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INTERTIDAL MICROHABITAT AND SELECTION AT MPI: INTERLOCUS 
CONTRASTS IN THE NORTHEW* ACORN BARNACLE, SEMIBALANUS BALANOIDES 
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Abstract.-Barnacles were sampled from various microhabitats in the rocky intertidal at multiple sites in two years. 
At sites in which there were large differences among microhabitats in temperature profiles, Mpi genotype frequencies 
were consistently and significantly different. Genotype frequencies for another allozyme locus (Gpi) as well as a DNA 
marker shown to be neutral (the mtDNA control region) were statistically homogeneous among thermal microhabitats 
at all sites in both years. The data indicate that temperature and/or desiccation mediated selection is operating at Mpi 
or a linked locus and that Mpi genotypes experience differential mortality in the various hab~tat types. If the relative 
fitness of genotypes is dependent on habitat type, the Mpi polymorphism may be actively maintained by a Levene 
model of balancing selection (Levene 1953).Because barnacle larvae are produced in abundance each year and spend 
five to eight weeks dispersing in the water column, there is little opportunity for the accumulation of adaptive divergence 
over the environmental grain size relevant in intertidal habitats. The Mpi polynlorphism may be an important component 
of a suite of traits involved in the adaptation of barnacles to heterogeneous environments. Due to the relatively high 
concentration of mannose in a variety of algal groups, the nletabolism of mannose may substantially affect individual 
performance and fitness in this and other species that feed on algae and phytoplankton. Because the Mpi locus is one 
of the most strongly polymorphic in marine organisms, these findings may be relevant for a diversity of other such 
species. 

Key words.-Balancing selection, hab~tat variation, Mpi, multiple locus comparisons, Semibulanus bu1unoide.r. 
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The importance of molecular polymorphisms in the ad- 
aptation of organisms to heterogeneous environments has 
been a contentious issue in evolutionary biology for the past 
three decades. A substantial amount of genetic variation ex-
ists in many natural populations, and theoretical models of 
balancing selection illustrate how this variation can be ac- 
tively maintained by selective regimes that vary in space and/ 
or time in a genotype-dependent manner (e.g., Levene 1953; 
Haldane and Jayakar 1963; Levins 1968; Wallace 1968; Gil- 
lespie 1974). Although polymorphism may be a temporary 
phase in molecular evolution and of little adaptive signifi- 
cance (Kimura and Ohta 1971), environmental diversity and 
stability may play an important role in the maintenance of 
many genetic polymorphisms (Hedrick et al. 1976; Powell 
and Taylor 1979). 

Documenting patterns of genotype frequency variation in 
natural populations provides an inferential yet robust method 
for testing the effects of selection on polymorphisms. Re- 
peated patterns of genotypelenvironment covariance in mul- 
tiple, independent groups of populations supports the hy- 
pothesis that selection, and not genetic drift, structures pat- 
terns of variation at that linkage group (Clarke 1975). Sim- 
ilarly, a comparison of geographic andlor temporal patterns 
of allele frequency variation at more than one locus can be 
used to test the neutrality of molecular polymorphisms. Neu- 
tral evolutionary forces such as genetic drift are predicted to 
affect all loci equally: all neutral polymorphisms should ex- 
hibit similar levels of spatial and/or temporal variation. If 
analyses of multiple genetic markers reveal significantly dif- 
ferent patterns of variation among loci, the null hypothesis 
of neutrality may be rejected (Lewontin and Krakauer 1973; 
Christansen and Frydenberg 1974). However, such compar- 
isons among allozyme loci may be confounded by certain 

patterns or combinations of gene flow, mutation, and heir- 
archical population structure (Nei and Maruyama 1975; Rob- 
ertson 1975). 

Another difficulty in comparing allozyme loci is deter- 
mining precisely which one exhibits a nonneutral pattern 
(Clarke 1975). Multilocus comparisons become considerably 
more powerful when one or more loci are assumed to be 
neutral, such as noncoding regions of DNA. The neutrality 
of a polymorphism can also be directly addressed by docu- 
menting patterns of nucleotide substitutions within and be- 
tween species (Hudson et al. 1987; Tajima 1989; McDonald 
and Kreitman 1991). Different patterns of variation at neutral 
markers and at candidate loci imply selection. Thus, a com- 
parison of genotype distributions for functionally distinct 
classes of genetic markers can be used to dissect the relative 
roles of gene flow, genetic drift, and selection in generating 
genetic structure in natural populations (Karl and Avise 1992; 
Berry and Kreitman 1993; Pogson et al. 1995). 

Assessing the effects of environmental diversity on genetic 
variation requires an understanding of the relevant biotic and 
abiotic variables that comprise an organism's environment as 
well as how they vary over space and time. Ecological and 
natural-history data may shed light on which variables may 
be more important in determining organismal performance 
and fitness. As such, an ecological context to a study of 
adaptation and genetic variation is crucial (Endler 1992; Watt 
1994). The northern acorn barnacle, Semibalnnus bnlnnoides, 
provides an ecological system well suited to an investigation 
of the relationship between environmental heterogeneity and 
genetic variation. Barnacles are sessile, have a well-known 
ecology and natural history, and experience predictable var- 
iation in environmental parameters that greatly affect fitness. 
Here we describe a consistent and extremely fine-scaled co- 
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variance of genotype with thermal environment that occurs 
at the isomerase locus (Mpi; E.C.m a n n o ~ e - 6 - ~ h o s ~ h a t e  
5.3.1.8); no association between genotype and environment 
was evident at another allozyme locus, glucose-6-phosphate 
isomerase (Gpi, E.C. 5.3.1.9) or a neutral DNA marker (the 
mtDNA control region). The contrasting patterns of genetic 
variation for the three genetic markers are interpreted in an 
ecological framework to address the potential adaptive sig- 
nificance of genetic variation. 

