN (Schneider et al.
2000) and FSTAT version. 2.9.3 (Goudet 1995). Second, a
program by Goodman (1997) was used to estimate RST, an
analog of FST that assumes loci evolve according to the step-

wise mutation model. Standard errors for both parameters
were calculated by averaging over variance components. Mo-
lecular subdivision was assessed among all populations,
among populations within regions, between each pairwise
combination of populations, and between regions (FRT, Weir
and Cockerham 1984).

Quantitative Trait Measurement

A paternal half-sibling design was used to avoid maternal
effects. In T. californicus, mature males clasp prereproductive
females as a form of mate-guarding behavior (Egloff 1967;
Burton 1985). Males and virgin females are therefore easily
obtained by teasing these pairs apart using a fine probe. One
male and two randomly assigned virgin females from the
same population were placed in each petri dish containing
15 ml filtered seawater with 3 mg finely ground Spirulina.
Fifty of these ‘‘families’’ were set up for each of the six
populations. Each dish was monitored daily. The single male
would fertilize both females once they reached maturity. Two
to four days later the female would produce her first egg sac.
On the day this egg sac was produced, the female was placed
in a new petri dish containing fresh seawater with Spirulina.
On the day the clutch of eggs hatched, the number of live
nauplii (larvae) was counted under a dissecting microscope
by individually pipetting each nauplius into a new dish. Seven
days later, the number of live nauplii and copepodids (meta-
morphosed juveniles) was counted by pipetting individuals
into a new dish. Dishes continued to be monitored until the
first female produced an egg sac. These observations resulted
in five life-history measurements: hatching time, hatching
number, survivorship number, metamorphosis number, and
minimum generation time.

On the day the first female in a brood produced an egg
sac, the female and a haphazardly chosen male were removed
for morphometric measurements. Animals were anesthetized
in 14% MgCl2, and egg sacs were separated from females
before measurements were done. All measurements were
made on a Leica (Buffalo, NY) MZ12 dissecting microscope
at a magnification of 32X. Video images were captured and
measured using Optimas 5.2 (http: //www.optimas.com/
optimas.htm). Absolute size was calibrated using a stage mi-
crometer. The following seven measurements were taken in
both males and females: cephalothorax length and width,
urosome length and width, telson width, first antennule width,
and caudal seta length. In addition, clasper width was mea-
sured in males and diameter and area was measured in egg
sacs. Landmarks for the morphometric measurements are
available from the authors upon request. Because of losses
caused by mortality, sample sizes for quantitative traits var-
ied, and the mean number of individuals scored for each trait
in each population was 70.9.

Analyses of quantitative trait data were done using Statis-
tica 5.5 (StatSoft, Tulsa, OK). Phenotypic variation among
populations was assessed by analysis of variance (ANOVA)
with populations nested within regions. To calculate herita-
bilities, one-way ANOVA was performed for each popula-
tion. Following Lynch and Walsh (1998), the paternal half-
sibling estimator of heritability is 4VS/VT, where VS is var-
iance among sires and VT is total variance. Variance com-
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TABLE 1. Expected heterozygosity (SE) for each locus in each population.

Population Locus 1 Locus 2 Locus 3 Locus 4 Locus 5 All loci

GP
FHL
SUN
PD

0.358
0.265
0.000
0.000

0.000
0.000
0.000
0.000

0.519
0.728
0.000
0.000

0.203
0.000
0.000
0.641

0.000
0.000
0.000
0.000

0.216 (0.101)
0.199 (0.142)
0.000 (0.000)
0.128 (0.128)

RP
SD
All populations
Northern populations
Southern populations

0.480
0.134
0.206
0.208
0.205

0.569
0.655
0.204
0.000
0.408

0.000
0.203
0.242
0.416
0.068

0.449
0.000
0.216
0.068
0.363

0.185
0.000
0.031
0.000
0.062

0.337 (0.106)
0.198 (0.121)
0.180 (0.038)
0.138 (0.079)
0.221 (0.072)

TABLE 2. Molecular subdivision (SE) among populations (FST, RST) and regions (FRT, RRT).

FST RST FRT RRT

All populations
Northern populations
Southern populations

0.803 (0.044)
0.327 (0.154)
0.811 (0.065)

0.890 (0.000)
0.191 (0.003)
0.913 (0.001)

0.350 (0.161) 0.439 (0.009)

ponents were obtained by equating observed mean squares
(MS) with their expectations such that VS 5 (MSSIRE 2
MSERROR)/family size and VT 5 VS 1 MSERROR. Data were
also analyzed by nested ANOVA with individuals nested
within families within populations. The degree of genetic
population subdivision, QST, was calculated as VGB/(VGB 1
2VGW) following Spitze (1993), where VGB is the genetic
variance distributed among populations, and VGW is the ge-
netic variance within populations, which is calculated as four
times the mean VS given above. Subdivision within regions,
between regions, and between each pair of populations was
estimated by independent nested analyses of variance. Co-
efficients for expected mean square were adjusted for in-
equalities caused by mortality.

