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ABSTRACT A mussel’s shell records its history of growth. We investigated variability in the size and shape of mussel shells

of Mytilus californianus Conrad (1837) to test the hypothesis that the mussel shell provides information on the contemporary

condition of themussel. Two factors were associated with shape: an epithelial discoloration and the Sr/Ca in the shell nacre. Sr/Ca

data distinguished the mussel populations as did a discriminate analysis that included the trace metal ratios; Sr/Ca, Mg/Ca, Mn/

Ca,Ag/Ca, Cd/Ca, Ba/Ca, and Pb/Ca. Size varied independently of shape andwas not associatedwith the two factors.However, a

null model that describes the morphological variability in height and width suggests that mussel size also plays a central role in

partitioning phenotypic variability. These analyses of contemporary factors coupled with analyses of morphological variability

holds promise for addressing the functional roles of mussel height and width and what proportion of phenotypic variability can be

attributed to environmental factors.
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INTRODUCTION

Descriptions of mussel shell morphology help identify

phenotypic variability in populations of the mussel, Mytilus
californianus (Caceres-Martinez et al. 2003). One approach for
understanding the sources of phenotypic variability is to take

measurements of morphology in cross-sections of mussel
populations and to associate these measurements with environ-
mental factors that vary between populations. For example,

spatial variation of height times width (H 3 W)measured from
populations of Mytilus galloprovincialis along the coast of
South Africa was associated with patterns of wave exposure
(Steffani & Branch 2003). Earlier surveys of Santa Barbara M.

californianus populations found that wave energy was related to
shell area (Harger 1968) including the Campus Point popula-
tion that we sample in this study.

Environmental factors such as wave exposure vary pre-
dictably at characteristic length scales, which should allow an
analysis of the different sources of variability to shell morphol-

ogy. At one extreme, biogeographic gradients in temperature
correlate with patterns of M. californianus shell morphology
(Dodd 1964). Point Conception has been identified as a bio-
geographic boundary, distinguishing M. californianus popula-

tions from Santa Barbara County south of Point conception
from those north of Point Conception (Blanchette et al. 2007).
At the other extreme, a suite of environmental factors vary at

the scale of meters over the range of elevations in the intertidal
habitat. For example, M. californianus shell height and width
varied at different locations along a mussel bed, corresponding

to intertidal height (Kopp 1979).
Shell length, height, andwidth are measures that describe the

morphology of the mussel body in three dimensions (Seed

1968). A morphometric principal components analysis (hereaf-
ter PCA) is a useful tool for addressing patterns of variability
in morphological measurements (Reyment et al. 1984). What
results are the first and second principal components (PC) that

relate the body size and body shape respectively (Kuris & Brody
1976). However, this technique becomes problematic when
studying the relationship between size and shape, because PCs

are, by definition, independent of one another. Another
approach is a null model based on symmetries in the mussel
body. In general, null models are not firmly grounded in
biological process, and a null model of mussel height and width

does not relate the biological functions of these dimensions.
However, if mussel height and width dimensions meet some
basic criteria of a null model, then this approach can be a useful

tool for describing morphological variability.
Mussel shell morphology is a relatively slow response vari-

able to environmental factors. More labile contemporary

factors in mussels should serve as an intermediate between the
source of variability in the environment and the long-term,
time-integrated response apparent from morphological mea-

surements. A red epithelial discoloration on the ventral pair of
labial palps, described herein (see Fig. 2 later), is the type of
variable that can change quickly enough to respond to the
environmental signal occurring for example over a change in

season, because epithelial tissue has the capacity to change and
turn-over on shorter timescales. In contrast, the shell height and
width dimensions change because of an incremental growth

from shell deposition. The additional shell contributed from
shell deposition can be quite small compared with the amount
of shell material already accumulated by mature individuals.