Natural History 

Sernibnlanus bnlnnoides is a common intertidal barnacle 
with a circumboreal distribution. In the western Atlantic, the 
distribution extends from the Canadian arctic to New Jersey 
(Barnes 1958), although individuals are infrequently found 
as far south as Cape Hatteras (Wells et al. 1960). This species 
is simultaneously hermaphroditic, but cannot self-fertilize 
(Barnes and Crisp 1956). Mating occurs in the autumn, and 
larvae are brooded in the mantle cavity until released into 
the water column in the early spring. After progressing 
through six developmental stages over a period of three to 
five weeks (Barnes and Barnes 1959), larvae enter a non- 
feeding cypris stage lasting from two to four weeks during 
which they can settle and metamorphose into juveniles (Lu- 
cus et al. 1979). Using residual water transport rates from 
the North Sea, Flowerdew (1983a) has calculated larvae may 
travel an average of 70-100 km during a five to seven week 
tenure in the plankton, resulting in the potential for extensive 
gene flow among populations. 

Substantial evidence demonstrates that temperature is the 
most important abiotic determinant of S. balanoides survi-
vorship. Barnacles exposed to 37OC for 45 min. in the lab- 
oratory suffered 50% mortality, and a one-time exposure to 
3.5-37°C resulted in 50% of barnacles lapsing into heat coma 
(Southward 19.58). Such temperatures are routinely encoun- 
tered in many intertidal habitats, most notably at lower lat- 
itudes and at higher intertidal heights during the summer 
months (Barnes 19.58; Southward 19.58). Temperature in- 
duced mortality can also vary among microenvironments 
within intertidal zones. For example, Barnes (19.58) observed 
a 43% average difference in percent mortality between sun- 
exposed and sun-protected sides of intertidal boulders. In an 
elegant experiment, Wethey (1984a) demonstrated that phys- 
ical stress sets the distribution limit in the high intertidal: 
the addition of an experimental shade allowed S. balanoides 
to persist at a higher intertidal elevation than it would nor- 
mally occupy. Percent mortality was three times higher under 
shades with a clear roof than under opaque shades, which 
demonstrates that heat stress and desiccation, not emersion 
or starvation, determines survivorship in the high intertidal 
zone. 

Biotic interactions also modulate levels of thermal stress 
and survivorship in barnacle populations. An algal canopy 
of Ascophyll~~nznodosunz occurs sporadically throughout the 
intertidal zone and provides a thermal refuge for barnacles 
by maintaining a much lower substrate temperature, retaining 
water, and providing protection from solar radiation (Bertness 
et al. 1999). Similarly, early postsettlement mortality in-
creases with increasing intertidal elevation when ephemeral 

algae are removed, but remains relatively constant among 
tidal positions in control treatments (Minchinton and Scheib- 
ling 1993). 

Thermal regimes in the New England rocky intertidal are 
highly variable at spatial scales of less than one meter to 
hundreds of kilometers. Despite the presumably high levels 
of gene flow inferred from pelagic larval dispersal (e.g., Crisp 
1978), such environmental variation may result in selection 
pressures strong enough to cause genetic differentiation with- 
in and among populations (Burton and Feldman 1982; Burton 
1983; Hedgecock 1986). In S. bnlnnoides, Mpi and Gpi allele 
frequencies differ between northern and southern populations 
in the Gulf of St. Lawrence; the genetic differentiation be- 
tween populations may result from temperature-mediated se- 
lection (Holm and Bourget 1994). Interestingly, Mpi and Gpi 
are the only two allozymes in this species in which a strong, 
predominantly two-allele polymorphism was observed 
(Flowerdew 1983b), and both loci exhibit nonneutral patterns 
in other marine invertebrates (e.g., Hoffmann 1981; Mc- 
Donald 1991 ). 

Snnyling Design 

In June 1994 we surveyed a variety of locations in the 
Damariscotta River Estuary in Maine, USA (44'54" N, 69'35" 
W) in order to select sites that differed in levels of thermal 
stress (see Fig. 1). The river has a north-to-south orientation, 
which has two notable effects. At the coast (to the south), 
water temperature and substrate temperatures in the mid and 
high intertidal zones are generally lower than they are upriver. 
Second, the eastern bank of the Damariscotta is directly ex- 
posed to solar radiation in the afternoon, when substrate tem- 
peratures in the high intertidal reach their maximum during 
low tide. Many portions of the western side of the river are 
shaded during this time. Using these qualitative criteria, we 
categorized coastal and western localities as "cold sites" (C) 
and upriver and eastern localities as "hot sites" (H). We 
selected three hot and three cold sites for further analysis. 
The hot sites included one location 10 km upriver from the 
coast (designated UR) as well as two midriver localities on 
the eastern bank (E l  and E2). The cold sites included a coastal 
sample (C) and two localities on the western bank directly 
across from E l  and E2 (designated W1 and W2). 

At each of the six localities, we sampled from three in- 
tertidal microhabitats: the exposed microhabitat (X), located 
in the high intertidal zone and in which barnacles experience 
the highest temperatures and percent mortality due to phys- 
ical stress; the algal canopy microhabitat (A), also located 
in the high intertidal, but in which barnacles are thermally 
protected; and the low intertidal height microhabitat (L), in 
which barnacles are submersed for the vast majority of the 
tidal cycle. We deployed temperature data loggers (Onset 
Computer Corp., Pocasset, MA) that recorded temperature 
every 12 min for a period of one month to quantify thermal 
differences among the three microhabitats at both a hot and 
a cold site (see Fig. 2). 