RESULTS

Molecular Variation

Microsatellite variation within populations (Table 1) was
generally low, with mean expected heterozygosities ranging
from 0.0 in population SUN to 0.337 6 0.106 (SE) in pop-
ulation RP. No significant deviations from Hardy-Weinberg
expectations were detected. Levels of expected heterozygos-
ity tended to be lower in the north (0.138 6 0.079) than in
the south (0.221 6 0.072), although the difference was not
significant (unpaired, two-tailed t-test; t28 5 20.92, P 5
0.366). Substantial variation was found among populations
(Table 2), with a mean FST of 0.803 6 0.044 and a mean
RST of 0.890 6 0.000. Subdivision among populations within
regions was significantly lower (nonoverlap of either mean
within two SE of the other mean) in the north for the param-
eter RST but not for FST. Subdivision between regions was
0.350 6 0.161 for FST and 0.439 6 0.009 for RST.

Quantitative Variation

Phenotypic subdivision was assessed by nested ANOVA
(Table 3). Of the five life-history characters, four differed
significantly among populations and three differed signifi-
cantly between regions, with individuals from the northern

region generally developing faster (shorter hatching and gen-
eration times and higher metamorphosis numbers). Of the 17
morphometric characters, all differed significantly among
populations and all but one differed significantly between
regions, with northern individuals generally being larger.

Heritability averaged over all traits and populations was
0.28 6 0.08 (Table 4). Differences between regions and trait
types were tested by unpaired two-tailed t-tests. Heritabilities
in northern populations were significantly lower than those
in southern populations (t130 5 22.34, P 5 0.021). This
difference was due to substantially reduced heritabilities for
life-history characters (t28 5 23.19, P 5 0.004), but not for
morphometric characters (t100 5 20.96, P 5 0.340). Across
all populations, heritabilities for life-history characters were
significantly higher than for morphometric characters (t130 5
2.09, P 5 0.038).

The average level of quantitative genetic subdivision was
0.30 6 0.07 (Table 4). Subdivision among populations within
the northern region was equivalent to that among populations
in the southern region (paired, two-tailed t-test; t21 5 0.103,
P 5 0.919). Population subdivision for life-history characters
(0.11 6 0.08) tended to be lower than that for morphometric
characters (0.35 6 0.08), although the difference was not
significant (unpaired, two-tailed t-test; t20 5 21.39, P 5
0.181). Similarly, overall subdivision between regions (0.26
6 0.07) was composed of weaker differentiation for life-
history characters (0.07 6 0.05) than for morphometric char-
acters (0.31 6 0.09), although the difference was not sig-
nificant (unpaired, two-tailed t-test; t20 5 21.46, P 5 0.160).

Relationships between Parameter Estimates

Within populations, expected heterozygosity was not sig-
nificantly correlated with overall heritability (r 5 20.369, P
5 0.472) or with heritability decomposed into life-history
characters (r 5 0.224, P 5 0.670) or morphometric characters
(r 5 0.204, P 5 0.697). Between populations (Fig. 2), sub-
division for quantitative traits (QST) was correlated with sub-
division for molecular traits when measured as FST (r 5
0.691, P 5 0.004) but not when measured as RST (r 5 0.414,
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P 5 0.125). When QST is divided into two components, mor-
phometric traits are significantly correlated with FST (r 5
0.672, P 5 0.006), whereas life-history traits are not (r 5
0.107, P 5 0.705). The magnitude of subdivision tends to
be higher for molecular characters than for quantitative char-
acters, whether evaluated among all populations (FST 5 0.80,
RST 5 0.89, QST 5 0.30), among populations within the north-
ern region (FST 5 0.33, RST 5 0.19, QST 5 0.13), among
populations within the southern region (FST 5 0.81, RST 5
0.91, QST 5 0.12), or between regions (FRT 5 0.35, RRT 5
0.439, QRT 5 0.26). Finally, the 22 quantitative characters
show no correlation between QST and h2 (r 5 0.309, P 5
0.162).

DISCUSSION

Like previous studies of the species using allozymes and
DNA sequences (e.g., Burton et al. 1979; Burton and Lee
1994), our microsatellite data reveal extensive differentiation
among populations. However, the average level of population
subdivision for microsatellites (FST 5 0.80, RST 5 0.89) was
somewhat lower than that previously found for mitochondrial
DNA over a similar geographic range (FST 5 0.98; Edmands
2001). This difference may be due both to the higher effective
population size for nuclear genes and to the elevated mutation
rates at microsatellite loci.

