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INTRODUCTION

Life-history patterns and population characteristics
of mytilid mussels vary greatly among geographical
sites and at different positions on the shore. Differ-
ences in environmental conditions impacting on the
mussels account for most of the variability, including
differences in spawning periods, reproduction and
growth (see reviews in Seed 1980, Suchanek 1985,
Griffiths & Griffiths 1987, Seed & Suchanek 1992).
Among the environmental conditions, temperature
and aerial exposure (as a function of the tidal eleva-
tion) are key determinants of the population dynamics
of mussels (Griffiths & Griffiths 1987). The degree of
wave exposure is, however, also an important physical
factor influencing the characteristics of mussel pop-
ulations.

Intense wave action imposes high hydrodynamic
forces on mussels and puts them at risk of dislodge-

ment and damage to their shells (Paine & Levin 1981,
Denny 1987). Mussels can respond to the risk of dis-
lodgment by increasing their attachment strength at
wave-exposed shores (Price 1982, Witman & Suchanek
1984, Hunt & Scheibling 2001). Attachment strength
depends on the number and size of byssus threads
anchoring mussels to the substratum (Bell & Gosline
1997). These threads decay over time and must be
replaced to maintain attachment, and the process of
replacement can form 8 to 15% of a mussel’s total
energy expenditure (Griffiths & King 1979b, Hawkins
& Bayne 1985). An increase in shell thickness can pro-
tect mussels from the destructive effects of wave action
(Fox & Coe 1943, Raubenheimer & Cook 1990). This is
also metabolically costly, since 25 to 50% of the total
body energy can be tied up in the shell (Jørgensen
1976, Griffiths & King 1979b, Gardner & Thomas 1987).

In contrast to these negative effects of wave action,
high-energy shores experience greater water flow,
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which is thought to deliver more food to the shore
(Bertness et al. 1991, Sanford et al. 1994, Bustamante &
Branch 1996, Dahlhoff & Menge 1996, Sanford &
Menge 2001). Since food provides the energy for pro-
duction, its availability is probably the single most im-
portant factor controlling production. For growth and
reproduction to take place, the energy ingested as food
must exceed the costs of metabolic maintenance. If
energy intake is less than those costs, mussels must use
body reserves and negative growth, or ‘degrowth’,
occurs. If the energy content of the absorbed ration
exceeds the metabolic costs, the surplus in energy may
be deposited as byssus, shell and body tissues, includ-
ing gonads (Hawkins & Bayne 1992).

Along a gradient of wave force, trade-offs probably
exist between protection from the destructive force of
waves, but lower food supply at more sheltered sites,
and higher food supply, but greater risk of dislodgment
and damage, at more exposed sites. These trade-offs
are likely to result in differences in the availability of
surplus energy and in the partitioning of this energy
into byssus, shell and/or flesh production.

The aim of this study was to investigate possible dif-
ferences in the population dynamics of the alien inva-
sive Mytilus galloprovincialis at sites differing in their
degree of wave exposure. Specifically, we investigated
differences in growth rates, condition (the relation of
flesh weight to shell weight) and shell morphology.

Sites were selected to cover as broadly as possible the
entire wave-exposure range occupied by M. gallopro-
vincialis on the west coast of South Africa, and the
large-scale applicability of the results was tested by
working in 2 regions of the coast separated by 500 km.
It was hypothesized that (1) growth rates will be faster
and (2) condition will be better on exposed compared
to more sheltered shores, and (3) shell morphology will
differ in a manner that reduces resistance to water flow
at exposed sites. The findings are not only of interest in
terms of the energetics of the mussel, but provide
insight into the likely competitive effects of M. gallo-
provincialis on indigenous species and how this is
affected by wave action.

MATERIALS AND METHODS

Study sites and wave-force measurements. The
study sites ranged in their degree of wave exposure
from sheltered to very exposed, and they were located
in 2 regions on the west coast of South Africa, approx-
imately 500 km apart. In the first region, Groenrivier in
Namaqualand, observations were made at the follow-
ing 8 study sites: Tongue, Island Point, Round Rock,
Island Wreck, Esterhuizen, Sean’s Site, Caravan North
and Caravan South. The second region was situated on
the Cape Peninsula, where there were 5 study sites:

Kommetjie, Witrock, Shelter, Scarbor-
ough North and Scarborough South
(Fig. 1). Intertidal wave forces at the
sites were measured using a maximum
wave-force dynamometer. A detailed
description of the device and the calcu-
lations involved can be found in
Palumbi (1984). On the Cape Penin-
sula, 10 devices were simultaneously
mounted to the rock on the low shore
at each site on 3 different randomly
selected occasions spanning the year,
left for 24 h (2 full tidal cycles), and
then retrieved. Each device provided a
single measurement of maximum wave
force during the 2 tidal cycles, which
was expressed in N m–2. Wave forces at
the sites at Groenrivier were measured
using the same method, but on 5 occa-
sions (also randomly selected to span
the year) and are from Steffani &
Branch (2002), except for the measure-
ments for Round Rock, which are from
Steffani (2001).