The resulting dataset was heirarchical and could be struc- 
tured as a multidimensional contingency table. A given in- 
dividual barnacle would be collected from a particular type 
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North 

FIG.1. Map of study sites in the Damariscotta River Estuary (ME) in 1994. The photo depicts the three microhabitats sampled at site 

E l  in 1994 as well as their spatial relationships. Corresponding Mpi and Gpi genotype and mtDNA haplotype frequencies are shown for 

the various microhabitats at this site; see Table 1 for details. 

of site (H or C), at a specific locality (UR, E l ,  and E2 for 
hot sites, C, W l ,  and W2 for cold sites; the localities can be 
considered [psuedo] replicates), a specific thermal micro- 
habitat (X, A, or L), and would be a particular genotype at 
a given locus. Thus, if there are three genotypes at a locus, 
the dataset would take the form of a 2 (site) X 3 (locality) 
X 3 (microhabitat) X 3 (genotype) contingency table. 

In July 1994, approximately 100 adult barnacles were ran- 
domly collected from each microhabitat along a 10-m stretch 
of shoreline at each site. We attempted to sample only in- 
dividuals from the previous year's cohort by using size of 
the sampled individual relative to others in the specific mi- 

crohabitat at each site to control for age class. In areas where 
barnacle growth rates are high, it is often impossible to cat- 
egorize individuals into more than two age classes (present- 
year recruits and adults). However, at the sites we sampled, 
individuals could generally be grouped into three size classes: 
new recruits, one year olds, and older adults. Once collected, 
samples were kept on ice in the field until transferred to a 
-80°C freezer for storage. 

In July 1995, samples were again collected from El /E2 
and W1/W2 as well as at an eastern and western site in the 
New Meadows River, 20 km southwest of the Damariscotta 
River (sites designated NME and NMW). Approximately 100 
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Date 

FIG.2 .  Maximum daily temperature in the three microhabitats at 
the cold site W1 (A )and the hot site E l  ( B )  for the period July 19 
to August 16. 1994. The dashed line indicates the temperature caus- 
ing heat coma in S. balanoides. 

adults from the previous year's cohort were collected as be- 
fore from the X and L microhabitats, which were predicted 
to exhibit the greatest difference in thermal regimes. Thus, 
the barnacles sampled in 1994 and 1995 were selected to 
represent discrete generations. 

Electrophoresis 

Once thawed, the barnacle prosoma was removed from the 
shell and the cirri and gut discarded to reduce chances of 
protein/DNA contamination from other organisms. The re- 
maining tissue was homogenized in 50-200 p1 of an allozyme 
grinding buffer (50 mM Tris-HC1 pH 8.0, 1 mM MgC12, 1 
mM DTT, 50% v/v glycerol; Holm and Bourget 1994). Five 
microliters of homogenate was applied to cellulose acetate 
plates at the cathodal end of the gel and run at 200 V for 
20-25 min. A standard of known genotype was also included 
on each gel. A Tris-glycine buffer (pH 8.5) was used both 
as the running buffer and for presoaking the gels (Hebert and 
Beaton 1989). After completion of a run, each gel was stained 
for both the Gpi and Mpi allozymes according to Hebert and 
Beaton (1989). Mpi alleles were of sufficiently faster mobility 
than Gpi to allow two separate stains to be applied to the 
same gel; thus, each individual's genotype could be simul- 
taneously scored for both loci. Gels were incubated at 37OC 
for 10-30 min until bands could be clearly resolved. 

The mitochodrial haplotype for each individual was de- 

termined using a combination of PCR, restriction enzyme 
digests, and agarose gel electrophoresis. DNA was prepared 
according to a modified version of a standard "squish-prep" 
(Gloor and Engels 1992). Individuals were homogenized in 
10 mM Tris pH 8.2, 1 mM EDTA, and 25 mM NaC1, and 
the cellular debris was pelleted and discarded. Two micro- 
liters of a lOmg/ml stock of proteinase-K was added to 50 
p,1 of the supernatant, which was then incubated at 37°C. The 
proteinase-K was inactivated by incubation at 95OC, and 1 
pl  of the resulting solution was used directly in PCR. Primers 
flanking a 401-bp portion of the mitochondrial control region 
were used in a standard 25-p1 PCR reaction. The forward 
primer (5'-TTA CGG GCG TAT TTT ACT TG-3') was IsoA 
from Simon et al. (1994). The reverse primer (5'-TAA CCG 
CGA CGG CTG GCA C-3') was designed from sequences 
near the 5 '  end of the 12SrRNA gene, obtained by Brown 
(1995). A polymorphic restriction site for the Dde I endo-
nuclease defined two haplotypes that occurred at roughly 
equal frequency in our samples. After digesting amplified 
DNA according to manufacturer's instructions, samples were 
run for 3 hr at 60 V on 3% agarose gels using 1X TBE as 
both gel and running buffer. In S.  Dalanoides, patterns of 
nucleotide variation in 27 mitochondrial control region se- 
quences (barnacles obtained from Long Island Sound to 
Maine) are consistent with neutrality (Tajima's D = 0.29; 
Brown 1995). Thus, the mtDNA PCR fragment could be used 
as a neutral marker. 

Statistical Analyses 

We were interested in examining how frequencies of spe- 
cific genotypes varied (1) between hot and cold sites; (2) 
among the three hotlcold replicate localities; (3) among the 
three intertidal microhabitats; (4) among the three genetic 
markers (Mpi, Gpi, and mtDNA); and (5) between 1994 and 
1995. Due to the multifactorial nature of the sampling regime, 
a multitude of G-tests or chi-square tests of independence 
would be needed to fully elucidate the nature of the asso- 
ciation between genotype and microhabitat. Furthermore, 
tests of independence provide relatively little information 
regarding the similarities or differences among response pro- 
files for the different genotypes at a given locus. Therefore, 
we used polytomous logistic regression to describe the nature 
of the relationship between the response variable (genotype) 
and several predictor variables (site, locality, and microhab- 
itat) for each of the three genetic markers in each year. Al- 
though all variables are categorical, we chose to use regres- 
sion analyses rather than log-linear analyses of multidimen- 
sional contingency tables due to the clear distinction between 
the response and predictor variables (Agresti 1996). 

