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Abstract The introduced mussel Mytilus gallopro-
vincialis is progressively increasing in abundance
along the south coast of South Africa. Quantitative
0.1 m? samples were collected in the mid-zone of an
indigenous Perna perna mussel bed in the 1980s
prior to the arrival M. galloprovincialis (12) and in
the 2000s during the M. galloprovincialis invasion
(16). In addition, in situ counts of M. galloprovin-
cialis were done on eight occasions between 1993
and 2005, and in the low- and high-zones on four
occasions. In the mid-zone M. galloprovincialis was
absent until 1987, its mean densities were low (< 15
individuals/0.1 m2) between 1993 and 1996, but
thereafter increased steadily, peaking in 2004 (at 721
individuals/0.1 m?), before declining in 2005 (331
individuals/0.1 m?). The greatest densities of M. gal-
loprovincialis were recorded at the high-zone (1121
individuals/0.1 m?) and the smallest in the low-zone.
As M. galloprovincialis numbers increased, there was
an associated, but smaller decline in P. perna
numbers and the overall density of mussels increased
significantly (P < 0.05). No major change was
recorded in the size composition of P. perna. The
density of associated fauna differed significantly
(P < 0.01) between sampling dates with the lowest
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and highest values being recorded near the ‘begin-
ning’ (2001) and ‘end’ (2005) of the invasion period
respectively. These differences were largely due to
variations in the density of barnacles, and the toothed
barnacle Chthamalus dentatus appeared to be the
only associated faunal species that was directly
affected by the M. galloprovincialis invasion, expe-
riencing a significantly (P < 0.05), but temporary
decline in density and biomass values.
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Introduction

Historically three indigenous mussel species formed
extensive beds on rocky intertidal and shallow
subtidal reefs of the South African coastline (Brown
and Jarman 1978). The black mussel Choromytilus
meridionalis and the ribbed mussel Aulacomya ater
attained their greatest densities in the cooler waters of
the west coast, whereas the brown mussel Perna
perna was abundant on the warmer south- and east
coasts (Van Erkom Schurink and Griffiths 1990). The
Mediterranean mussel Mytilus galloprovincialis was
accidentally introduced on the west coast of South
Africa between the late 1970s and early 1980s (Grant
and Cherry 1985; Griffiths et al. 1992), and later (in
1988) a small population was intentionally estab-
lished at Port Elizabeth on the south—east coast for
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mariculture purposes (McQuaid and Phillips 2000).
Mytilus galloprovincialis originated in the Mediter-
ranean Sea, and has been introduced to the coastlines
of California, Japan, China, Korea, Hawaii, Australia
and South Africa (Seed 1992). It exhibits several
characteristics of an invasive species, namely rapid
growth rate, high fecundity, substantial tolerance to
desiccation (Hockey and Van Erkom Schurink 1992),
and resistance to parasites (Calvo-Ugarteburu and
McQuaid, 1998). On the rocky shores of the west
coast of South Africa M. galloprovincialis has proved
to be a superior competitor for primary space relative
to the ribbed mussel Aulacomya ater, adults of the
granular limpet Scutellastra granularis and, at sites
with intermediate to high wave exposure, Argen-
ville’s limpet S. argenvillei (Hockey and Van Erkom
Schurink 1992; Steffani and Branch 2003a, b; Branch
and Steffani 2004). The biomass, growth rates and
recruitment of M. galloprovincialis on this coast all
peaked at localities with intermediate wave exposure,
declining towards sheltered and extremely exposed
sites (Steffani and Branch 2003c; Hammond and
Griffith 2004). By 1990 M. galloprovincialis com-
prised over 70% of intertidal mussel biomass on the
west coast, compared to only 1% on the warmer (ca.
3-5°C, van der Elst 1981; F.A. Duncan, personal
communication) south and south—east coasts (Cape
Agulhas and East London, Fig. 1), where P. perna
was the dominant mussel (Van Erkom Schurink and
Griffiths 1990). Its abundance on the south and
south—east coasts has continued to increase, but it is
variable and site specific (McQuaid and Phillips
2000; Rius 2004; Robinson et al. 2005). At sites
where M. galloprovincialis is plentiful, it dominates
the high-shore and P. perna the low-shore, with a
mixed zone at the mid-tide level (Bownes and
McQuaid 2006). Mytilus galloprovincialis has a
faster growth rate and a higher tolerance to desicca-
tion and siltation than P. perna, and it has therefore
the potential to increase the standing stock and
intertidal extent of the mussel beds on the south coast
(Hockey and Van Erkom Schurink 1992).