However, the trace metal composition of this incremental shell
growth is a labile contemporary factor, and because such
increments of shell addition culminate over time in the mor-
phology of themature adult, this is an obvious first place to look

for responses to the environment to link with the long term
morphological pattern. In fact, measurements of shell segments
have been the basis of paleontological studies. The Sr/Ca ratio is

an indicator of mussel growth, for example in the mussel
Mytilus trossulus (Klein et al. 1996) and the clams Saxidous
giganteus and Mercenaria mercenaria (Gillikin et al. 2005). In

addition, trace metals measured from mussel biogenic material*Corresponding author. E-mail: jblythe@whoi.edu
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can serve to indicate pollution in the marine environment, and
these measurements of pollution also have association with the

height over the width (H/W) of the mussels Mytilus edulis
(Lobel et al. 1991) andMytilus californianus (Lares et al. 2005).
We describe the link between these contemporary measures
and mussel morphology, and based on this evidence we discuss

possible functional roles of the height and width dimensions.

METHODS

We collected 714 mussels,Mytilus californianus, from a 6-cm
size class from four rocky intertidal sites along the Santa

Barbara coastline (Fig. 1). Thirty individuals were selected from
random patches at each site for each month from November
2001 to April 2002. Error in length class selection, which was

reflected in the standard deviation among the 714 length
measurements (0.37 cm), was inevitable, because mus-
sels approximating the size class were haphazardly collected
within each random patch. Mussels were deposited live within

two hours of collection in running seawater at theUCSBMarine
Laboratory. Mussels were measured within 48 h of collection.
The mussel length, the longest anterior to posterior dimension,

height, the longest dorsal to ventral dimension, and width, the
longest valve to valve dimension, as described by Seed (1968),
were measured using dial calipers that were accurate within a

hundredth of a cm. Shell dimension data were log transformed,
normalized and centered on zero. A PCA was conducted on
these transformed data and the first two principal components

were compared with two common combinations of height
and width dimensions, the height times the width (H 3 W)
and the height divided by the width (H/W). Site averages and
99% confidence intervals were calculated for the PC 1, PC2, H

3 W, and H/W variables for the comparison of these sites.

We derived an expression (Eqs. 1 and 2) to further analyze
the morphological variability between four mussel populations.

The derivation of the equation (see the appendix) groups the
height and width variables into recognizable terms like the
shape function, h/w, the size function, h 3 w, and a difference
between the height and width dimension (h – w). The grouping

of these terms results from algebraicmanipulations of equations
that implicitly relate the height and width dimensions.

One prerequisite of this derivation, is that the height and

width dimensions must be negligibly different so that the
arithmetic mean can be approximated by the geometric mean
(Eq. 3). This is true when an individual’s height dimension is

equal to its width dimension, or nearly so. An early study on the
shell dimensions in the mussel, M. californianus, noted that as
individuals reach their maximum length, the width dimension
grows with such positive allometry that it could exceed the

height dimension (Coe & Fox 1942). Therefore, this assumption
could be satisfied by sampling mature mussels from each site
that have recently or soon will have shell growth that have

intersecting trajectories of the height and width dimensions.

h

w
¼ ecðh�wÞ (1)

c ¼ 1ffiffiffiffiffiffi
hw
p (2)

ffiffiffiffiffiffi
hw
p

@
h + w

2
(3)

We assessed how well the null model described the height
and width of mussels collected at each site. First, we calculated

Figure 1. Four mussel populations were sampled along 20 km of the Gaviota coast in Santa Barbara County, CA.
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the constant, c, by inputting the height andwidthmeasurements
for each individual into Eq. 2. We calculated the site mean and

95% confidence interval for these individual mussel values of c.
For comparison we also calculated the constant, c, by fitting
a least squares model from Eq. 4 to data from each of the
populations. The natural logarithm of the shape function was

regressed against the difference between the height and the
width using the linest function inMicrosoft Excel. This relation-
ship must pass through the origin because of the mathematical

relationship between these two variables, so we set the y
intercept value to pass through the origin. A 95% confidence
interval was calculated for the regression parameter based on

the standard error output from the linest function. We com-
pared these two values of the constant, c, to test the ability of the
null model to describe the morphology of mussels at each site.

log
h

w

� �
¼ c h� wð Þ ð4Þ

The ventral pair of labial palps were dissected for observa-
tion under a dissection microscope at 331. The labial palps
were oriented in a standard position to make consistent

observations among individuals. An epithelial discoloration
of unknown etiology was apparent at 331 magnification for
most individuals. The discolored area was usually concentrated
near the ventral margin of the palp (Fig. 2). We measured the

extent of the discoloration by estimating the percentage of the
surface area of the labial palp dorsal from the ventral margin
that was discolored in 10% classes.