We used the procedure CATMOD in SAS for the regression 
analyses (SAS Institute 1996). CATMOD fits a model for 
nominal, categorical variables using maximum likelihood es- 
timation of generalized logits: 

For Mpi and Gpi, which have three genotypes, CATMOD 
models two logits for each combination of the predictor var- 
iables (hereafter referred to as a statistical "subpopulation"): 
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and (2b) 

where .rri,i,l is the probability of being genotype 1 in the hijth 
subpopulation, and h = 1, 2 for site (H and C), i = 1, 2, 3 
for locality (E l ,  E2, and UR for hot sites; W1, W2, and C 
for cold sites), and J = 1, 2, 3 for microhabitat (X, A, and 
L). 

Separate intercepts and sets of regression parameters are 
formed for each logit. This allows a description of the re- 
lationship between multiple predictor variables and the log 
probability of being the Mpi-FF or the Mpi-SF (F, fast; S, 
slow) genotype with respect to the probability of the reference 
category, the Mpi-SS genotype. Preliminary analyses indi- 
cated that the frequency of the two homozygous Mpi geno- 
types varied the most among microhabitats. We therefore 
chose one homozygote, Mpi-SS, as the reference genotype so 
that the effects of the predictor variables on the probabilities 
of the two homozygous genotypes could be analyzed simul- 
taneously. The choice of reference category can facilitate 
model interpretation, but does not alter the results of the 
regression analyses. 

The CATMOD procedure utilizes a deviation from the 
mean model in calculating the generalized logits. Thus, the 
effects of each predictor variable are differential rather than 
incremental. If a particular regression model adequately fits 
the data, as estimated by the likelihood ratio goodness-of-fit 
test, it is possible to determine whether the differential change 
in generalized logits for a specific regression parameter is 
significant. The regression model parameters were used to 
calculate odds ratios, which were in turn used to interpret 
the nature of the association between genotype and the pre- 
dictor variables (Stokes et al. 1995). The mtDNA haplotype 
data was also analyzed using CATMOD. Because haplotype 
has two rather than three possible states, only one logit per 
subpopulation was formed. In all other respects the analysis 
was identical to those for the two allozymes. 

For each locus-year dataset, we used a backward stepwise 
approach (i.e., beginning with the saturated model and sub- 
sequently excluding predictor variables) to select the most 
parsimonious regression model that adequately fit the ob- 
served data. Model fit was evaluated using the likelihood 
ratio goodness-of-fit statistic. If any of the predictor variables 
were excluded in a particular regression model, the fit of that 
model was tested using the saturated contingency table that 
included all predictor variables. 

Temperature Data 

Maximum daily temperature was extracted from temper- 
ature profiles for the six site-microhabitat combinations (Fig. 
2). Maximum temperatures were relatively uniform among 
microhabitats at the cold site, although the X microhabitat 
generally experienced the highest temperatures and the L 
microhabitat the lowest. The highest temperature recorded at 
the cold site during the entire monthly tidal cycle was 2S°C, 

much lower than the temperature at which S. balailoides ex- 
periences heat coma. 

Temperature variation among microhabitats at the hot site 
was substantially greater. Maximum temperatures were uni- 
formly higher in the X microhabitat, and on six days exceeded 
the temperature that induces heat coma. On each of these six 
dates, the temperature remained above 37°C for longer than 
the 45-min period that causes 50% mortality in the laboratory 
(Southward 1958). Unlike the cold site, temperatures were 
generally lowest in the A microhabitat despite its location 
adjacent to the X microhabitat in the high intertidal zone (see 
Fig. 1). 

Gerzogpe Data 

We observed two common Mpi and Gpi alleles, labelled 
slow (S) or fast (F) based on relative mobility. Four additional 
alleles were observed for each allozyme: rare alleles always 
occurred as heterozygotes with a common allele, and the 
pooled frequency of all rare alleles for each allozyme was < 
0.01. In data analysis, individuals containing rare alleles were 
scored as heterozygotes. All samples were in Hardy-Wein- 
berg equilibrium, and no linkage disequilibrium between loci 
was detected. We observed two mitbchondrial haplotypes, 
labelled A and B, that were differentiated by the number of 
Dcle I restriction sites. 

Several interesting trends are evident in the genotype fre- 
quencies listed in Table 1. Mpi genotype frequencies in the 
X microhabitat differed from those displayed in the other 
microhabitat(s), but only at hot localities. Specifically, the 
frequencies of the Mpi-SS and Mpi-SF genotypes were re- 
duced and the frequency of the Mpi-FF genotype was elevated 
in the X microhabitat. This pattern was consistent at all hot 
localities in both 1994 and 1995. There were no outstanding 
Mpi genotype frequency differences among microhabitats at 
any of the cold localities in either year. Haplotype frequencies 
for the mtDNA marker were homogeneous among all sam- 
ples. Gpi genotype frequencies were somewhat "ariable in 
the dataset, but did not vary among microhabitats in a con- 
sistent manner. 