This paper documents the increase in abundance of
M. galloprovincialis in a densely populated P. perna
bed on the south coast, and changes in the density,
biomass, diversity and species richness of the asso-
ciated faunal community over the study period. It
complements more comprehensive studies done on
the changes that occurred on the west coast following
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Fig. 1 Location of sites mentioned in the text and sampling
sites in (a) South Africa and (b—c) in Tsitsikamma National
Park

the invasion by M. galloprovincialis (Hockey and
Van Erkom Schurink 1992; Griffiths et al. 1992;
Steffani and Branch 2003a, b, c¢; Robinson et al.
2005).

Materials and methods

The study area, Tsitsikamma National Park, is
situated on the south coast (Fig. 1), where the
temperature regime appears to be near the edge of the
optimal range of P. perna and M. galloprovincialis,
which generally have subtropical and temperate
distributions respectively (Bownes 2005). The shore-
line of the park is narrow and rocky, running along
the base of a precipitous coastal escarpment. The
sampling site has a mono-layered mussel bed and is
located approximately midway along the length of a
marine reserve where bait collecting and fishing are
prohibited.
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The profile of the mussel bed at Site 1 was divided
into three zones, namely the low-zone (0.86—1.25 m
above low water of spring tide), mid-zone
(1.26-1.55 m) and high-zone (1.56-1.86 m), while
sea surface temperature was measured daily at 08h00
to the nearest 0.1°C by park personnel using either a
thermometer or a thermistor at Site 2. In the 1980s,
prior to the arrival of M. galloprovincialis, a total of
twelve 0.32 x 0.32 m quadrats were quantitatively
sampled in the mid-zone of Site 1 (Table 1). All
organisms within the quadrat were removed using a
hammer and paint-scraper, stored in plastic bags and
frozen until analyzed. The samples were sorted, but
small organisms, such as amphipods and tiny poly-
chaetes, were ineffectively captured, because of the
large volume of shells and debris in the samples and
the coarse 1 mm retaining mesh used. The organisms
collected were counted and identified to species level
when possible, under a dissecting microscope. Shell
lengths of P. perna were measured using a vernier
caliper, and a single length mass relationship was
determined for this species. For every millimetre size
class (e.g. 20.0-20.9 mm) measured between 10 and
15 individuals were pooled together. The flesh
component of the mussels in each class was manually
removed, oven dried (100°C for 24 h), cooled in
desiccators, weighed to the nearest 0.01 g, and then
ashed (500°C for 6 h) to determine ash free dry mass
(Crisp 1971). The length mass data were used to
calculate the biomass values of mussels in all the
samples. Samples of the other species were individ-
vally weighed. In this instance shells of molluscs
were manually removed before ashing, but barnacles
and echinoderms were ashed intact, as weight loss
due to combustion was low (<12% and <27%
respectively).