Growth rate. Growth rates of Mytilus
galloprovincialis were measured at all
sites. In October 1997, ca. 300 mussels
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Fig. 1. Study sites on the Cape Peninsula and Groenrivier on the west coast of 
South Africa
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site–1, covering a size range from 15 mm upwards,
were randomly chosen in the low-shore mussel bed for
growth measurements. The ventral margin of each
mussel (opposite the umbo) was marked in situ by fil-
ing a small notch into the shell edge without disturbing
the soft tissue. Similar methods of marking mussels
have proven successful (Dehnel 1956, Seed 1976). Six
months later (April 1998), the marked mussels were
collected and brought to the laboratory. Recovery rate
of notched mussels ranged from 27 to 57%. The shell
length (i.e. the anatomical height) of the mussels was
measured to the nearest 0.1 mm with Vernier calipers
from the umbo to the initial ventral margin (marked by
the notch) and from the umbo to the final ventral
margin of the shell. The distance from the umbo to
the notch represents the initial length at the time
when the mussels were marked. The second measure-
ment incorporates the shell-length increment during
the 6 mo.

For each site, Ford-Walford plots were derived by
regressing the final shell length (Lt+ 6 mo) on the initial
shell length (Lt), with the regression equation

Lt + 6 mo = mLt + i

where m is the slope and i the intercept on the y-axis.
Constants from these Ford-Walford plots were then
used to calculate von Bertalanffy growth curves, which
are used extensively for bivalve taxa (Seed 1980), and
are described by

Lt = L∞(1 – e–Kt)

where Lt is the length at age t, L∞ the asymptotic length
determined by using i / (1 – m) from the Ford-Walford
plot, and K the growth coefficient based on 6-monthly
growth calculated using –lnm.

In using growth measurements determined for a
period of 6 mo (during the austral summer) to establish
annual growth curves, we assumed that Mytilus gallo-
provincialis does not exhibit seasonal growth, even
though it is common for bivalves from temperate
regions to grow faster in particular seasons (Griffiths
& Griffiths 1987). Our assumption was based on the
facts that (1) the water temperature on the west coast
of South Africa does not vary with the seasons, averag-
ing 12°C over most of the year (Field & Griffiths 1991),
and (2) particulate organic matter (POM) arrives at
rocky shores at Groenrivier at a consistently high level
all year round (Bustamante & Branch 1996). Van
Erkom Schurink & Griffiths (1991, 1993) have also pre-
viously found that shell growth of M. galloprovincialis
proceeds regularly throughout the year, and the lack of
growth rings in the shell of another west coast mussel,
Aulacomya ater, supports this assumption further
(Griffiths & King 1979b). We did test this assumption at
one site, Island Wreck. Two sets of mussels, one in the

austral summer and one in the austral winter, were
marked in situ as described above and each set left at
the shore for 6 mo. For each season, Ford-Walford
growth regressions were established and tested for dif-
ferences by applying Student’s t-test to compare the
slopes and elevations of the 2 lines. No difference was
found between seasons (Ford-Walford regressions:
slope t47 = –0.247, p > 0.5; elevation t47 = –1.217, p >
0.2). This supports that the assumption of constant
growth for M. galloprovincialis on the west coast of
South Africa and indicates that the 6-monthly Ford-
Walford equations could be used to derive annual
growth curves.

Condition and shell shapes. Condition indices for
Mytilus galloprovincialis were determined at all sites
in both regions every 3 mo for 1 yr, starting in April
1998. At each site and on each sampling date, 50 ran-
domly selected mussels ≥10 mm were collected from
the low-shore mussel bed. In the laboratory, the maxi-
mum shell length, width (both valves) and height of
each mussel were measured to the nearest 0.1 mm.
The mussels were then placed in boiling water until
the shells opened, the flesh separated from the shell,
and the byssus including the gland removed. The flesh
and the shell were oven dried for 4 d at 50°C, or until
the weight was constant. Flesh and shell were weighed
to 0.1 mg. The condition index was calculated by the
following equation, taken from Davenport & Chen
(1987):

The data for shell length, width and height were used
to investigate differences in shell shapes of Mytilus
galloprovincialis among sites. To obtain an index of
shell thickness, the method described by Rauben-
heimer & Cook (1990) was followed. The product of
length and height of the shells was taken to be propor-
tional to the surface area, and shell thickness was then
estimated from the relationship between surface area
and shell weight.

Statistical analyses. The data were tested for norma-
lity and homogeneity of variances by a Kolmogorov-
Smirnov 1-sample test and Levene’s test, respectively.
If necessary, data were log-transformed to meet these
assumptions. The significance level for all analyses
was set at 0.05. Unless otherwise stated, statistical
analyses were conducted with Statistica 5.5 for
Windows (StatSoft).

The wave forces at the 5 sites on the Cape Peninsula
were measured at randomly chosen dates, which re-
sulted in a 2-way mixed model design with Date as a
random effect and Site as a fixed effect. This design
was analysed by variance-components estimation. The
ANOVA-based expected mean squares method (Vari-
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dry flesh weight (mg)
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ance Components Module, Statistica 5.5) provides an
integrative approach for the estimation of variance
components, because ANOVA techniques can be used
to estimate the variance of the random factor and the
components of variation in the dependent variable
attributable to the random factor and to test whether
the dependent variable has a significant component
of variation for the random effect or the interaction of
the random and the fixed factor. The significances of
the variance components and of the fixed effect Site
were tested using Satterthwaite’s method of denomi-
nator synthesis for constructing error terms (Satter-
thwaite 1946). This method can result in fractional
degrees of freedom, which indicates
that fractions of sources of variation
were used in synthesizing appropriate
error terms.

