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Geographic variation in Megalorchestia californiana
allele frequencies may be caused by winter rather
than summer temperatures
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ABSTRACT: There are many allozyme polymorphisms with latitudinal clines, for which selection
by climate is one obvious explanation. Both warm summer temperatures and cold winter temperatures could plausibly impose selection on enzyme polymorphisms, but because summer and winter temperatures are usually geographically correlated, there has been little attempt to use patterns of geographic variation to discriminate between these possible selective factors. The
glucose-6-phosphate isomerase and mannose-6-phosphate isomerase allozyme polymorphisms in
the amphipod crustacean Megalorchestia californiana have clines that are strongly associated
with mean January air temperature but are only weakly associated with mean August air temperature. This suggests that winter temperatures are more likely than summer temperatures to be a
selective factor on these polymorphisms.
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A variety of techniques can be used to test whether
a protein polymorphism is affected by natural selection, using evidence such as geographic variation
in allele frequency (McDonald 1994, Beaumont
2005, Nosil et al. 2009), selection component analysis (Christiansen & Frydenberg 1973, Siegismund &
Christiansen 1985), or DNA polymorphism and divergence data (Nielsen 2005). There are now many
examples of protein polymorphisms with evidence of
balancing or differentiating selection, but detecting
selection is just the first step. A thorough understanding of a protein polymorphism would include a detailed biochemical characterization of the products
of different alleles; careful observation of the physiological, developmental, or behavioral phenotypes
(Eanes 1999, Zera 2011); and accurate measurement
of the relative fitnesses of genotypes in nature, including the effects of different environmental variables (physical, chemical, and biological) on those

fitnesses (Joost et al. 2007, Manel et al. 2010, Cox et
al. 2011).
Geographic variation in allele frequency is one
common source of inferences about environmental
factors that may affect fitness; when allele frequencies are correlated with a geographically varying
environmental factor, it is evidence that suggests differential selection by that factor. A single cline, such
as a latitudinal cline associated with temperature,
could also be due to random drift; only a repeated
geographic pattern (Oakeshott et al. 1982, McDonald
1987) is strong evidence for selection. However, even
a single cline, when it is strongly correlated with an
environmental factor, suggests that the factor is worthy of further investigation (Manel et al. 2010). Correlation of allele frequencies with an environmental
factor can also provide valuable clues that help focus
the search for differences in biochemical and physiological phenotype (Clarke 1975, Coop et al. 2010).
One common type of association of allozyme allele
frequency with environment is a latitudinal cline
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(Endler 1977, Riddoch 1993, Schmidt et al. 2008).
The obvious explanation is selection by temperature,
since temperature has pervasive effects on protein
stability and function, and higher latitude environments generally have cooler temperatures. Both
high temperatures and low temperatures can have
profound effects on enzyme function and stability
(Somero 1995, Angilletta 2009), so for any particular
polymorphism, it is possible that fitness differences
among genotypes primarily occur during hot summer
temperatures, primarily during cold winter temperatures, or throughout the year. To disentangle summer
and winter temperatures as possible selective factors,
it would be helpful to sample populations from a set
of locations for which summer and winter temperatures are not highly correlated. The Pacific coast of
the United States is one area where this is possible.
The climate at coastal locations is moderated by the
open ocean and cooled in the summer by coastal
upwelling, while locations on protected waters such
as the Salish Sea and San Francisco Bay experience a
broader range of temperatures. As a result, protected
beaches are warmer in the summer and cooler in
the winter than beaches on the adjacent open coasts
(Table S1 in the Supplement at www.int-res.com/
articles/suppl/m488p201_supp/), leading to a weak
association of summer and winter temperatures
(Fig. 1).

f

Fig. 1. Relationship of January and August mean air temperatures at the sample locations used in this study (see Fig. 2).
s, sites on or near the open coast; D, sites in the Salish Sea;
m, site in San Francisco Bay. Data from the PRISM database (PRISM Climate Group 2012) as shown in Table S1 in
the Supplement at www.int-res.com/articles/suppl/m488
p201_supp/

The amphipod crustacean Megalorchestia californiana inhabits sandy beaches on the Pacific coast of
North America. Individuals remain burrowed in the
sand around the high-tide line during the day,
emerging at night to forage for washed-up detritus
(Bowers 1964). There is no planktonic larval stage;
direct-developing young are released from a brood
pouch. Glucose-6-phosphate isomerase (GPI) and
mannose-6-phosphate isomerase (MPI) both have
allozyme polymorphisms with 2 common alleles, and
both polymorphisms have allele frequencies that are
correlated with latitude (McDonald 1985). Here data
from McDonald (1985) is combined with data from
new locations, including several more locations in
protected habitats, to test whether Gpi and Mpi allele
frequencies are more strongly associated with summer or winter temperatures.