Following the detection of M. galloprovincialis,
in situ counts were done in the mid-zone at Site 1
during spring/summer between 1993 and 2005. A
0.32 x 0.32 m quadrat was laid contiguous to itself
100 times along of the mussel bed, with adjustments
being made to exclude steep crevices, protrusions and
experimentally cleared areas. Counts of the numbers
of M. galloprovincialis per quadrat were done in
every alternate one, except in 2002 and 2005 when
only 40 quadrats and 20 quadrats were evaluated
respectively. In the low- and high-zones (sometimes
1-2 months later than those in the mid-zone) counts
were done in 10 quadrats, spaced approximately 1 m
(or 3 quadrats) apart. Only mussels on which a
distinctive blue-black tinge could be discerned were
classed and counted as M. galloprovincialis (Van
Erkom Schurink and Griffiths 1990; Branch et al.
2005). The accuracy of the counts and the associated
faunal (all organism beside P. perna and M. gallo-
provincialis) composition of the mussel bed were
determined by removing the contents of four of the
evaluated quadrats (mussel cover >70%) in both the
mid- and high-zones on each sampling date between
2001 and 2005, and in the low-zone in 2003 (Table 1).
The samples were processed in a manner described
above.

In processing the samples of the 1980s, which all
had >75% mussel cover, some small or encrusting
species were inadequately recorded. As a result I
excluded them from all analyses that compared the
associated fauna from pre-invasion (1980s) samples
with those from during the invasion (2000s) samples.
The density, biomass, Shannon-Weaver diversity
index (H' = —>_ (Pi) (Log (Pi)), where Pi = proportion
of total sample belonging to the ith species) and
Margalef’s richness index (d = (S—1)/log (N)), where

Table 1 Number of samples collected and in situ counts done on the various sampling dates in the different zones

1983 1984 1987 1993 1994 1996 1999 2001 2002/3 2004 2005
Samples
Low-zone - - - - - - - 4
Mid-zone 3 7 2 - - - - 4 4 4
High-zone - - - - - - - 4 4 4 4
Counts
Low-zone - - - - - - 10 10 10 10 10
Mid-zone - - - 50 50 50 50 50 40 50 20
High-zone - - - - - - 10 10 10 10 10
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S = number of species, and N = number of
individuals) of the associated fauna were determined
for each sampling date (Odum 1971).

Comparisons of the above values between sam-
pling dates were done using Kruskal-Wallis (non-
parametric analysis of variance) test and the
software program STATGRAPHICS (Statistical
Graphic Corporation 1989). Where significant dif-
ferences (P < 0.05) were recorded, post-hoc com-
parisons were done using Dunn test (Zar 1984).
Classification of sampling dates was based on the
Bray-Curtis similarity analysis done on fourth-root
transformed density and biomass values of the
associated fauna (Gauch 1995). Linear regression
analyses were used to examine relationships between
the density of associated faunal species and that of
mussels (Zar 1984).

Results

Comparative sampling indicated that on average the
in situ counts underestimated the density of M. gal-
loprovincialis in the quadrats by a factor of 0.47
(SD = 0.15, n = 32), and the values from the counts
(Fig. 2) have been adjusted accordingly. In the mid-
zone the mean densities of M. galloprovincialis were
initially low (<15 individuals/0.1 m?) between 1993
and 1996, a period when sea temperatures were
abnormally cold (Fig. 2). Thereafter the mean
densities of M. galloprovincialis increased steadily,
peaking at 721 individuals/0.1 m? in 2004, and then
declining sharply in 2005 (331 individuals/0.1 m?).
Similar trends were noted in the low- and high-zones.
In 2004 the highest densities of M. galloprovincialis
were recorded in the high-zone (1121 individuals/
0.1 m? and the smallest in the low-zone (338
individuals/0.1 m?), where the lowest proportional
contribution of M. galloprovincialis to the overall
mussel population (<65%) was encountered (Fig. 2).