Some of the wave-force dynamo-
meters were lost during each measure-
ment period, resulting in an unbalan-
ced design, which makes estimates of
the mean squares sensitive to hetero-
geneous variances. However, the im-
plementation of Satterthwaite’s appro-
ximation by Statistica takes care of the
problem of heterogeneous variances.
Differences among sites were further
analysed by multiple comparisons
Tukey HSD tests for unequal sample
sizes.

Differences in growth rates among
the sites within each region were ana-
lysed by comparing the slopes and ele-
vations of the Ford-Walford growth
regressions using ANCOVA, followed

by post-hoc Tukey tests for comparisons among slopes.
When the slopes were homogeneous (not significantly
different), comparisons among elevations were con-
ducted. Differences in the relationships describing the
shell shape of Mytilus galloprovincialis were investi-
gated for each region following the same procedure.

Differences in condition indices between sites and
over time were analysed for each region using a 2-way
Model-I ANOVA. This was followed by post-hoc multi-
ple-comparison Tukey HSD tests. In case of significant
interactions, the means of one factor were compared
separately at each level of the other factor and vice
versa (Underwood 1997), and the sequential Bonfer-
roni correction was applied to compensate for the
number of tests conducted (Peres-Neto 1999).

RESULTS

Wave force

The maximum wave-force measurements at the sites
on the Cape Peninsula exhibited a clear gradient in
wave exposure. Kommetjie was the most sheltered
site, followed in order by Shelter, Witrock, Scarbor-
ough South and Scarborough North, which was the
most exposed site (Fig. 2b). The variance-components
analysis showed that the components of variance in the
dependent variable (wave force) attributable to the
interaction between the factors (Site × Date) and to the
random factor (Date) were small (0.07519 and 0.10436,
respectively) and had no significant effects (F8,105 =
0.838, p = 0.572, and F2, 7.73 = 2.353, p = 0.159, respec-
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Fig. 2. Maximum wave forces (mean ± SE) at (a) 8 sites at
Groenrivier (n = 6) and (b) 5 sites on the Cape Peninsula
(n = 3). Solid lines above the bar columns connect sites that 

were not significantly different (p > 0.05)

Site Ford-Walford von Bertalanffy
m i r2 L∞ K

(a) Groenrivier
Caravan North 0.908 6.749 0.974 73.6 0.096
Round Rock 0.912 6.034 0.986 68.5 0.092
Caravan South 0.903 6.263 0.970 64.5 0.102
Sean’s Site 0.875 9.118 0.975 73.1 0.133
Island Wreck 0.884 9.847 0.978 85.2 0.123
Island Point 0.820 14.262 0.969 79.2 0.198
Esterhuizen 0.824 11.097 0.949 63.2 0.193
Tongue 0.929 4.637 0.954 65.4 0.078

(b) Cape Peninsula
Kommetjie 0.967 1.889 0.992 58.1 0.033
Shelter 0.925 5.044 0.995 67.7 0.077
Witrock 0.912 5.514 0.970 62.3 0.093
Scarborough South 0.922 6.277 0.941 80.9 0.081
Scarborough North 0.944 3.719 0.979 66.5 0.058

Table 1. Mytilus galloprovincialis. Constants of the Ford-Walford growth regres-
sions and the von Bertalanffy growth curves at (a) Groenrivier and (b) Cape
Peninsula. m: slope; i: intercept at y-axis; r2: coefficient of determination; 

L∞: asymptotic length (mm); K: growth coefficient (6-monthly growth)
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tively). The fixed factor (Site), on the other hand, had
a significant effect, revealing differences among sites
(F4, 7.16 = 142.861, p < 0.001). This was followed by
Tukey tests, showing that all sites were significantly
different from each other (p < 0.05) except the 2 most
sheltered sites, Kommetjie and Shelter (p > 0.05). The
data for wave forces at the 8 sites at Groenrivier were
analysed in a similar manner. Again, there was a clear
gradient of wave action among the sites, spanning
almost a 3-fold difference between the extremes
(Fig. 2a). Tukey tests showed that 4 groups of sites
could be recognised statistically.

Growth rates of Mytilus galloprovincialis at 
different wave forces

The von Bertalanffy growth curves of Mytilus gallo-
provincialis at the 2 regions varied considerably
among the sites with different wave exposures. In both
regions, mussels at the sites in the middle of the wave-
exposure scale (e.g. Scarborough South on the Cape
Peninsula; Island Wreck and Island Point at Groen-
rivier) exhibited the fastest growth rates. Mussels at
sites to both extremes of the wave-force scale grew
considerably slower (Fig. 3). This pattern becomes
more obvious if the data are standardized to consider
the shell lengths mussels achieved after 4 yr of growth.
On this basis, at Groenrivier M. galloprovincialis grew
to about 50–65 mm at the 4 moderately exposed sites
(Sean’s Site, Island Wreck, Island Point and Ester-
huizen), but only to 37–40 mm at the 3 most sheltered
sites (Caravan North, Round Rock and Caravan South)
and 30 mm at the extremely exposed site (Tongue). A
similar picture emerged for mussels on the Cape
Peninsula, with highest values at sites with intermedi-
ate levels of wave action (Shelter, Witrock and Scar-
borough South) and lowest values for the more shel-
tered site (Kommetjie) and the most exposed site
(Scarborough North).