Both morphological and life-history characters differed
significantly between regions, with northern copepods gen-
erally being larger and developing faster. A positive corre-
lation between latitude and body size (i.e., Bergmann’s rule)
has long been noted in mammals, where it is generally at-
tributed to regulating heat retention. In ectotherms, gradients
in both body size and development rate have been attributed
to factors such as temperature or the availability of food or
oxygen (Arnett and Gotelli 1999; Spicer and Gaston 1999;
Ashton 2002). Further experiments are needed to determine
what factors triggered regional differences in our study. Tem-
perature is a particularly likely candidate for the cause of
differences in development rate. Because development is
closely tied to temperature, countergradient selection might
cause copepods from colder, northern climates to develop
more rapidly than southern copepods when raised under com-
mon-garden conditions.

An earlier phylogenetic study of the species using mito-
chondrial DNA showed reduced differentiation among north-
ern populations relative to southern populations (Edmands
2001). This pattern might be caused by postglacial expan-
sions and contractions during the Pleistocene ice ages some
20,000 years ago (e.g., Hewitt 1996; Avise and Walker 1998).
In the current study, regional differences in molecular and
quantitative characters were only partially consistent with
expectations based on glaciation. Microsatellite data did
show the expected reduction in variation both within and
between northern populations. Quantitative trait data, how-
ever, revealed a reduction in variation within, but not be-
tween, northern populations. The different pattern for mo-
lecular and quantitative traits might be explained by differ-
ences in mutation rates, because mutation rates for quanti-
tative characters are typically several orders of magnitude
higher than those for molecular characters (e.g., Pfrender et
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FIG. 2. Correlation between average estimates of subdivision for microsatellite loci (FST, RST) and quantitative traits (QST) for all
possible population pairs. Dashed line equals 1:1.

al. 2000). That is, the time since colonization may have been
sufficient to allow mutational differences between popula-
tions to reach an equilibrium point for quantitative traits but
not for microsatellites. It should be noted, however, that mu-
tation rates for both quantitative characters and microsatellite
loci are unknown for this particular species.

These overall regional patterns conceal considerable var-
iation among populations within regions. While northern
populations showed an overall decrease in both heritability
(in laboratory-reared progeny) and heterozygosity, a popu-
lation by population comparison reveals no significant cor-
relation between these two factors. This is consistent with
an increasing body of data suggesting these measures are
frequently discordant (Pfrender et al. 2000; Reed and Frank-
ham 2001). There are several reasons for this lack of cor-
respondence, including differential selection and mutation
rates. In the case of Tigriopus, an additional important factor
may be the conversion of nonadditive variation underlying
quantitative traits to additive variation under conditions of
isolation and drift (Goodnight 1988; Fernandez et al. 1995;
Meffert 2000; Lopez-Fanjul et al. 2002). These copepods live
in supralittoral splash pools that are prone to frequent evap-
oration and rehydration (Dybdahl 1994; Burton 1997). Such
bottlenecks could contribute to the decoupling of molecular
and quantitative variation.

Unlike the situation within populations, there was some
evidence for a correlation between quantitative and molecular
divergence between populations (significant for FST but not
for RST). Of course, the correlation between estimates of be-
tween population divergence can be disrupted by the same
forces that decouple diversity indices within populations
(e.g., mutation, selection, nonadditive variation). However,
estimates of population subdivision appear to be somewhat
more robust to these forces (e.g., Pfrender et al. 2000). Our
finding of correlations between populations but not within
populations parallels the patterns found for QST versus FST
in two species of Daphnia (Lynch et al.1999; Morgan et al.
2001) and in the annual plant Senecio vulgaris (Steinger et
al. 2002).

The finding of somewhat different patterns of molecular
subdivision for parameters FST versus RST is intriguing given
that studies of microsatellite versus quantitative trait varia-
tion have typically used only FST (e.g., Lynch et al. 1999;
Merilä and Crnokrak 2001; McKay and Latta 2002; but see
also Palo et al. 2003). There is certainly no consensus on
which parameter is most accurate for estimating microsat-
ellite variation (Wang et al. 2001). The best metric depends
in part on the mechanism of mutation: an infinite-alleles mod-
el favors FST (e.g., Neff et al. 1999), while a stepwise mu-
tation model favors RST (e.g., Zhu et al. 2000). The ideal
metric also depends on the balance between mutation and
drift. When mutation predominates, the differences in number
of repeats may be critical, whereas when drift predominates,
alternative alleles evolve relatively independently of their
mutational origin. In one example of human evolution where
drift is thought to be important (Pérez-Lezaun et al. 1997),
patterns found using FST were consistent with those from
other sources (genetic and archeological), whereas those
found using RST were substantially different. In the case of
T. californicus, both genetic drift and nonstepwise mutation
could influence the pattern of quantitative subdivision cor-
relating with FST but not RST.