Mpi Regressiorz: 1994 

The final regression model included the parameters site, 
microhabitat, and the site X microhabitat interaction term 
(likelihood-ratio x2 = 16.5, P < 0.8692; Table 2). Although 
Mpi genotype frequencies varied somewhat among replicate 
localities, locality did not have a significant effect in the 
saturated model and this parameter could be dropped without 
compromising model fit. Because locality was excluded, the 
statistical program collapsed the dataset into a 2 (site: H, C) 
X 3 (microhabitat: X, A, L) X 3 (genotype: FF, SF, SS) 
contingency table. CATMOD formed six rather than 18 sub- 
populations in the regression analysis: hot-exposed (HX), 
hot-algal canopy (HA), hot-low (HL), cold-exposed (CX), 
cold-algal canopy (CA), and cold-low (CL). Microhabitat ex- 
plained a significant amount of variation in the generalized 
logits (P  < 0.01; Table 2), but the effect of microhabitat was 
dependent on whether the sample was from a hot or a cold 
site (P < 0.04; Table 2). The effect of site was nonsignificant 
(P  < 0.35; Table 2), most likely because testing for the effect 
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TABLE 1. Observed genotype frequencies for each combination of pear X site X locality X microhabitat X locus. 

Micro-
M p i Gpi mtDN.A 

Year Site Locality hdbitat 17 SS S F  FF 1 1  5 5  SF  F F  I? .A B 

1994 Hot E l  X 86 
A 105 
L 9 2 

E2 X 84 
A 84 
L 101 

UR X 94 
A 9 8 
L 9 3 

Pooled X 264 
A 287 
L 286 

Cold W1 X 98 0.12 0.53 0.35 70 0.60 0.37 0.03 62 0.52 0.48 
A 77 0.21 0.42 0.38 77 0.57 0.40 0.03 68 0.53 0.47 

Pooled 

1995 Hot El  

E2 

NME 

Pooled 

Cold W1 

W2 

NMW 

Pooled 

of site pools across microhabitats, where most of the genotype cance (Table 3). Thus, the probabilities of the Mpi-FF and 
frequency variation occurred. Mpi-SF genotypes relative to the Mpi-SS genotype were in- 

The regression parameter estimates display the specific dif- creased in the X microhabitat. The A microhabitat decreased 
ferential effects of the predictor variables on both logits, Mpi- both logits, although only the negative effect on logitl was 
FFIMpi-SS (logitl) and Mpi-SFIMpi-SS (logit,). The X mi- significant (Table 3). Although the A and L microhabitats 
crohabitat had a significantly positive differential effect on had similar temperature profiles, the probability of the Mpi-
logitl, and the positive effect on logit, approached signifi- FF genotype relative to the Mpi-SS genotype was signifi-

cantly decreased in the A microhabitat relative to the L mi-

TABLE2. Maximum-likelihood ANOVA table for the 1994 Mpi crohabitat. One of the parameters for the interaction term had 

regression model. a significant differential effect, reflecting the additional in- 
crease in logit, when the X microhabitat was at a hot site 

Source df Wdld y' P (Table 3). Thus, in relation to the reference category (the L 

Intercept 2 216.35 0.0000 microhabitat), the X and A microhabitats had opposite effects 
Site 2 2.08 0.3541 on the probabilities of the Mpi-FF and Mpi-SF genotypes 
Microhabitat 4 13.24 0.0102 when compared to the probability of the Mpi-SS genotype.
Site X microhabitat 4 9.98 0.0407 The parameter estimates are larger for logitl than logit? be- 
Likelihood ratio 24 16.5 0.8692 cause genotype frequency differences among microhabitats 
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TABLE 3. Maximum-likelihood parameter estimates for the two response functions (logits) being modeled in the 1994 Mpi regression. 
The Wald statistic tests the differential effect of each parameter on each logit. 

logit: IFF/SSj  logit? ( S F / S S )  

Pa- Pa-
ram- r a n -

Vdriable Interpretation etes Estilndte SE Wald y' P eter Estimate SE Wald X' P 

Intercept 

Site 

Average generalized logit across 
all subpopulations 

Added change in logits for H, 
subtracted change for C 

a1 

b l  

0.8614 

0.0919 

0.0757 

0.0757 

129.62 

1.48 

0.0000 

0.2243 

a2 

b2 

1.0779 

0.1040 

0.0735 

0.0735 

215.3 

2.00 

0.0000 

0.1569 

Microhabitat Added change in logits for X, b3 
subtracted change for L 

Microhabitat Added change in logits for A, b5 
subtracted change for L 

Site X micro. Added change in logits for H X X, b7 
C X L, subtracted change for H 
X L , C X X  

Site X micro. Added change in logits for H X A, b9 
C X L, subtracted change for H X 
L , C X A  

0.3737 

-0.2357 

0.2369 

-0.1255 

0.1 113 

0.1050 

0.1113 

0.1050 

11.28 

5.04 

4.53 

1.43 

0.0008 

0.0247 

0.0332 

0.2319 

b4 

b6 

b8 

b10 

0.1850 

-0.1232 

0.0194 

-0.0612 

0.1096 

0.1009 

0.1096 

0.1009 

2.85 

1.49 

0.03 

0.37 

0.0913 

0.2222 

0.8592 

0.5445 

covary for Mpi-SF and Mpi-SS, but are inversely related for was reduced under the algal canopy at hot sites when com- 
Mpi-FF and Mpi-SS. pared to other subpopulations. This is the opposite effect that 