The constants of the Ford-Walford growth regres-
sions and the von Bertalanffy growth curves for both
regions can be found in Table 1. Statistical compar-
isons of growth rates at Groenrivier showed that the
Ford-Walford growth regressions of Mytilus gallo-
provincialis differed between all sites in either the
slopes or the elevations. Only the growth rates of
mussels at Round Rock and Caravan South, and at
Sean’s Site and Esterhuizen, did not differ from each
other in terms of either their slopes or their eleva-
tions (Table 2a). On the Cape Peninsula, the Ford-
Walford growth regression slopes of mussels were
similar at all sites but the elevations differed
between all sites except for Shelter and Witrock
(Table 2b).

At Groenrivier, the growth coefficient K of the mus-
sels showed a significant polynomial relationship with
wave force. The growth coefficient first increased with
rising wave force, but declined at wave forces over
13 × 103 N m–2 (Fig. 4a); 72% of the variation was
explained by differences in wave force. On the
Cape Peninsula, a similar relationship was apparent,
although it was not statistically significant (Fig. 4b).

A direct comparison between sites with similar expo-
sures in the 2 regions was not possible, since no 2 sites
had similar wave forces. Moreover, wave-force mea-
surements at the 2 regions were not undertaken at the
same dates, which might have confounded comparisons.
However, an overall comparison showed that Mytilus
galloprovincialis grew generally slower on the Cape
Peninsula than at Groenrivier. The maximal growth co-
efficient achieved on the Cape Peninsula (Witrock,
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Fig. 3. Mytilus galloprovincialis. Von Bertalanffy growth
curves at (a) Groenrivier and (b) Cape Peninsula. The sites 

are listed in sequence from least to most exposed
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K = 0.093) was far lower than the highest K value at
Groenrivier (Island Point, K = 0.198). Four-year-old mus-
sels achieved a maximum of 38 mm in the Cape Penin-
sula region, but 65 mm at Groenrivier (Fig. 4).

Condition of Mytilus galloprovincialis at sites with
different wave forces

The condition indices of mussels at Groenrivier
varied substantially among sites and over time
(Fig. 5a). A 2-way ANOVA showed that the interaction
between the sites and times was statistically significant
(Table 3a). Tukey tests detected that mussels at the
2 sites in the middle of the wave-force scale, Island
Wreck and Island Point, had significantly higher condi-
tion indices than mussels at any of the other sites on 4
of the 5 occasions measurements were made (p < 0.05).
On most occasions they were, however, not different
from each other (p > 0.05, see also Fig. 5a). The other
sites differed from any other site 2 to 4 times (p < 0.05),
but the differences were not consistent, with values for
any particular site sometimes being greater than other
sites and sometimes less. Strong differences also
occurred over time, with the exception of Caravan

North, where mussels had similar condition indices
during the entire study period (p > 0.05). Seasonal pat-
terns in condition indices were not very clear, with
only a slight tendency towards lower values in spring
(October 1998) and autumn (April 1999).

Condition indices of mussels in the region Cape
Peninsula also varied over time and among sites
(Fig. 5b). A 2-way ANOVA detected a significant inter-
action between sites and times (Table 3b). However,
the pattern behind these differences was not as clear
as at Groenrivier. Generally, differences among sites
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df MS F p

(a) Groenrivier
Site 7 10.546 242.243
Time 4 5.323 122.278
Site × Time 28 1.586 36.436 <0.001
Error 1960 0.043

(b) Cape Peninsula
Site 4 3.002 73.489
Time 4 5.829 142.701
Site × Time 16 0.460 11.251 <0.001
Error 1225 0.041

Table 3. Mytilus galloprovincialis. 2-way Model-I ANOVA on
the effects of Site and Time on the condition indices at 
(a) Groenrivier (data log-transformed) and (b) Cape Peninsula

Fig. 4. Mytilus galloprovincialis. Growth coefficient K in rela-
tion to maximum wave force at the sites (a) at Groenrivier and 

(b) on the Cape Peninsula

Comparisons Comparisons 
among slopes among elevations

ANCOVA

(a) Groenrivier
F 8.975 93.677
dfpooled 895 895
p <0.001 <0.001

Tukey tests
Caravan North ac c
Round Rock a a
Caravan South a a
Sean’s Site ac b
Island Wreck ac d
Island Point b e
Esterhuizen bc b
Tongue a f

(b) Cape Peninsula
F 2.061 95.443
dfpooled 712 712
p >0.05 <0.001

Tukey tests
Kommetjie a a
Shelter a b
Witrock a b
Scarborough South a c
Scarborough North a d