Mussel shells were prepared for chemical analysis. The shells
were scraped with a stainless steel scalpel to remove the tissue,
rubbed clean, dried, and then stored in plastic bags. Five shells

that were between 6 and 6.5 cm in length were subsampled from
those collected as described above for each of four sites for
the months November 2001 toMarch 2002. The shells that were

closest to 6 cm in length were selected for the chemical analysis.
Some of the shells used in the chemical analysis were collected in
a preliminary study before November 2001. There were mussel
shells from El Capitan and Refugio (May 2001) and mussel

shells from Campus Point and Coal Oil Point (April, May,
June, July, September and October 2001, and April 2002).

A diamond saw was used to cut the left valve two to three cm
behind the edge of elongation perpendicular to the length axis.

The shell fragments containing the edge of elongation were
washed together with other shells from the same group, first
four times with distilled water, then four times with milliQ
water, and lastly for seven hours in 40 mL of pH 7 concentrated

hydrogen peroxide. The shell fragments were lined up on a
pyrex dish, covered with pyrex glass, and then cooked overnight
in a muffle furnace at temperatures up to 450�C according to

(Bourgoin 1988, Bourgoin 1990, and Rivero & Lares 2004).
Fifty micrograms of calcium carbonate were collected from

the most recently deposited material in the nacreous layer

(Rivero & Lares 2004). The calcium carbonate from the four
shells fragments that had been washed together were combined
into one 500 mL milliQ washed plastic vial. For the 2001
mussels, duplicates were made of the same shells by collecting

another 50 mg from each of the four shell fragments and placing
the material in a second vial. The 2002 samples were replicated
once with a different subset of shells. Excluding duplicates, 10

different groups of mussels were sampled from El Capitan and
Refugio, 15 groups of mussels were sampled from Coal Oil
Point, and 16 different groups of mussels were sampled from

Campus Point. A total of 200 mg of calcium carbonate (400 mg
with the duplicates) was collected from each set of shells.

The shell material was washed several times with milliQ

water, methanol, and 0.001N HNO3, and then transferred to
acid washed 500-mL vials. The shell material was stored until
the day of analysis when it was dissolved in 500 mL of 1%
HNO3. A 70-min sonication ensured complete dissolution.

Molar Mg/Ca, Mn/Ca, Sr/Ca, Ag/Ca, Cd/Ca, Ba/Ca, and Pb/
Ca ratios were measured by an inductively coupled plasmamass
spectrometer (ICPMS) using a technique developed for analysis

of fossil foraminifera (Rosenthal et al. 1999). Precision was
better than ±5% (1 SD) for all measurements. Accuracy was
assessed by comparing measurements for two standards to

known values. Measurements were accurate to ±5% (1SD)
except for the Cd/Ca ratio that had an accuracy of ±15%.

RESULTS

Most of the variability in length, height, and width dimen-
sion measurements was described by the first two principal
components (Table 1). These two principle components were

also related to two variables of height and width: H 3 W and
H/W (Table 2). The orthogonal principal components and the
related variables of height and width were significantly different

between the mussels collected at four intertidal sites (Table 3).
The first principal component and H 3 W variable distin-
guished Campus Point and Coal Oil Point from El Capitan and

Refugio, but the second principal component and the H/W
variable distinguished the sites El Capitan and Coal Oil Point

Figure 2. The discoloration is readily apparent on the labial palp epithelial

surface under 350 magnification. It is concentrated at the left, near the

ventral margin, and tapers off to the right.

TABLE 1.

The loadings and percent variance explained by the first two
principal components.