The six "subpopulations" were compared to one another was observed for the HX subpopulation, indicating that the 
using odds ratios. This provides a very specific way in which X and A microhabitats had opposite effects on the relative 
to examine how the odds of sampling one genotype over probabilities of the two homozygous Mpi genotypes. 
another vary among microhabitats at hot and cold sites. An 
odds ratio less than 1.0 indicates a decrease in the likelihood Mpi Regression: 1995 
of that sampling event in one subpopulation compared to 
another, and an odds ratio greater than 1.0 indicates an in- The final regression model for the 1995 Mpi data included 

crease in the likelihood. For example, in comparing the HX the same parameters as the 1994 regression. Microhabitat had 

to the HA subpopulation, the odds ratio for Mpi-FFIMpi-SS a significant effect on the generalized logits (P  < 0.0061; 

is e(a1-b1-b3+b7)/e(a1-b1-b5-b9) Table 4). Although genotype frequency differences between = 2.64. Thus, the odds were 2.64 
times higher of sampling a Mpi-FF genotype than a Mpi-SS microhabitats were greater at hot sites (Table I) ,  the effect 

genotype in the X microhabitat at a hot site versus the A of site was nonsignificant (P < 0.1212), as was the site X 

microhabitat at a hot site. All odds ratios calculated for logit, microhabitat interaction (P  < 0.0997). 

were more divergent than for logit, from the baseline ratio The 1995 Mpi regression parameters were very similar to 

of 1.0. Again, this indicates that the probabilities for the those obtained from the 1994 Mpi data, with a few notable 

homozygous genotypes were more variable than that of the differences. Although the effect of site was nonsignificant in 

heterozygote among microhabitats. the maximum-likelihood ANOVA, the differential effect of 

The analysis of odds ratios demonstrated two general pat- site on logitl approached significance (P  < 0.058; Table 5): 

terns evident in the X and A microhabitats. The average Mpi- hot sites increased the probability of the Mpi-FF genotype 

FF/Mpi-SS odds ratio was highest in the subpopulation that relative to the Mpi-SS genotype. Similarly, although the site 

experienced the highest temperature, the X microhabitat at X microhabitat interaction was nonsignificant in the ANO- 

hot sites. On average, barnacles in the HX subpopulation were VA, the interaction term did have a significant effect on logit,. 

2.33 times more likely to be Mpi-FF than Mpi-SS when com- Thus, the parameters describing the differential effects for 

pared to the other subpopulations. hot sites, the X microhabitat, and the H X X interaction all 

Interestingly, the HA subpopulation yielded the lowest av- increased the probability of the Mpi-FF genotype relative to 

erage Mpi-FF/Mpi-SS odds ratio (0.715). The likelihood of the Mpi-SS genotype. None of the parameters had a significant 

sampling an Mpi-FF genotype rather than an Mpi-SS genotype differential effect on the Mpi-SF/Mpi-SS logit. 

Gpi aizrl nitDNA Regressions: 1994 and 1995 
TABLE4. Maximum-likelihood ANOVA table for the 1995 Mpi 
regression model. For the Gpi and mtDNA data from each year, all of the 

predictor variables could be dropped from the regression 
model without significantly compromising the fit of the model 

Intercept 2 127.38 0.0000 to the observed data, that is, the average generalized logits 
Site 2 4.22 0.1212 across all subpopulations (the intercept term) was an adequate 
Microhabitat 4 10.19 0.0061 predictor of the genotype probabilities in the various sub- 
Site X microhabitat 4 4.61 0.0997 populations (Table 6). Including site, microhabitat, and the 
Likelihood ratio 24 8.54 0.9311 interaction term actually resulted in a decrease in model fit 
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TABLE5. Analysis of maximum-likelihood parameter estimates for both logits modeled in the 1995 Mpi regression model. 


logit, ( F F / S S )  logit? (S I ; / SS )  

Vdriable Interpretation 
Param-

eter Estimate SE Wald X' P 
Pdr am- 

eter Estimate SE Wald x L  P 

Intercept Average generalized logit across 
all subpopulations 

Site Added change in logits for H, 
subtracted change for C 

Micro. Added change in logits for X, 
subtracted change for L 

Site X micro. Added change in logits for H X 

a1 

b l  

b3 

b5 

0.8955 

0.1947 

0.3047 

0.2031 

0.1026 

0.1026 

0.1026 

0.1026 

76.25 

3.61 

8.98 

3.92 

0.0000 

0.0576 

0.0027 

0.0477 

a2 

b2 

b4 

b6 

1.1196 

0.0859 

0.1449 

0.0888 

0.1026 

0.1026 

0.1026 

0.1026 

126.95 

0.75 

2.13 

0.80 

0.0000 

0.3871 

0.1448 

0.3717 
X, C X L, subtracted change 
for H X L, C X X 

for three of the four datasets despite the reduction in degrees 
of freedom (analysis not shown). The regression models 
quantify what is evident from a qualitative inspection of Table 
1. There was no significant variation in Gpi genotype or 
mtDNA haplotype frequencies among sites, localities, or mi- 
crohabitats in either year. 

DISCUSSION 

Our results demonstrate that Mpi genotype frequencies var- 
ied among intertidal microhabitats in a predictable manner. 
Although the three microhabitats are in close proximity to 
one another (1-10m) at each of the sampled localities, tem- 
perature profiles are variable among microhabitats at hot 
sites, but are relatively uniform among microhabitats at cold 
sites. The consistent and significant association between ge- 
notype and microhabitat that was present at hot sites but 
lacking at cold sites suggests that variation in level of phys- 
ical stress is important in determining patterns of variation 
at this locus. Temperature variation among microhabitats may 
result in differential mortality of genotypes. Furthermore, the 
variation in response profiles for the three Mpi genotypes 
indicates that their relative fitnesses may be dependent on 
thermal environment. 