Table 2. Mytilus galloprovincialis. ANCOVA and Tukey tests
among growth rates at (a) Groenrivier and (b) Cape Penin-
sula. Shared letters (a, b, c, d, e or f) indicate no significant 

dif-ference (p > 0.05) between slopes or elevations
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on the Cape Peninsula were not as great as at Groen-
rivier, and at none of the sites were the average condi-
tion indices as high as at the 2 exposed sites Island
Wreck and Island Point at Groenrivier. On the Cape
Peninsula, mussels at the sites Shelter and Scarbor-
ough South usually had significantly higher condition
indices than those at any of the other sites, and the
most exposed site, Scarborough North, and the most
sheltered site, Kommetjie, usually had the lowest val-
ues. Mussels at the site Witrock, in the middle of the
wave-force scale, had low condition indices similar to
those at the very sheltered and the very exposed sites
(Fig. 5b). At all sites, lowest values occurred in January
1999 and April 1999.

Shell shapes of Mytilus galloprovincialis
at different wave forces

The shapes of the Mytilus galloprovincialis shells
varied significantly among the sites in both regions.
Calculations of the shell height and the shell width of
a standard 50 mm long mussel for each site (equations
in Table 4) showed that in both regions mussels
tended to be both taller and wider at more sheltered
sites than at exposed sites (Fig. 6). This was especially
apparent for shell height. The only exception oc-
curred at Island Wreck at Groenrivier, where mussels
had similar shapes to those from sheltered sites
(Fig. 6a).

When the height (y1) and width (y2) of standard
50 mm long mussels were regressed on wave force (x),
there were no significant relationships with wave force
(Groenrivier: y1, r2 = 0.467; y2, r2 = 0.231; df = 6, p > 0.05
in both cases; Cape Peninsula: y1, r2 = 0.594; y2, r2 =
0.210; df = 3, p > 0.05 in both cases).

ANCOVA (Table 5) and associated Tukey tests (see
Fig. 6a) detected that at Groenrivier most regressions
describing the relationships between length and
height and between length and width at the various
sites differed in either their slopes or their elevations.
For the length/height relationship there tended to be
4 groups of sites: Caravan North, Round Rock and
Island Wreck had the highest values, being signifi-
cantly different from Esterhuizen, Tongue, and Sean’s
Site, which had the lowest values. Island Point and
Caravan South were intermediate and significantly
different from each other and the other groups
(Fig. 6a). Length/width relationships fell into 4 groups,
with Caravan North having the highest value, signifi-
cantly greater than those at Round Rock, Island Wreck
and Tongue, which were equivalently ranked and had
significantly greater widths than mussels at Caravan
South, Island Point and Esterhuizen. Mussels at Sean’s
Site had the lowest widths (Fig. 6a).

On the Cape Peninsula, all length/height regression
slopes were similar, but the elevations differed signifi-
cantly (Table 5b). Mussels at the 3 more sheltered sites
(Kommetjie, Shelter and Witrock) grouped together
and were taller than at the 2 exposed sites (Scarbor-
ough South and Scarborough North). Mussels at all
sites differed in their widths, except between Shelter
and Scarborough North (Table 5b, Fig. 6b).

Between the 2 regions, no differences in shell shape
were apparent. Standard 50 mm long mussels ranged
in height from 23.1–25.1 mm at Groenrivier and
23.0–24.8 mm on the Cape Peninsula, and in width
from 17.6–20.9 mm at Groenrivier and 19.2–21.8 mm
on the Cape Peninsula.

The hydrodynamic force experienced by mussels in
densely packed mussel beds is mainly lift, which acts
perpendicular to the substratum (Denny 1987, Bell &
Gosline 1997). Mussels in beds are usually positioned
with the long axis perpendicular to the substratum, so
the area over which this force acts is determined by the
width and the height of a mussel. This shell planform
area (Apl, cm2) can be approximated as an ellipse with
shell height and shell width as the axes (Denny 1987).
The calculation of the planform area for standard
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Fig. 5. Mytilus galloprovincialis. Condition indices (means ±
SE, n = 50) at (a) Groenrivier and (b) Cape Peninsula. The
lines connecting the symbols do not infer relationships among 

sites but are inserted to aid visualisation
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50 mm long mussels depicts a trend towards reduction
in cross-sectional area with increasing wave force for
both regions, which was significant when the data
were pooled for both regions (Fig. 7).

The shell thickness indices of mussels at Groenrivier
exhibited significant differences among sites (see
ANCOVA results in Table 5a), although the shell
weights of mussels with a standard surface area of
20 cm2 covered a relatively small range of 10 to 11.5 g
(Fig. 8a, values calculated from equations in Table 4).
A significant polynomial relationship was apparent: a
decrease in shell thickness with increasing wave
forces up to 11–13 × 103 N m–2. At higher wave forces,
the shells again became thicker and reached values
comparable to those of mussels at sheltered sites
(Fig. 8a).

Tukey tests showed a grouping of 2 very sheltered
and 1 very exposed site with heavy shells, 1 sheltered

site with slightly less heavy
shells, and 4 sites experiencing
intermediate wave forces, with
lighter shells (Fig. 8a).