Length Height Width Variance

PC 1 –0.681 –0.535 –0.500 58.1%

PC 2 0.013 0.674 –0.739 30.0%
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from Refugio and Campus Point (Table 3). The null model also
described variability in the height and width dimensions. The
slope parameter, c, matched the population averages of c except

at El Capitan where they were significantly different at a 95%
level of confidence (Table 4). We observed that the mussel
predator, Pisaster spp., was abundant at El Capitan, and given

the important effects that predators have on M. californianus
shape (Robles et al. 1990) and size (Paine 1976), we believe that
this might be an important detail to help explain morphological
variability.

The epithelial discoloration was highly variable from field
to field at high magnification under a compound microscope.
However, at low magnification while using a dissecting

microscope, the labial palp epithelium appeared uniform
enough to assess the percent cover of red debris on the whole
organ (Fig. 2). Although the origin of this discoloration is

unknown, it was a pronounced epithelial condition that likely
indicates some physiological condition or perhaps a feeding
status of an individual mussel. Populations had significantly

different percent cover of discoloration in the labial palp organ
(Table 5). There is much scatter about the correlation between
the degree of discoloration and the shape, but a plot of the
average shape of mussels in each percent discoloration cate-

gory suggests that these variables have a negative association
(Fig. 3).

The temporal structure of the sampling design allowed us to

investigate trends in the trace metal data. The time-series of the
Pb/Ca ratio starts at values around 0.3 mmol/mol and decreases
over the following months (Fig. 4). This monotonic decrease is

likely a lingering effect from a heavy rain that occurred in
March 2001 that is reported to have loaded terrestrial nutrients
into the coastal water (McPhee-Shaw et al. 2007). We hypoth-
esize that the terrestrial runoff mobilized trapped Pb in local

watersheds, transporting Pb to near-shore waters, which was
then incorporated into mussel shells. The 2002 rainy season was
comparatively weaker and may have resulted in less terrigenous

contribution to the trace metal signatures in mussel nacre,
although the last measurements in April 2002 indicate another
peak in the Pb/Ca ratio. The Sr/Ca ratio did not have any

pronounced trends over the one-year time-series. The Sr/Ca
ratios were often higher at Campus Point than Coal Oil Point

(Fig. 5), and the time averages of the Sr/Ca ratio allowed a
comparison of these four sites (Table 5).

A linear discriminant analysis (White & Ruttenberg 2007) of
the trace metal dataset that included Mg/Ca, Mn/Ca, Sr/Ca,
Ag/Ca, Cd/Ca, Ba/Ca, and Pb/Ca ratios correctly placed
mussels in their population for 36% of the samples (P ¼
0.056). Once we discovered the apparent spike in Pb/Ca ratio
during the first months of the time-series, we recomputed the
discriminant analysis for data from a shorter duration between

September 2001 to April 2002. The proportion of correct
classifications increased to 54% (P < 0.001), suggesting that
the shorter dataset better distinguished trace metal patterns

between populations. Despite this, we used the entire Sr/Ca
ratio record to make a site comparisons (Table 5) because the
site differences were more pronounced than the changes in the
record over time.

DISCUSSION

A variety of studies on themussel,Mytilus californianus, give
us some context to hypothesize functions of mussel height and
width. The individual filtration rate might be associated with
height among mussels of the same length class, because this

dimension will determine the relative size of the filtering organ.
Food availability affects the growth rate ofmussels (Dahlhoff &
Menge 1996). However, it is not the only factor that affects

patterns of growth in the mussel, a complication that could
explain the poor linear correlations with food availability in the
area where this study was conducted (Phillips 2005). The shell

width is hypothesized to contribute to basal metabolism for
a variety of reasons. Wider mussels have more tissue that con-
fers metabolic cost. The heat stress experienced by mussels
(Helmuth 1998) is partially determined by its morphology. The

width dimension would increase the rate of light absorbance,
because this increases the surface area that is exposed to
normally incident solar radiation. Also, an individual’s energy

expended in attachment to the substrate is shape dependent,
because an increase in width would increase the lift that it
experiences when exposed to wave action, as suggested for the

congener Mytilus galloprovinvialis (Steffani & Branch 2003).
This is especially an issue for large mussels that expend more
energy to remain attached (Bell & Gosline 1997). We propose

the heuristic that height and width dimensions relate to positive
and negative metabolic functions in individual mussels. We
cannot draw on the physiological ecology literature to assess the
generality of this hypothesis, because studies of this and other

species of mussels have not used the height and width dimen-
sions (Fox et al. 1937, Jones et al. 1992, Meyhofer 1985, Rao
1953, Riisgard 2001, Salkeld 1995, Sukhotin et al. 2006).