Data from the harvested samples indicated that the
mean density and biomass values of both M. gallo-
provincialis and P. perna varied significantly be-
tween sampling dates (Kruskal-Wallis test X7,
H > 18, P < 0.01, Table 2). The mean values for
the pre-invasion period were similar (Dunn test
Q < 2.7, P > 0.05) and differed significantly from
those recorded in 2004 and 2005 (Dunn test Q > 6.7,
P < 0.01, Table 2). As the numbers and biomass of
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Fig. 2 Variation in (a) monthly surface sea temperatures
above and below the mean monthly values for the study period,
(b) mean adjusted density (+SD) of M. galloprovincialis
recorded from in situ counts, and (¢) mean proportions (+SD)
of M. galloprovincialis relative to the overall mussel density
determined from quantitative samples

M. galloprovincialis increased in the 2000s, there was
an associated, but smaller decline in those of P. perna
(Fig. 3). Consequently, the mean densities of mussels
in 2004 and 2005 were significantly higher than those
in the 1980s (Kruskal-Wallis test X26, H > 14, Dunn
test, Q = 4.4, P < 0.05, Table 2). In the high-zone the
density and biomass values fluctuated in a similar
manner to those of the mid-zone (Fig. 3). The decline
in overall mussel densities noted in the 2005 samples
(Fig. 3) was accompanied by the presence of bare
patches in the mussel bed (pers. obs.), which was
apparently caused by wave-driven dislodgement of
mussels. A similar situation was noted in mussel beds
at some 46 km west of Site 1 (Erlandsson et al. 2006;
Zardi et al. 2000).

The pooled P. perna sample from the 1980s
showed a slightly higher proportion of large individ-
uals (shell length > 40 mm) than that from the 2000s
(40 vs. 35%, Fig. 4), but otherwise the size compo-
sitions were similar. The size distribution of M. gal-
loprovincialis individuals varied with tidal elevation,
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Table 2 Mean densities (nos/0.1 mz) and biomasses (g/0.1 mz) of mussel and abundant (mean density > 5 individuals/0.1 mz)
infaunal species sampled at Site 1 on each sample dates, as well as the results of Kruskal-Wallis test

Species 1983 1984 1987 2001 2003 2004 2005 K-W X%
Mollusca
Perna perna Nos 441.3a 478.9a 536.0a 328.8b 303.0b 124.8¢c 220.8¢c 19.8  <0.01
Perna perna Mass 58.24a 67.46a 66.92a 52.09b 47.08b 17.13¢c 15.66c 223 <0.01
Mytilus galloprovincialis  Nos 0.0c 0.0c 0.0c 376.8b 436.5a 901.3a 655.8a 25.1 <0.01
Mytilus galloprovincialis  Mass 0.00d 0.00d 0.00d 28.04c 38.78b 52.49a 33.03c  25.1 <0.01
Perna & Mytilus Nos  441.3c 478.9¢ 536.0b 705.5b  739.5b 1026.0a 876.5a 14.3 0.03
Perna & Mytilus Mass  58.24c 67.46bc 66.92bc 80.13a 85.86a 69.62b  48.69d 15.1 0.02
Scutellastra granularis Nos 46.0a 48.0a 29.5b 26.8b 31.5b 38.3c 34.8c 182 <0.01
Scutellastra granularis Mass 1.03b 1.27a 0.61c 0.54c 0.79b 0.68c 0.96b 13.8 0.03
Nucella dubia Nos 13.0 2.6 8.5 9.8 4.8 9.8 19.0 12.0 0.06
Nucella dubia Ass 0.19 0.05 0.13 0.24 0.10 0.15 0.23 8.2 0.22
Cardita variegata Nos 15.0 0.6 0.5 9.3 3.8 4.5 8.0 12.7 0.05
Cardita variegata Mass 0.03 0.00 0.00 0.07 0.02 0.04 0.03 11.2 0.08
Arthropoda: Crustacea
Octomeris angulosa Nos 272.0b 279.0b 254.5b 102.0c 166.5¢ 255.3b 353.3a 13.3 0.04
Octomeris angulosa Mass  26.08 25.38 28.50 25.14 31.00 41.74 51.70 9.5 0.14
Chthamalus dentatus Nos 266.7a 257.7a 286.0a 89.5¢ 113.5b 165.3b 285.5a 14.8 0.02
Chthamalus dentatus Mass 3.81a 3.79a 4.59a 2.01b 2.69b 1.41b 4.67a 125 0.05
Cirolana venusticauda Nos 31.7b 5.1d 4.5d 16.8¢c 20.3b 16.5¢ 56.8a 17.8  <0.01
Cirolana venusticauda Mass 0.17b 0.03c 0.03c 0.16b 0.20b 0.11b 04la 17.0 0.01
Annelida
Pseudonereis variegata Nos 14.7b 5.3c 4.0c 7.5¢ 11.5b 19.3b 36.0a 199 <0.01
Pseudonereis variegata Mass 1.40b 0.49¢ 1.04b 1.11b 1.22b 1.27b 4.42a 154 0.02
Total infauna Nos  684a 622b 623b 305¢ 390c 538b 825a 18.1 <0.01
Mass 33.7 314 37.0 31.0 382 46.1 63.0 10.0 0.12