Shell thickness indices of
mussels from the Cape Penin-
sula varied greatly among sites
(Table 5a), and shells were also
always thicker there than at
Groenrivier. Mussels with a
standard 20 cm2 surface area
weighed 12.7 to 16.6 g (Fig. 8b).
The mussels tended to have
thicker shells at sheltered than
at exposed sites, but there was
a considerable variation in shell

thickness along the gradient of wave exposure, and
the relationship between shell thickness and wave
force was not significant (Fig. 8b). Tukey tests detected
differences in shell thickness of Mytilus galloprovin-
cialis among all sites, except for mussels at Witrock
and Scarborough North (Fig. 8b).

DISCUSSION

Growth and condition of Mytilus galloprovincialis
along a gradient of wave force

Environmental conditions have major impacts on
growth, reproduction and shell morphology of mussels
(Bayne et al. 1983, Griffiths & Griffiths 1987, Hawkins
& Bayne 1992, Seed & Suchanek 1992). In our study,
marked differences in the growth rates, condition and
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Length vs height Length vs width Surface area vs weight
Comparison among: Slopes Elevations Slopes Elevations Slopes Elevations

(a) Groenrivier
F 5.872 56.657 5.820 42.513 17.176 67.838
dfpooled 1984 1984 1984 1984 1984 1984
p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

(b) Cape Peninsula
F 2.076 69.007 4.324 82.528 3.086 111.27
dfpooled 1240 1240 1240 1240 1240 1240
p >0.05 <0.001 <0.01 <0.001 <0.05 <0.001

Table 5. Mytilus galloprovincialis. ANCOVA tests of relationships between shell length
(mm) and height (mm); shell length (mm) and width (mm); and shell surface area (cm2) and
shell weight (g) (as an index of shell thickness) at (a) Groenrivier and (b) Cape Peninsula

Site Equation r2 Equation r2 Equation r2

y (height) = y (width) = y (weight) =

(a) Groenrivier
Caravan North 1.1829x 0.7807 0.928 0.4229x 0.9852 0.867 0.1067x 1.5561 0.973
Round Rock 0.9799x 0.8291 0.950 0.2947x 1.0683 0.949 0.1307x 1.4942 0.968
Caravan South 1.2017x 0.7614 0.896 0.3147x 1.0380 0.938 0.155x 1.4301 0.962
Sean’s Site 1.0767x 0.7882 0.949 0.3010x 1.0401 0.965 0.0981x 1.5452 0.983
Island Wreck 0.9966x 0.8248 0.946 0.2788x 1.0803 0.946 0.0772x 1.6398 0.982
Island Point 0.9495x 0.8264 0.974 0.3881x 0.9825 0.933 0.1081x 1.5301 0.976
Esterhuizen 0.9159x 0.8266 0.952 0.3114x 1.0397 0.955 0.0986x 1.5569 0.978
Tongue 1.0117x 0.7997 0.889 0.3511x 1.0163 0.912 0.1331x 1.4776 0.953

(b) Cape Peninsula
Kommetjie 1.1594x 0.7761 0.934 0.3826x 1.0332 0.894 0.1635x 1.5420 0.935
Shelter 0.9965x 0.8190 0.925 0.2461x 1.1288 0.934 0.1103x 1.6094 0.962
Witrock 0.9815x 0.8261 0.887 0.2382x 1.1549 0.841 0.1304x 1.5842 0.936
Scarborough South 0.9828x 0.8060 0.923 0.2789x 1.0815 0.954 0.1059x 1.5974 0.969
Scarborough North 0.9217x 0.8234 0.914 0.2779x 1.1005 0.907 0.1507x 1.5129 0.935

Table 4. Mytilus galloprovincialis. Relationships between shell length (x, mm) and shell height (y, mm); shell length (x, mm) and
shell width (y, mm); and shell surface area (x, cm2) and shell weight (y, g) at (a) Groenrivier and (b) Cape Peninsula; df = 242 for 

all equations. Note that ‘shell length’ denotes anatomical height and ‘shell height’ denotes anatomical length
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shell shapes of Mytilus galloprovincialis were detected
among sites spanning a gradient of wave exposures. In
2 separate regions, mussels grew significantly faster
at moderately exposed sites than at sheltered or ex-
tremely exposed sites, resulting in a polynomial rela-
tionship between the growth coefficient K and average
maximum wave force. Although apparent in both re-
gions, this relationship was significant only at Groen-
rivier, and growth rates were also markedly greater
there than at the Cape Peninsula.
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Fig. 6. Mytilus galloprovincialis. Shell height (j) and width (h)
of standard 50 mm long mussels at (a) Groenrivier and (b)
Cape Peninsula. Heights and widths were calculated using
the equations in Table 4. Sites with shared letters were not
significantly different in either their slopes or their elevations
(Tukey tests, p > 0.05). The lines connecting the symbols do
not infer relationships among sites but are inserted to aid
visualisation. Relationships of height or width to maximum 

wave force are depicted in the inset graphs

Fig. 7. Mytilus galloprovincialis. Shell planform areas of
50 mm long mussels in relation to maximum wave forces at
Groenrivier and on the Cape Peninsula. The equation and 