Three alternative hypotheses for the functional role of height
and width dimension were considered. First, there is the

TABLE 2.

Two variables correlate with the PC1 and PC2. The R
statistic is reported in the table.

H 3 W H/W

PC 1 –0.904 0.025

PC 2 –0.098 1.000

TABLE 3.

Population means of PC1 and 2 and the variables of height and width with 99% CI.

PC 1 H 3 W (cm2) PC 2 H/W ratio

El Capitan (n ¼ 178) 0.370 (0.197) 6.290 (0.160) 0.411 (0.169) 1.19 (0.03)

Coal Oil Point (n ¼ 177) –0.695 (0.219) 7.302 (0.197) 0.290 (0.172) 1.16 (0.03)

Refugio (n ¼ 180) 0.316 (0.264) 6.349 (0.188) –0.180 (0.163) 1.09 (0.03)

Campus Point (n ¼ 179) 0.010 (0.279) 6.542 (0.188) –0.526 (0.171) 1.04 (0.03)
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possibility of parasite induced morphological modification
(Miura et al. 2006). Parasites, like copepods (Caceres-Martinez

& Vasquez-Yeomans 1999) and turbellarians (Murina &
Solonchenko 1991), were abundant in the populations that we
studied (unpublished data). Second, the previously observed

correlation of shell shape in toxicant bio-accumulation in M.
edulis (Lobel et al. 1991) suggests a functional role. We detected
seasonal peaks in Pb/Ca, however, these levels were well below

those measurements from M. edulis collected in polluted
habitats (Bourgoin 1990). Third, predation may have a variety
of effects on mussel shape. The classical hypothesis is that large

mussels escape predation because of a size refuge (Paine 1976).
Pisaster spp. predation is not an important source of predation
south of Point Conception (Menge et al. 2004), although we
observed high densities ofPisaster spp. at El Capitan suggesting

that predation was prevalent there. Mussels at El Capitan have
high H/W measures that are characteristic of quickly growing
mussels (Coe & Fox 1942), an observation that supports the

inference of a size refuge effect. Lobsters are also predators of
mussels, and their predation affects mussel morphology in
particular ways that are not completely captured by the length,

width, and height dimensions that we analyze here (Robles et al.
1990). However, increased shell thickness from induced defense
(Leonard et al. 1999) may contribute to the width dimension of
mussel shells.

We analyzed the morphology of mussels to address the
hypothesized functional roles of mussel height and width. The
H 3 W variable is highly correlated with the first principal

component indicating its relationship to mussel size. However,
H 3 W does not correspond to any physically intuitive prop-
erty of mussels, like the cross sectional area of mussels, because

the dimensions of height and width are not necessarily mea-
sured in the same plane. The convention is to measure the
maximum height and the maximum width that often occur at

different lengths along the mussel’s axis. The coefficient, c, in
the null model has a more intuitive relationship to mussel size,
because it is a scaling factor for the absolute differences between

the height and width of mussel shells. Another way to think of
these height and width dimensions is that the square root of the

product is an average diameter.
The null model gives a good description of morphological

variability within each of the sites, which is a surprising result

given the range of environmental conditions that mussels may
experience in different locations, either on the high or the low
tide or the exposed or protected portions within each site. An

assumption of the null model is the linearization about the point
where the height dimension equals the width dimension. The
height and width dimensions intersect in their growth trajecto-

ries (Coe & Fox 1942, Seed 1968), and the assumption of the
linearization can be strengthened by collection of mussels from
the length class where many of the individuals in a population
have recently or will soon experience the intersection of the

height and width growth trajectories. Six-centimeter mussels
were collected from four populations. These mussels do not
represent the entire population at these sites, but they do

represent all of the possible locations that mussels could live,
because mussel beds were sampled at random. Although it was
useful to collect mussels from a length class for the purposes

of reducing the number anatomical dimension necessary for
our null model morphological analysis, only the Refugio and
Campus Point sites met the null model assumption of nearly
equal height and width dimensions necessary to satisfy Eq. 3. El

Capitan and Coal Oil Point mussels had fewer individuals with
nearly identical height and width dimensions. We suspect that
the null model is relatively robust in this respect, but we cannot

rule out whether this accounts for the disagreement between the
null model calculation of c and the least squares estimate of c for
El Capitan mussels (Table 4).