Where significant (P < 0.05) variations were recorded, Dunn multiple comparison tests were done and values that were similar to

each other (P > 0.05) are denoted by alphabets of similar styles

with the modal length being smallest in the high-
zone, and largest in the low-zone (Fig. 5).

A total of 34 associated faunal species were
effectively recorded throughout the study period, and
use in the comparative analyses. The total density of
associated fauna differed significantly between sam-
pling dates (Kruskal-Wallis test X26, H = 18.1,
P < 0.01) with the largest differences occuring during
the invasion period between 2001 and 2005 (Dunn
test, Q = 13.6, Fig. 6). The density of associated fauna
steadily increased from a low in 2001 to a high in
2005, and this change was largely due to an increase
in the number of barnacles (Chthamalus dentatus and
Octomeris angulosa) present (Table 2). The associ-
ated faunal biomass varied in a similar manner, but
the changes were not significant (X26, H = 10.0,

P > 0.05). Species richness fluctuated substantially
between sampling dates (H = 15.3, P < 0.02), with
1984 value differing significantly from those of 2001,
2003, 2004 and 1987 (Q > 8.5, P < 0.05), and both
high and low values were noted in the pre-invasion
period (Fig. 6, Table 2). In the density and biomass
dendrograms (Bray Curtis analyses) 2001, 2003 and
2004 were >84% similar to each other, but 2005
showed the least affinity to the other sampling dates
(Fig. 7). Unusually high densities of the barnacle
0. angulosa, isopod Cirolana venusticauda and
polychaete Pseudonereis variegata were recorded in
the 2005 samples (Table 2). Both C. venusticauda
and P. variegata are mobile predators associated with
mussel beds and the loss of mussel cover elsewhere
on the rocks may have concentrated these species in
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collected over the entire study period gave a signif-
icant, but poor correlation between densities of
P. variegata and those of mussels (r = 0.55, n = 28,
P < 0.01). No significant correlation was found
between densities of C. venusticauda and those of
mussels, the barnacle O. angulosa or the limpet
Scutellastra granularis (r < 0.32, n = 28, P > 0.1).
The densities and biomass values of four of the
more abundant (mean density > 5 individuals/0.1 m?)
associated faunal species varied significantly
(P< 0.05) between sampling dates (Table 2). How-
ever, it was only in the case of the barnacle
C. dentatus that, in terms of both density and
biomass, the pre-invasion values were similar to each
other (Q < 2.2, P > 0.05) and differed significantly
from the majority of the during invasion values
(Q > 4.6, P <0.05, Table 2). The lowest density of
C. dentatus was recorded in 2001, shortly after the
first major influx of M. galloprovincialis (Fig. 8).
Thereafter the numbers increased steadily. The
biomass values of C. dentatus reflected a similar
trend. The vast majority (x £+ SD = 96 = 13%) of
C. dentatus recorded from nine 0.1 m? samples
investigated were attached to the valves of mussels
rather than to the rock face. Therefore, it is postulated
that the decline in C. dentatus numbers in the early
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2000s was associated with the displacement of
mature P. perna that were densely colonized by C.
dentatus. As the invading M. galloprovincialis pop-
ulation aged, so C. dentatus was able to colonize the
valves of these mussels and increase in abundance.
The density values of another barnacle O. angulosa
showed similar fluctuations to those of C. dentatus,
but no significant change in biomass was recorded
(X26, H=9.5, P> 0.10). Moreover, O. angulosa is a
pioneer colonizer of the bare rock face, and the
reasons for the variations in densities are unknown.