statistics are for the pooled data for both regions

Fig. 8. Mytilus galloprovincialis. Shell weights of mussels with
a standard surface area of 20 cm2 at (a) Groenrivier and (b)
Cape Peninsula. Shell weights were calculated using the
equations in Table 4. Sites with shared letters were not signif-
icantly different in either their slopes or elevations (Tukey
tests, p > 0.05). Relationships between shell weight and max-
imum wave force in the regions are given in the inset graphs
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Shell growth is not necessary coupled with tissue
growth in bivalves. Indeed, shell growth can remain
positive even in periods when tissue growth is nega-
tive (Fréchette & Bourget 1985a, Borrero & Hilbish
1988). The condition index, which relates the flesh
weight to the amount of shell, is thus an important
measure of the physiological status of mussels and the
relative allocation of resources to tissue or shell growth
(Raubenheimer & Cook 1990, Seed & Suchanek 1992).
Condition values at Groenrivier showed the same
trend as the growth rates, mussels at moderately ex-
posed sites having significantly higher condition val-
ues than at sheltered or extremely exposed sites. On
the Cape Peninsula, condition values were lower over-
all than at Groenrivier. Condition values were also
reduced at both ends of the wave-force scale, but this
pattern was not as clear-cut as at Groenrivier.

Several studies have recorded faster growth and bet-
ter physiological condition of mussels and other inter-
tidal filter-feeders in exposed compared to sheltered
situations (Bertness et al. 1991, Robles & Robb 1993,
Sanford et al. 1994, Dahlhoff & Menge 1996, Leichter &
Witman 1997, Sanford & Menge 2001). In South Africa,
growth of the indigenous mytilids Aulacomya ater,
Choromytilus meridionalis and Perna perna and of the
alien Mytilus galloprovincialis is faster in areas of high
water circulation than in areas with restricted circula-
tion (van Erkom Schurink & Griffiths 1993).

Among sessile suspension feeders, food availability
is generally the single most important environmental
variable regulating production (Griffiths & Griffiths
1987, Hawkins & Bayne 1992). Surface waves are pres-
sure waves that travel through the water surface and
cannot themselves transport particles. Breaking sur-
face waves can, however, transport particles. In the
zone of the breaking waves, areas of high wave action
experience greater water flows that both contain and
transport more particulate matter than at sheltered
shores and can quickly compensate for the effects of
particle depletion over mussel beds (Fréchette & Bour-
get 1985b, Fréchette et al. 1989, Bertness et al. 1991).
The west coast of South Africa is fringed by dense
forests of the kelps Ecklonia maxima (Osbeck) and
Laminaria pallida (Grev. Ex J. Ag), which occur in the
zone of the breaking waves and produce abundant
detritus. At Groenrivier more than 50% of the carbon
and 65% of the nitrogen assimilated by Mytilus gal-
loprovincialis is derived from kelp detritus. Average
concentrations of POM (65% of which is kelp derived)
and the rate of water turnover are greater on exposed
than on sheltered shores (Bustamante & Branch 1996).
Thus, increased food supply at exposed sites may
enable M. galloprovincialis to grow faster and allocate
more energy to flesh production than at more sheltered
sites, despite the likely greater metabolic costs of hav-

ing to produce more byssus threads for stronger
attachment.

At sites with extreme wave exposure, however, both
growth and condition were markedly reduced. De-
creases in growth of mussels and other bivalves on
shores with heavy wave impact or in areas with very
high water velocities have been reported elsewhere
(Fox & Coe 1943, Harger 1970, Wildish & Saulnier
1992). Rate of ingestion by mussels increases with food
availability until a threshold concentration of food par-
ticles is reached, above which the ingested ration
remains relatively constant, and the ‘surplus’ filtered
material is bound with mucus to form pseudofaeces
that are expelled (Griffiths & King 1979a, Griffiths &
Griffiths 1987, Hawkins & Bayne 1992). Furthermore,
at very high water velocities the filtration rate of
bivalves is inhibited by hydrodynamic effects on the
functioning of the bivalve pump (Wildish & Saulnier
1992, Wildish et al. 1992, Newell & Wildish 1997,
Newell et al. 2001). Hydrodynamic forces may also
increase demands for byssus production or shell thick-
ness, reducing the energy available for growth and
production of mussels living on shores with heavy
wave surge. Above certain thresholds, increases in
water flow and food supply are therefore unlikely to
have further positive effects on mussel growth, and
may even have negative effects (Prins & Smaal 1989).

The flesh weighed for the determination of the con-
dition index included gametic tissue, and temporal
changes in condition most likely reflected spawning
events, rather than seasonal variation in food availabil-
ity. The flesh dry weight of Mytilus galloprovincialis
can vary 3-fold between ripe and spawned conditions
(van Erkom Schurink & Griffiths 1991), whereas kelp-
derived detritus, which forms an important part of this
mussel’s diet, is consistently high throughout the year
(Bustamante & Branch 1996).