MATERIALS AND METHODS
Amphipods were collected from the strand line of
sandy beaches by 1 of 3 methods. Pitfall traps (plastic
drinking cups containing 2 cm of seawater, with the
top flush with the sand surface) were used at night;
during the day, amphipods were collected by picking
them from underneath piles of stranded seaweed
or by sieving sand through a 4 mm mesh. With the
exception of Santa Cruz (May 31) and some San
Francisco individuals (May 2), samples were collected in late March or early April 2009 and 2010. An
average of 228 individuals were sampled from each
location. Sampling dates and sample sizes are given
in Table S2 in the Supplement. Data from 1983
samples were obtained from McDonald (1985) (which
erroneously states that samples were collected in
1984).
Amphipods were frozen on dry ice in the field and
returned to the laboratory. Gpi and Mpi genotypes
were determined on starch gels using the protocols
of McDonald (1987). Individuals with ambiguous
results were re-run until a clear genotype was obtained for both enzymes.
Rare alleles (less than 1% in the total of all samples) were pooled with the electrophoretically closer
of the 2 common alleles at each locus for all statistical
analyses. Allele frequencies from locations sampled
in more than 1 yr were compared using G-tests
of independence (McDonald 2009, pp. 64−69) on
each location separately, and the Cochran-MantelHaenszel test (McDonald 2009, pp. 88−94) was used
to compare sets of multiple locations sampled in
different years.
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As a measure of long-term climate, the mean maximum and minimum daily temperatures for January
and August for the 1981 to 2010 time period were
obtained from the PRISM database (PRISM Climate
Group 2012). Mean monthly temperatures were estimated by averaging the mean maximum and minimum daily temperatures. January and August were
chosen because at most of the locations, January has
the lowest and August has the highest temperatures.
Logistic regression (McDonald 2009, pp. 247−255)
of allele frequency on temperature was done separately for each of 6 variables: January and August
mean daily maxima, January and August mean daily
minima, and January and August means. The strength
of each association was measured with McKelvey &
Zavoina’s (1975) pseudo-R2; of several possible
pseudo-R2 values, it is most comparable to the familiar
R2 of linear regression, although values of the pseudoR2 for strong associations are smaller than R2 values
for strong linear regressions (Veall & Zimmermann
1996). For each locus, the difference between the
best-fitting climate variable and each other variable
was tested using the method of Vuong (1989) with a
Bonferroni correction for the 5 comparisons.
Genotype data have been submitted to Dryad
(doi:10.5061/dryad.k172s).

RESULTS
Amphipods were collected from 7 locations in
spring 2009 and 15 locations in spring 2010, with 4
locations being sampled in both years (Fig. 2,
Table S1). There were 2 common alleles at each
locus, with 2 rare alleles (less than 1% in the total
sample) at Gpi and 3 rare alleles at Mpi (Table S2).
None of the 4 locations that were sampled in both
years differed significantly in allele frequency for
either locus between years (G-test, p > 0.05), and
there was no significant overall trend across the 4
locations at either locus (Cochran-Mantel-Haenszel
test, p > 0.05), so the 2009 and 2010 samples were
pooled for subsequent analyses. Seven locations
were sampled in both 1983 (McDonald 1985) and
2009 to 2010, and they did not differ significantly in
allele frequency, either individually or overall, so the
1983 samples were combined with the 2009 to 2010
samples for subsequent analyses. Four samples from
McDonald (1985) were not used: Humboldt Bay,
Bodega Bay, and Orange County, due to very small
sample sizes, and Santa Barbara, which was similar
but not identical in location to the larger 2010 Goleta
sample.