Discussion

The mean density (expressed per square metre) of
P. perna recorded in the mid-zone of Site 1 in the
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Fig. 7 Dendrograms based on the fourth-root transformed (a)
densities and (b) ash free dry biomasses of associated fauna
recorded on the various sampling dates
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Fig. 8 Mean (+SD) densities and ash free dry masses of
C. dentatus recorded at Site 1 over the study period

1980s (x =+ SD = 4,790 = 982 mussels/mz) was
moderately high. It was greater than the mean
(3,819 = 6,062 mussels/mz) recorded at nine sites
along the Tsitsikamma coast by Crawford and Bower
(1983), but about 16% lower than that (ca. 5,700
mussels/m?) determined for 18 exposed- and sheltered
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low-shore sites along the south—east coast of South
Africa (McQuaid et al. 2000). The latter data, which
were collected from randomly placed quadrats that
were not restricted to areas of 100% mussel cover,
showed no significant relationship between either
biomass or adult densities of P. perna and the degree
of wave exposure experienced (McQuaid et al. 2000).
In contrast M. galloprovincialis on the west coast of
South Africa attained the greatest cover, biomass, and
recruitment at sites with moderate wave exposure,
with lower values being noted at sheltered and
extremely exposed sites (Branch and Steffani 2004;
Hammond and Griffith 2004).

On the south coast M. galloprovincialis appears to
have a summer and autumn/winter spawning peak
(Van Erkom Schurink and Griffiths 1991; Bownes
2005). Following the introduction of M. galloprovin-
cialis to Algoa Bay (ca. 160 km west of the Storms
River) for mariculture purposes in 1988, the larvae of
M. galloprovincialis dispersed along this coast like
passive particles, matching the speed and direction of
surface water currents generated by wind (McQuaid
and Phillips 2000). The yearly average increase in
distributional range of M. galloprovincialis along this
coast from 1988 to 1992 was 42 km eastwards
compared to only 19 km westwards (McQuaid and
Phillips 2000). Acoustic Doppler Current Profiler
measurements taken over 12 months in 1998-1999 at
Tsitsikamma indicated that surface water (5 m deep)
flow was also predominantly in an easterly (or long-
shore) direction, particularly during spring and sum-
mer (Roberts and Van den Berg 2005). The eastward
water flow was generally slightly onshore and at
times associated with warmer sea temperatures
(Attwood et al. 2002; Roberts and Van der Berg
2005). It is, therefore, noteworthy that substantial
increases in the population density of M. gallopro-
vincialis at Site 1 were first recorded in 1999,
following the relaxation of a series of cold seawater
events of between 1993 and 1996 (Fig. 2), and a
spring—summer season when surface seawater flow
was predominantly eastwards (Roberts and Van der
Berg 2005). Water circulation patterns can be
important in determining larval recruitment patterns
(Connolly and Roughgarden 1998; Archambault and
Bourget 1999), and between 1994 and 2000 the
geographical distributional limit of M. galloprovin-
cialis steadily extended eastwards along the south and
south—east coast (Rius 2004). Conversely, the higher
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sea temperatures experienced in the late 1990s were
likely to adversely affect recruitment of M. gallo-
provincialis at Site 1, as this species occurs primarily
in temperate areas (Bownes 2005).