Variations in growth and resource allocation are at
least partially genetic (see review in Seed & Suchanek
1992). However, mussels are broadcast spawners, and
their larvae can spend 2 to 10 wk in the plankton (Lutz
& Kennish 1992, Seed & Suchanek 1992, Chícharo &
Chícharo 2000). Within each of the 2 regions exam-
ined, sites were not further apart than 5 to 8 km, so it
seems unlikely that sufficient isolation existed be-
tween the populations within the regions to achieve
the genetic differentiation required for such an evolu-
tionary response. Nevertheless, the fact that mussels
on the Cape Peninsula all grew more slowly and never
reached condition values as high as at Groenrivier may
be due to genotypic differences. Alternatively, it may
reflect differences in primary productivity related to
the distribution of upwelling cells. Water along the
west coast becomes increasingly clearer from the north
to the south, and in the north the water contains more
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detritus, which is carried northwards by the Benguela
System (Field et al. 1980). Benthic communities can be
strongly influenced by the bottom-up influence of pro-
ductivity (Menge et al. 1997, 1999, Menge 2000). For
example, the difference in mussel growth rates on the
Oregon coast, USA, between regions 80 km apart was
attributed to variation in near-shore phytoplankton
concentration (Dahlhoff & Menge 1996). Similarly, the
absence of mussels from much of the Cook Straits in
New Zealand has been ascribed to the low seston
quality there (Gardner 2000).

Shell shape of Mytilus galloprovincialis

In our study, growth rates were measured as length
increments. However, body shape does not always
change uniformly with an increase in length, but
depends on the allometry of growth, and shell propor-
tions do vary among mussel populations (Seed 1973,
1980, Brown et al. 1976, Hosomi 1985, Iwasaki 1996).
Many factors influence shell shape, including crowd-
ing, trophic conditions, water depth, wave impact and
presence of predators (Fox & Coe 1943, Brown et al.
1976, Eager 1978, Seed 1978, Reimer et al. 1995,
Akester & Martel 2000).

Our results showed that, with some exceptions, mus-
sel shells in both regions tended to be relatively taller
and wider at sheltered sites than at exposed sites,
although this pattern was not statistically related to
wave action. For standard 50 mm long mussels, no
relationship existed between relative shell height or
shell width and the density of mussels (p > 0.05 in all
cases, mussel-density data taken from Steffani &
Branch 2003). This suggests that crowding was not the
underlying cause of differences in shell shape. Perhaps
the trend towards lower and narrower shells at
exposed sites reduces the area over which hydro-
dynamic lift acts and is a response to the increased risk
of dislodgement (Denny 1987, Bell & Gosline 1997),
although this interpretation remains tentative.

Shell thickness also varied along the gradient of
wave exposure. At least at Groenrivier, mussels of
comparable size had thicker (heavier) shells at shel-
tered sites and extremely exposed sites, and thinner
(lighter) shells at moderately exposed sites. This pat-
tern was the inverse to that displayed by growth. The
relationship between shell thickness and wave expo-
sure contrasts with other studies. Akester & Martel
(2000), for instance, found that Mytilus trossulus had
thicker shells and ligaments at exposed sites than at
sheltered sites, and they suggested that this reduces
the misalignment of the valves in areas with high wave
energy. Raubenheimer & Cook (1990) reported a
greater shell thickness for subtidal Mytilus gallo-

provincialis subjected to high wave action compared to
populations in sheltered areas, and they concluded
that any growth benefits accruing in exposed habitats
may be channelled into increasing shell thickness
rather than shell length. However, the mussel popula-
tions in our study had very different rates of growth
and mussels of similar sizes were thus not of similar
age. Differences in shell weight of mussels of similar
length can be explained largely in terms of age, the
older, slower-growing individuals having compara-
tively heavier shells than their younger, faster-growing
counterparts (Seed 1980). This is supported by the
inverse relationship of shell thickness with growth.

Conclusions

Mytilus galloprovincialis grew faster and had higher
condition values at moderately exposed sites than at
sheltered sites. This was most likely related to greater
food availability at sites with greater water flow. How-
ever, at extremely exposed sites both growth rate and
condition values were diminished. Growth rates and
conditions of mussels on the Cape Peninsula were also
low compared to those at Groenrivier, most likely due
to lower food concentrations there. Mussel shells
tended to be lower and narrower at more exposed
sites, possibly reducing the impact of hydrodynamic
forces. Shells were thickest at sheltered sites and at
extremely exposed sites. This was inversely related to
growth and is probably only indirectly, and not adap-
tively, related to wave action. Our most novel finding
was the detection of a polynomial relationship be-
tween growth rate and wave force. Previous studies
yielded conflicting conclusions about the effects of
wave action of growth, because they compared a lim-
ited portion of the spectrum of wave action. Thus, our
study shows the importance of incorporating the full
range of conditions under which a species occurs, to
understand the underlying causes of the patterns
observed.

Mytilus galloprovincialis is an aggressively invasive
alien species (Hockey & van Erkom Schurink 1992,
Griffiths et al. 1992). From our results, we predict that
this mussel will have little impact on sheltered rocky
shores because its growth, condition and density
(Steffani & Branch 2002) are low there due to inade-
quacies of food supply. Similarly, its effects at sites with
extremely high wave action will also be limited: its
growth and condition are low there because of ineffi-
cient feeding and diversion of energy into attachment
and shell strength. Strong impacts of M. galloprovin-
cialis are, however, anticipated at intermediate levels
of wave action, where growth and condition are
maximal.
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