Fig. 2. Sample locations on the Pacific coast of the USA. Exact
locations are given in Table S1 in the Supplement available
at www.int-res.com/articles/suppl/m488p201_supp/

There was a strong association between Gpi allele
frequency of the combined samples and January
maximum, minimum, or mean temperature, with
January maximum temperature having the strongest
association as measured by pseudo-R2 (Table 1). The
association of Gpi allele frequency and January maximum temperature (Fig. 3) was significant (logistic
regression, p < 0.0001). The best association of Gpi
allele frequency and August temperature was with
the August maximum; although the logistic regression was significant (p < 0.0001), it was significantly
weaker (Vuong test, p < 0.0001) with a much smaller
pseudo-R2 than any of the January variables. The difference in the associations was largely due to sites in
the Salish Sea. Beaches in the Salish Sea are almost
1°C warmer in August but 2 to 3°C cooler in January
than most locations on the open coasts of Washington
and Oregon (Fig. 1, Table S1), and the Gpi 100 allele,
which is most common in southern California, is less
common inside the Salish Sea than on the open coast.
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Table 1. Results of logistic regression of allele frequencies
vs. each climate variable. Pseudo-R2 calculated according to
McKelvey & Zavoina (1975)
Pseudo R2

Locus

Climate variable

GPI

January maximum
January minimum
January mean
August maximum
August minimum
August mean

0.249
0.210
0.243
0.063
0.013
0.018

MPI

January maximum
January minimum
January mean
August maximum
August minimum
August mean

0.255
0.231
0.256
0.000
0.100
0.022

A similar pattern is seen at San Francisco Bay, where
the location inside the bay is about the same January
temperature as the coastal location of the same latitude, but the bay site is over 2°C warmer in August;
despite the warmer summer temperatures, the Gpi 100
allele is about the same frequency inside and outside
of San Francisco Bay.

A similar pattern was seen for Mpi allele frequencies (Fig. 3): there was a strong association with January maximum, minimum, or mean temperatures,
with mean temperature showing the strongest
association; the association with August minimum
temperatures, while significant, was considerably
weaker than the associations with January temperatures (Table 1). The Mpi 90 allele, which was most
common in southern California, was less common
inside the Salish Sea than on the open coast, and
Mpi 90 was similar in frequency inside and outside of
San Francisco Bay.

DISCUSSION
The results show that both Gpi and Mpi have latitudinal clines that exhibit a stronger association with
winter temperatures than with summer temperatures. Of course, a single cline such as seen here
could result from random drift in isolated populations, followed by migration. Much of the pattern is
due to the 5 sites in the Salish Sea, and it is possible
that they are all derived from a single isolated population that differentiated due to drift and happens to