Although temperature is perhaps the most obvious envi- 
ronmental parameter that varies among intertidal microhab- 
itats, other environmental variables do covary with temper- 
ature. In our study the effects of temperature cannot be sep- 
arated from those of desiccation and oxidative stress. Ex- 
posure to high temperatures also results in water loss in S. 
bnlnnoides (Barnes et al. 1963). After an approximate 25% 
reduction in water content, barnacles respond by completely 
closing the opercular valves. Although this actibn helps pre- 
vent further water loss, it may result in oxidative stress, de- 
creased metabolic rate, and the accumulation of toxic sub- 

TABLE 6. Likelihood ratio goodness-of-fit tests for the Gpi and 
lntDNA regression models containing only the intercept tenn. P > 
0.05 indicates an acceptable fit of the specific regression model to 
the observed genotype counts. 

df Wald X' P 

Gpi 1994 3 4 22.69 0.6728 
Gpi 1995 22 20.88 0.5283 
lntDNA 1994 17 3.29 0.9999 
mtDNA 1995 11 1.98 0.9986 

stances (Barnes et al. 1963; but see Grainger and Newel1 
1965). Another confounding variable is exposure to ultra- 
violet radiation: barnacles in exposed areas of the high in- 
tertidal zone are illuminated for longer periods of time than 
are barnacles existing in the low intertidal or under the algal 
canopy. 

Processes other than natural selection could also result in 
the observed Mpi penotypelthermal environment covariance. - - - A 

Genetic drift can cause genetic subdivision, but the potential 
for extensive gene flow (Crisp 1978) and large effective pop- 
ulation size (N,) that we assume for abundant, hermaphroditic 
marine invertebrates with a pelagic larval stage most likely 
precludes genetic differentiation due to drift, at least at the 
spatial scale we considered. Random differences among sam- -
ples also cannot account for the consistent genotype fre- 
quency differences among microhabitats observed at all hot 
sites in two separate years. Furthermore, the patterns of ge- 
netic variation at Mpi are markedly different from those at 
the Gpi and mtDNA markers: no association between Gpi 
genotype or mtDNA haplotype and thermal environment was 
detected in either 1994 or 1995. The N,, of the mitochondria1 
genome is one-quarter that of autosomal loci, which could 
influence comparisons between cytoplasmic and nuclear 
markers. However, a reduced N,, increases the effectiveness 
of drift relative to selection, and thus the potential for random 
differentiation among samples should be increased for 
mtDNA relative to nuclear DNA (Birky et al. 1989). The 
contrasting patterns of variation between Mpi and the neutral 
mtDNA marker suggest that selection is operating at Mpi or 
a closely linked locus. 

Larval supply is of critical importance to patterns of dis- 
tribution and abundance in S. balrrnoirles (e.g., Bertness et 
al. 1992; Gaines and Bertness 1992). Settlement density is 
often highly variable in the intertidal, and settlement pulses 
are regularly observed (Wethey 1986a). Depending on sub- 
strate availability, the barnacle recruits in a specific area may 
represent individuals that settled during the same tidal cycle. 
If Mpi genotype frequencies vary among daily cohorts, ge- 
netic heterogeneity in the adults sampled later in the season 
could reflect genetic heterogeneity already present in the lar- 
vae (Johnson and Black 1984). Larvae that settle in the var- 
ious intertidal microhabitats may also originate from different 
parental source populations that may be genetically differ- 
entiated. However, we would not predict such processes to 
result in either consistent Mpi differentiation among thermal 
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microhabitats at all hot sites in two sampled years or con- 
trasting patterns of variation at Mpi and a neutral DNA mark- 
er. 

Habitat selection by barnacle cyprids could result in locus- 
specific genetic structure within populations, provided that 
the choice of habitat was somehow associated with genotype 
at that locus. Barnacle cyprids do explore the substrate before 
attaching (Walker et al. 1987; Yule and Walker 1987), and a 
variety of physical and chemical cues can greatly influence 
the settlement decision (Knight-Jones 1953; Crisp and Mead- 
ows 1962; Wethey 1986b). In 1996, planktonic and newly 
settled larvae were sampled at multiple times throughout the 
settlement season. Mpi genotype frequencies were initially 
homogeneous among all larval samples, but a significant as- 
sociation between Mpi genotype and microhabitat was pres- 
ent at hot sites by the end of the summer (P. Schmidt, unpubl. 
ms.). It seems relatively safe to assume that no genotype X 
microhabitat association was present at settlement in previous 
years, and thus habitat choice by larvae could not explain 
the observed association of Mpi genotypes and microhabitats 
we observed in 1994 and 1995. 

One alternative hypothesis to explain the genotypelmicro- 
habitat association at Mpi but not at other loci, which we did 
not specifically address, is posttranscriptional or posttrans- 
lational modification. It may be that environmentally induced 
changes in rates of transcription, allelic expression, or poly- 
peptide stability generate repeatable patterns of genotype by 
microhabitat association at specific loci . We are currently 
testing this hypothesis with in vitro and in vivo experiments 
in the laboratory. However, the consistent patterns of Men- 
delian variation at Mpi in other crustaceans (Siegismund 
1985a; Hedgecock 1986; McDonald 1990) suggest that the 
genotype frequency differences we observed resulted from 
genotype-specific survivorship. 

Balarzcing Selectiorz at Mpi 

Our results support the hypothesis that the survivorship of 
Mpi genotypes varies among intertidal microhabitats, al- 
though selection may be operating either at Mpi or a linked 
locus. If Mpi genotype frequencies were initially homoge- 
neous among microhabitats in 1994 and 1995, two inferences 
can be drawn from the regression models: (1) in areas reg- 
ularly exposed to high temperatures, Mpi-FF barnacles had 
a much higher survivorship than Mpi-SS barnacles when com- 
pared to other intertidal microhabitats; and (2) in thermally 
buffered areas, Mpi-SS barnacles had a higher survivorship 
relative to Mpi-FF barnacles than in more thermally stressed 
environments. 