On the south coast settlement and recruitment of
M. galloprovincialis generally decreases with
increasing tidal height, and post-settlement mortality
of juveniles is low in both the low- and high-zones
(Bownes and McQuaid 2006). Despite this trend, the
densities and proportional contributions of M. gallo-
provincialis to the overall mussel population (>5 mm
shell length) at Site 1 increased with increasing tidal
height (Fig. 2-3). These results are in agreement with
the findings that at sites where the two mussel species
co-occur, M. galloprovincialis dominates on the high-
shore and P. perna the low-shore, with a mixed zone
at the mid-shore level (Bownes 2005). Mytilus
galloprovincialis is apparently able to maintain high
densities on the high-shore through persistence of
successive settlement of individuals, even though the
growth rate of juvenile M. galloprovincialis de-
creases upshore (Bownes and McQuaid 2006). In the
mid-zone at Site 1 the population density of P. perna
declined by approximately 66% over the study
period, while the contribution of M. galloprovincialis
to the overall mussel population increased to more
than 70%. The latter value is marginally higher than
the mean M. galloprovincialis contribution (ca. 67%)
recorded for two mid-shore sites at Plettenberg Bay in
2004 (Bownes 2005). Near the end of this study
(2004-2005) the density and biomass values of
M. galloprovincialis at the mid-zone of Site 1
declined substantially, while those of P. perna
changed only slightly (Fig. 3). The presence of bare
patches and loose byssus threads within mussel bed
suggests that wave action had dislodged portions of
the mussel population. The attachment strength of
M. galloprovincialis to the substratum is approxi-
mately 25% lower than that of P. perna and its
broader shell is subject to higher hydrodynamic loads
than P. perna, making this species more susceptible
to dislodgement by wave action (Zardi et al. 2000).
Despite this, in the mid-zone of two mixed-species
mussel beds at Plettenberg Bay, wave-driven dis-
lodgement was highest for species that initially
dominated at each site, irrespective of whether it
was M. galloprovincialis or P. perna (Erlandsson
et al. 2006). The weaker attachment, higher
hydrodynamic resistance and dominant presence of
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M. galloprovincialis probably all contributed to the
substantial loss of mussels in the mid 2000s at Site 1
(Fig. 3). The re-colonization and recovery rates of M.
galloprovincialis in wave-disturbed areas at Pletten-
berg Bay were substantially greater than that of P.
perna (Erlandsson et al. 2006). This rapid recovery
rate and weak attachment strength of M. gallopro-
vincialis is likely to result in more frequent and
pronounced fluctuations in mussel densities than that
which occurred in the P. perna dominated, pre-
invasion population. Mussels are prone to removal by
waves (Denny 1995; Erlandsson et al. 2006; Rius and
McQuaid 2006; Zardi et al. 2006), and episodic,
storm-driven declines in M. galloprovincialis abun-
dance may allow P. perna to persist in the mid-zone
at Site 1, but at low densities.

The modal size of the adult (>20 mm) cohort of
M. galloprovincialis decreased with increasing tidal
elevation at Site 1 (Fig. 4), as well as at many of
M. galloprovincialis sites studied on the west coast
(Leeb 1995; Hammond 2001). A similar decline in
modal size has been observed for P. perna on the
south—east coast (McQuaid et al. 2000) and C. merid-
ionalis on the west coast of South Africa (Griffiths
and Buffenstein 1981), as well as M. edulis in
England (Seed 1969a, b). Mussels may be smaller
higher up the shore as a result of slower growth rates
due to a reduction in the available feeding time (Seed,
1969a, b; Griffiths and Buffenstein 1981; Van Erkom
Schurink and Griffiths 1993) and/or increased mor-
tality of larger mussels on the high shore by
predation. Experiments have shown that growth rates
of both M. galloprovincialis and P. perna are retarded
by a decline in feeding time (Van Erkom Schurink
and Griffiths 1993) and that they decrease higher up
the shore in summer (Bownes 2005). Conversely,
Griffiths and Hockey (1987), evaluating factors
influencing the structure of mussel populations on
the west coast, did not consider predation on mussels
to increase with shore height.