Measurements of the discoloration of the labial palp tissue and
trace metals in the nacre distinguish the mussel populations. We
noticed that the labial palp discoloration related to the H/W

variable and varied consistently between mussel populations in

TABLE 4.

The ability of the null model to describe morphological variability at each site is tested by comparing the calculated value
for the coefficient, c, using two different techniques.

El Capitan Refugio Campus Point Coal Oil Point

Null Model c, (Eq. 2) 0.0401 (0.0004) 0.0400 (0.0004) 0.0394 (0.0004) 0.0373 (0.0004)

Least Squares c, (Eq. 4) 0.0407 (0.0003) 0.0396 (0.0004) 0.0390 (0.0004) 0.0370 (0.0004)

TABLE 5.

Means of contemporary factors, with 99% CI and sample

size in parentheses.

Percent Cover

of Labial Palp

Red Discoloration

Sr/Ca

(mmol/mol)

El Capitan 11 (3, n ¼ 178) 1.736 (0.081, n ¼ 14)

Coal Oil Point 13 (3, n ¼ 177) 1.750 (0.079, n ¼ 24)

Refugio 38 (5, n ¼ 180) 1.900 (0.118, n ¼ 14)

Campus Point 40 (6, n ¼ 179) 1.941 (0.120, n ¼ 26)

Figure 3. The shape of mussels was averaged (diamonds) for each

category of discoloration and is plotted with the standard deviation of

the shape (error bars). Two circles are outlier individuals.
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a preliminary study (data not reported), so this new measure-
ment was collected on every individual in this study to better
document that pattern. A variety of epithelial measurements
have been described for M. californianus, relating the cellular

response to various stimuli (Bayne et al. 1979, Thompson et al.
1978) and an immunological response to toxicants (Luenger
et al. 2004). Assays that focus on the epithelium have been

developed for other species, including a scallop (MacDonald
et al. 1995), and a Baltic Sea mussel (Smolarz et al. 2006).
Whereas it is clear from our investigations that the labial palp

discoloration is a labile and contemporary measure that
significantly distinguishes these populations in a way consistent
with the shell shape measurement, it is unclear whether the epi-

thelial discoloration is a condition that is consequential to the
morphology of mussels. We hypothesize that the shell shape
modulates the physiological functions of mussels, which are then
proximately apparent in the measures of epithelial discoloration.

Geochemical studies have demonstrated that the Sr/Ca ratio
in the bivalve shell reflects the biochemical composition of
anatomical regions where the shell is formed (Klein et al. 1996).

Often, the relation of Sr/Ca to physiology is species specific,
making it difficult to generalize these findings to the mussel
Mytilus californianus. An early study found a negative trend of

percent molar Sr with temperature in Mytilus spp. aragonite

(Dodd 1965), but we cannot confirm such a trend with our data.
This species may have been overlooked for continued paleon-

tological research because of the difficulty of ageing individuals
using growth bands (Richards 1928). The only published
technique relies on differential growth of the aragonite and
inner calcite layers that form seasonal toothed patterns in the

shell cross sections (Dodd 1964). This method is not applicable
to all individuals, because the inner calcite layer does not form
in some fast growing individuals and is mostly absent in some

Santa Barbara populations (unpublished data).
Other generalities can be drawn from the geochemical

literature to help interpret the Sr/Ca ratio results. Age may be

a confounding factor in these analyses, because 6-cm mussels
from different populations may have different ages. Patterns
of the Sr/Ca ratio in fossil bivalve shells are relatively more
difficult to resolve in mature portions of the shell relative to the

juvenile portions because of the dramatic decrease in shell de-
position that bivalves experience on reaching maturity (Freitas
et al. 2005, Purton et al. 1999). Lobel et al. (1991) observed as-

sociations between the H/W variable and Sr measured from
mantle tissue. They described the H/W variable as an indication
of ‘‘physiological age.’’ Presumably, this concept relates more

to metabolic function of an individual rather than its actual
chronological age, but it is difficult to know, because age and
physiological condition are auto-correlated. Therefore, it is

often beneficial to examine more proximal causes of Sr/Ca
variability (Gillikin et al. 2005).