Fig. 3. Association of allele frequency and temperature. The frequency of the allele that becomes more common in the south
is shown for Gpi and Mpi, plotted against January or August temperatures from the PRISM database (PRISM Climate Group
2012). The best-fitting temperature from each month is shown. Complete data are given in Tables S1 & S2 in the Supplement
at www.int-res.com/articles/suppl/m488p201_supp/
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be found in an area with relatively warm summers
and cold winters. However, these results do suggest
that if the clines are due to selection, winter temperatures are a worthy candidate for further investigation as a selective factor.
There was no significant change in allele frequency between the 1983 samples and the samples
collected a quarter-century later, so unlike some
polymorphisms (Umina et al. 2005), there is no evidence that changing climate has had a selective
effect. Most of the new samples in this study were
collected in late March and early April, and most of
the samples in McDonald (1985) were collected in
late February through mid-August. One possible
follow-up experiment would be to collect large samples from a single location at multiple times throughout the year, in particular before and after the winter,
to see if seasonal selection is strong enough to produce measurable changes in genotype frequencies.
Numerous species have Gpi polymorphisms in
which allozyme allele frequencies are associated
with latitude or temperature (Riddoch 1993). For the
most part, these geographic patterns of allele frequency change occur in areas such as the eastern
coast of the USA, where the high correlation between winter and summer temperatures would make
it difficult to use the geographic patterns to separate
the roles of summer and winter temperatures as possible selective agents. Here I take advantage of the
disconnect between summer and winter temperatures provided by the Salish Sea and San Francisco
Bay, whose protected shores have air temperatures
that are warmer in summer but colder in winter than
the open coast of Washington and Oregon. The much
stronger association of Gpi allele frequencies with
winter temperatures suggests that if temperaturebased selection is the cause of the geographic pattern, winter temperatures are more important than
summer temperatures.
This analysis used air temperatures from the PRISM
database (PRISM Climate Group 2012), which estimates the daily maximum and minimum temperature
at locations by interpolating between nearby weather
stations and adjusting for the effects of altitude and
proximity to bodies of water. During the daytime, the
temperature in the sand may be quite different from
the outside air temperature (Pollock & Hummon 1971,
Milton et al. 1997). Unlike sessile intertidal organisms,
whose body temperature can be accurately modeled
using air and water temperature data (Wethey et al.
2011), Megalorchestia californiana would have some
control of their body temperature during the daytime
based on the elevation of their burrow on the beach
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and the depth in the sand. At night, M. californiana
could avoid extreme cold air temperatures by remaining in their burrows. Temperature-related selection might result from the occasional extremely hot or
cold day; from daytime highs or nighttime lows; or
from the daily, monthly, or yearly variability in temperature rather than the monthly mean. Temperatures at other times of the year, such as the main
breeding season, might be more important than the
coldest and hottest months, and rainfall or cloud
cover could conceivably have a selective role. With
only 21 geographic locations, a multiple logistic
model with all of the many possible climate variables
would have risked overfitting, so only the January
and August mean, maximum, and minimum temperatures were compared. Considering all the possible
selective factors, the close fit of both Gpi and Mpi
allele frequencies to January temperatures is therefore remarkable.
GPI catalyzes the interconversion of glucose-6phosphate and fructose-6-phosphate that is part of
the important glycolysis/gluconeogenesis reversible
pathway. GPI competes with several other enzymes
for glucose-6-phosphate, so that GPI activity may
play a role in allocating resources to lipid storage vs.
immediate energy production (Eanes 2011). There
have been numerous biochemical studies of Gpi
polymorphisms with allele frequencies associated
with temperature (Watt 1977, Hoffmann 1981, Watt
1983, Hall 1985, Zera 1987, Van Beneden & Powers
1989, Patarnello & Battaglia 1992, Dahlhoff & Rank
2000), but there is no single biochemical property
that is consistently associated with alleles that are
more common in warmer areas; for example, while
the warm-associated allozyme exhibits greater resistance to thermal denaturation in some species
(Watt 1977, Van Beneden & Powers 1989), it is less
stable in others (Hoffmann 1981, Hall 1985, Zera
1987). Making full use of geographic patterns to infer
as much as possible about possible selective factors
would be a useful precursor to detailed biochemical
and physiological studies of enzyme polymorphisms.
Compared with Gpi, relatively few latitudinal
clines of Mpi allele frequency are known. This may
be because fewer people stained for MPI during the
bygone era of allozyme surveys, due to the generally
weak activity of MPI (Saunders et al. 1969) and
higher cost of the MPI stain ingredients. There are,
however, several organisms with variation in Mpi
allele frequency on a smaller geographic scale. The
amphipod crustaceans Platorchestia platensis, Orchestia grillus, and Hyale plumulosa exhibit repeated
differences in allele frequency between beaches out-
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side and inside small bays on Long Island, New York
(McDonald 1987, McDonald 1991); temperature, oxygen, and food type are among the plausible selective
factors that may differ between the exposed and protected habitats. The barnacle Semibalanus balanoides exhibits differences in Mpi allele frequency
between the upper and lower intertidal in Maine
(Schmidt & Rand 1999), but the allele that is favored
in the upper intertidal in Maine is favored in the
lower intertidal in Rhode Island (Rand et al. 2002).
MPI is a reversible enzyme that catalyzes the
interconversion of fructose-6-phosphate and mannose-6-phosphate. Many algae contain high levels of
mannose polysaccharides, so Megalorchestia californiana presumably uses MPI to process mannose into energy. Having sufficient MPI activity is important when
food contains high levels of mannose, as phosphorylating mannose to mannose-6-phosphate uses ATP,
and if ATP is used faster than it is regenerated, it can
be fatal (de la Fuente et al. 1986, Harvey et al. 2012).
Under stressful conditions, mannose causes differences in growth and survival between Mpi genotypes
in Semibalanus balanoides (Schmidt 2001). Selection
on Mpi may be particularly likely in marine organisms
that eat algae that are high in mannose.
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