If the genotype frequency differences between high tem- 
peraturellow temperature microhabitats were the result of 
habitat-specific relative fitness differences between the two 
homozygous genotypes, the Mpi polymorphism could be 
maintained via a Levene model of balancing selection (Lev- 
ene 1953). In the rocky intertidal, alternative homozygous 
Mpi genotypes may have higher relative fitnesses in alter- 
native thermal environments. After settlement, barnacles pos- 
sessing the Mpi-FF genotype may have a much higher sur- 
vivorship than the other two Mpi genotypes in thermally 
stressed areas of the intertidal; conversely, the Mpi-SS may 

have a higher relative survivorship in thermally benign mi- 
crohabitats. The equilibrium genotype frequencies would 
then be a product of specific relative fitnesses and barnacle 
densities in the various microhabitats as well as the relative 
proportions of the habitat types. Directly testing the balancing 
selection hypothesis would require documenting an increase 
in alternative genotype frequencies in the various microhab- 
itats over time as well as determining the physiological basis 
for the selection. Without establishing a link between Mpi 
genotype, biochemical phenotype, and fitness, the hypothesis 
of selection on a locus in linkage disequilibrium with Mpi 
remains a viable alternative. Field and laboratory experi- 
ments have been performed to test these hypotheses, and the 
results are currently being analyzed. 

Why Mpi? 

Many studies in ecological genetics have documented cor- 
relations between certain alleles andlor genotypes and en- 
vironmental variables. Although indicative of selection. the 
ecological context that forms the basis for selection is often 
lacking; for example, the reasons why certain loci, and not 
others, appear to be under selection is often unclear. There 
is no a priori reason to predict that genotype at one or a few 
loci should contribute disproportionately to fitness (Eanes 
1987). However, systems in which a clear relationship is 
established between genotype, biochemical phenotype, and 
performance under certain environmental parameters have 
greatly increased our understanding of how and why selection 
operates at specific polymorphisms (e.g., Watt et al. 1983; 
Burton and Feldman 1983; Hilbish and Koehn 1985; Di- 
Michele et al. 1986). In S. balanoicles. several lines of purely 
circumstantial evidence indicate that Mpi genotype may 
greatly affect fitness. 

Mannose is a common monosaccarhide found in the diet 
of many organisms. Barnacles feed on a variety of phyto- 
plankton present in the water column, and several algal 
groups have high concentrations of mannans (McDonald 
1990), a mannose polysaccharide, as well as mannitol and 
other mannose derivatives. For example, many species of 
phytoplankton are up to 35% mannitol by dry weight (Craigie 
1974). D-mannose is also a major component of cell walls 
and mucilages in many algal species (Kreger 1962; O'Colla 
1962), and barnacles possess the four enzymes necessary to 
liberate mannose molecules from a variety of complex car- 
bohydrates (Molodsov et al. 1974). Thus, mannose may com- 
prise a substantial portion of a barnacle's diet. 

In carbohydrate metabolism, mannose is converted to man- 
nose-6-phosphate by hexokinase, which uses one molecule 
of ATP for every molecule of mannose. Mannose-6-phos- 
phate is converted by Mpi to fructose-6-phosphate, which 
can then be used in glycolysis to generate ATP. Cells can 
experience a net loss in ATP levels if Mpi activity is low. If 
Mpi activity is lower than that of hexokinase, ATP may be 
used faster than it can be generated by metabolism of man- 
nose. This problem is compounded if organisms must shift 
to anaerobic metabolism due to oxidative stress or if meta- 
bolic rate is affected by physical stress. If mannose is a neg- 
ligible dietary component, this may not be an issue. However, 
exposure to relatively high concentrations of mannose has 
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been demonstrated to cause an ATP deficit that results in 
mortality in a variety of organisms (Arnold et al. 1974; Her- 
old and Lewis 1977; De la Fuente et al. 1986; De la Fuente 
and Hernanz 1988; Hernandez and De la Fuente 1989). 

In S,  balanoides, temperature and emersion greatly affect 
respiration and metabolism (e.g., Barnes et al. 1963; Grainger 
and Newel1 1965; Newel1 and Northcroft 1965). Elevated 
temperatures, desiccation, and increased emersion time all 
result in physiological stress that may compromise perfor- 
mance. If Mpi genotypes differ in biochemical phenotype to 
the extent that genotypes substantially differ in performance 
under certain environmental conditions, the combination of 
consuming mannose and exposure to physiological stress 
may b e t h e  mechanism that result s i n  differential mortality 
of Mpi genotypes. Our observations that selection may be 
acting at Mpi but not Gpi are suggestive, given the close 
functional relationship between the enzyme products of these 
loci. 

Among the potential problems of this nebulous mechanistic 
hypothesis is feedback regulation of hexokinase. In honey- 
beest hexokinase is not inhibited by the accumulation ofman- 
nose-6-~hosphate (Arnold et al. 1974). Detailed studies of 
mannose metabolism and the relative enzymatic activities of 
Mpi genotypes are currently unavailable for S. balanoirles, 
but efforts to address these issues are in progress. 

If the of a mannose-rich diet and physiolog-

ical acts as a agent: at Mpi may be 
widepread in other crustaceans and marine organisms that 
feed on algae and phytoplankton. In the intertidal barnacle 
Balan~ls  glandrlla, Hedgecock (1986) documented significant 
Mpi genotype frequency differences between high and low 
intertidal samples that resulted from the differential mortality 
of Mpi genotypes. Interestingly, Mpi is polymorphic (with 
an average heterozygosity of 0.335) in every barnacle species 
investigated (Hedgecock et 1982)' Habitat 'pecific 
tion at M ~ i  Occurs in nine amphipod which 
feed on algae that contain high levels of mannose (McDonald 
1987, 1991; Siegismund 1985b). 

conclusion, the observed association between thermal 
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