We hypothesize that the labial palp epithelial tissue discol-
oration and Sr/Ca ratio are contemporary measures of mussel

physiology that indicate physiological variability between mus-
sels from these four sites. Although mantle tissue is involved in
the calcification process that ultimately controls the Sr/Ca ratio

in the mussel shell, the discoloration that we measured occurs
on the labial palp, a feeding organ that is not directly involved in
calcification. Not only do these contemporarymeasures agree in

how the site variability is partitioned, the shape variables (PC2,
H/W) distinguish the mussels from these sites in the same
manner. All three variables distinguish El Capitan and Coal Oil
Point from Refugio and Campus Point, which supports the

conclusion of physiological differences between these popula-
tions. The size variable, on the other hand, places the popula-
tions in a different order and instead distinguished El Capitan

and Refugio from Campus Point and Coal Oil Point. Size and
shape provide different information on the phenotypic vari-
ability between mussel populations.

In the future, we would suggest selecting a length class that is
specific for each site, giving the highest overall overlap with the
height and width intersection. Because the value of c relates to

the size of the mussel, it is apparent that selecting different
length classes would likely predispose us to measure site differ-
ences in the value of c. An improved formulation of the null
model would include the length dimension or somehow correct

for different length classes of mussels. As is demonstrated here,
a null model approach has the ability to describe a great deal
of the morphological variability within a site. One of the most

promising avenues for future work involves more extensive
comparison of distinct mussel populations. There are few
biological records that span long enough timescales to address

the effect of anthropogenically induced environmental change
like from global warming, or that span long enough spatial
scales to address inherent scales of population variability

Figure 4. Pb/Ca ratio data collected at Campus Point (x marks) and Coal

Oil Point (circles) from 4/2001 through 4/2002. Each site and date has two

to four values representing replicate aragonite samples collected from the

same or similar mussels.

Figure 5. Sr/Ca ratio data collected at Campus Point (x marks) and Coal

Oil Point (circles) from 4/2001 through 4/2002. Each site and date has two

to four values representing replicate aragonite samples collected from the

same or similar mussels.
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induced from environmental gradients. However, there is a
veritable treasure trove of historical or paleontological mussel

shell collections and archived datasets where these three dimen-
sions were recorded that could be used to address these pressing
ecological questions.
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APPENDIX—DERIVATION OF THE NULL MODEL

Given that g ¼ hw and d ¼ h – w

0 ¼ h2 � dh� g; h ¼ d +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 + 4g

p
2

(A1)

0 ¼ w2 + dw� g; w ¼ �d +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 + 4g

p
2

(A2)

h

w
¼ d +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 + 4g

p
�d +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 + 4g

p (A3)

h

w
¼ 4g + 2d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 + 4g

p
+ 2d2

4g
(A4)

h

w
¼ 1 +

d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 + 4g

p
2g

+
d2

2g
(A5)

h

w
¼ 1 +

d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh� wÞ2 + 4hw

q
2g

+
d2

2g
(A6)

h

w
¼ 1 +

dðh + wÞ
2g

+
d2

2g
(A7)

Assuming that h + w @ 2
ffiffiffiffiffiffi
hw
p

h

w
¼ 1 +

dffiffiffi
g
p +

d2

2g
(A8)

e
d=
ffiffi
g
p

¼ edi 1 +
dffiffiffi
g
p + di

� �
+

1

2
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g
p + di

� �2
 !

(A9)

Where di is the difference about the intercept of h and w. h @ w
and di @ 0.

ed=
ffiffi
g
p
¼ 1 +

dffiffiffi
g
p +

d2

2g
(A10)

h

w
¼ e

d=
ffiffi
g
p

(A11)
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