As studies with joint estimates of FST and QST accumulate,
there is an emerging consensus that quantitative subdivision
typically exceeds molecular subdivision (Lynch et al. 1999;
Merilä and Crnokrak 2001; McKay and Latta 2002). This
suggests that quantitative subdivision is being driven by di-
vergent selection in local environments. In this study, we find
the opposite pattern (FST 5 0.83, QST 5 0.30), suggesting
that quantitative characters may be subject to either stabiliz-
ing or fluctuating selection. Further insight into the forces
driving population divergence can be gained by looking at
variation in QST among individual characters. Because the
ability of a character to respond to directional selection is
positively related to heritability (Falconer and Mackay 1996),
divergent selection in different locations should promote a
correspondence between QST and h2 as has been shown in
other cases (e.g., Yang et al. 1996; Lynch et al. 1999). Instead,
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we find no correlation between these two measures for the
22 quantitative characters (r 5 0.309, ns). This provides fur-
ther evidence for constraints on the evolution of quantitative
characters.

Morphological stasis appears to be particularly common
in copepods. Studies of a number of copepod genera have
found morphological stasis in the face of substantial molec-
ular divergence (McKinnon et al. 1992; Bucklin et al. 1995;
Rocha-Olivares et al. 2001). Lee and Frost (2002) were the
first to formally measure genetic subdivision for molecular
and quantitative characters in a copepod species (Eurytemora
affinis). Using FST derived from allozyme data and QST de-
rived from the morphology of secondary sex characters, Lee
and Frost found a pattern of excess molecular subdivision
(FST 5 0.617, QST 5 0.162) quite similar to the present study.
The authors considered several factors that could promote
this pattern, including weak diversifying sexual selection and
constraints due to stabilizing or fluctuating selection. It
should be noted that morphological stasis does not neces-
sarily imply a lack of adaptive evolution. Considerable geo-
graphic variation in temperature and salinity tolerance has
been reported in the E. affinis species complex (e.g., Lee
1999). Similarly, allopatric populations of T. californicus
show divergence in osmoregulatory adaptation (e.g., Burton
and Feldman 1983; Burton 1990).

Our study found depressed subdivision for general mor-
phological characters as well as a few characters that might
be subject to sexual selection such as antennule width and
male clasper width. In addition, we found particularly re-
duced subdivision for life-history characters. These patterns
could be caused by stabilizing selection in which similar
phenotypes for this particular set of characters are favored
in different geographic locations. Fluctuating selection could
also explain the observed pattern because reversals in the
direction of selection could retard quantitative trait diver-
gence by promoting canalization (Kawecki 2000). This seems
a particularly attractive hypothesis for species like T. cali-
fornicus inhabiting environments subject to frequent changes
in temperature, salinity, and other variables. A third possi-
bility is that the excess molecular subdivision may be due to
accelerated molecular evolution rather than decelerated quan-
titative evolution. Recent work shows accelerated rates of
molecular evolution in halophilic crustaceans relative to their
freshwater allies (Hebert et al. 2002). Because variation in
ionic strength can impact the structure of both DNA and
proteins, this acceleration might be caused by reduced fidelity
of DNA replication in hypersaline environments. Although
we have no rate data for T. californicus, the extensive mo-
lecular divergence between many geographically proximal
populations suggests the possibility of elevated rates of mo-
lecular evolution (Edmands 2001). At the extreme, popula-
tions just 10 km apart have greater than 17% mitochondrial
DNA divergence (Burton 1998), which translates into ap-
proximately 12 million years of isolation according to a stan-
dard molecular clock (Knowlton and Weigt 1998). It seems
highly improbable that neighboring populations could have
remained isolated for millions of years in the face of sub-
stantial and repeated changes in sea level.

The level of concordance among various measures of ge-
netic diversity has important implications for conservation

biology. Our results add to the growing body of data cau-
tioning against the use of molecular metrics of variation with-
in populations, such as heterozygosity, as a surrogate for the
ability of a population to respond to environmental change.
Our findings do, however, lend limited support to the practice
of using molecular markers to diagnose evolutionarily sig-
nificant units worthy of enhanced conservation priority (Wa-
ples 1991; Crandall 2000). Yet, while molecular markers may
provide a conservative estimate of adaptive divergence in
many cases, results such as ours and those of Lee and Frost
(2002) show that in some taxa quantitative trait divergence
is less than that predicted from presumably neutral molecular
markers. In such cases, molecules would provide an inflated
estimate of adaptive differences.
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