Mussel beds often support a diverse assemblage of
associated fauna (Suchanek 1985; Seed 1996; Ham-
mond and Griffiths 2004), with recorded species
richness ranging from 23 for Modiolus modiolus
(Witman 1984 in Hammond and Griffiths 2004) to
303 for Mytilus californianus (Suchanek 1980, 1985).
In this study a total of 38 species (excluding
amphipods) was obtained from the more thoroughly
processed M. galloprovincialis dominated samples

(1.2 m?) of the 2000s. This total was similar to those
recorded in mid-shore zones of P. perna (32 species/
0.09 m? and M. galloprovincialis (33 species/
0.09 mz) at Gansbaai (Hammond 2001) and two
(mid-shore) P. perna sites (ca. 37 species) at De
Hoop Nature Reserve (Coetzee and Zoutendyk 1993),
as well as the total (35 species/0.27 m?) from nine
M. galloprovincialis sites near Groenrivier (Fig. 1;
Hammond and Griffiths 2004). However, it was
substantially lower than the 69 species/0.2 m* noted
among A. ater and 68 species/0.17 m? among
M. galloprovincialis at Marcus Island on the west
coast (Griffith et al. 1992). The number of species
recorded would have been affected by the number,
size and seasonal spread of samples taken, as well as
the resolution in terms of minimum size of organism
and taxonomic expertise to which the species were
sorted and identified. Nevertheless the above values
suggest that the associated faunal richness in both P.
perna and M. galloprovincialis on the west and south
coasts is generally low.

Species richness of the associated fauna at Site 1
differed significantly (P < 0.05) between sampling
dates. However, some of the greatest differences
occurred within pre-invasion sampling periods and
changes resulting from the M. galloprovincialis
invasion could not be discerned. At Gansbaai,
where associated faunal communities from co-
occurring intertidal mussel species were apparently
sampled in the same month, significantly (P < 0.05)
higher species richness was recorded in M. gallo-
provincialis than in P. perna beds, but no difference
(P > 0.05) was noted in density, biomass and
species diversity values (Hammond 2001). Like-
wise, Iwasaki (1995) found that mussel beds of two
different mussel species (Septifer virgatus and
Hormomya mutabilis) supported associated faunal
assemblages with similar species diversity, but
different faunal composition.

Densities of the associated fauna at Site 1 varied
significantly (P < 0.01) between sampling dates,
showing a marked decline in 2001 followed by a
steady recovery (Fig. 6). Faunal biomass values
showed a similar trend, but the changes were not
significant (P > 0.05). These variations were largely
due to changes in the densities of the barnacles
C. dentatus and O. angulosa, and the variations in the
abundance of former species could be explained by
the M. galloprovincialis invasion.
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Associated faunal communities are often domi-
nated by a few abundant species (Seed 1996). In both
the pre-invasion and during invasion samples at Site 1
O. angulosa was the dominant associated faunal
species, constituting approximately 33-44% of the
total numbers and 77-90% of the biomass, followed
by C. dentatus (29— 41% of numbers and 3-12% of
biomass), and the granular limpet S. granularis (4—
9% of numbers and 1-4% of biomass). These two
barnacle species were less abundant in the mussel
beds studied at Gansbaai and near Groenrivier
(Hammond 2001; Hammond and Griffiths 2004). At
Gansbaai the most important associated faunal spe-
cies in P. perna were the amphipod Ceradocus
rubromaculatus (28% of numbers) and the poly-
chaete P. variegata (74% of biomass), while in
M. galloprovincialis they were the isopod D. huttoni
(30% of numbers) and S. granularis (44% of
biomass) (Hammond 2001). Scutellastra granularis
also dominated the infaunal biomass at two-thirds of
the M. galloprovincialis beds studied near the Gro-
enrivier (Hammond and Griffiths 2004). On the west
coast M. galloprovincialis competes successfully
against adult S. granularis for primary space, but
M. galloprovincialis beds also provide a favoured
settlement site for juvenile S. granularis (Hockey and
Van Erkom Schurink 1992). The net result is that
adult S. granularis become spatially contained by
encroaching M. galloprovincialis, while the density
of limpet recruits increases markedly. The impact of
M. galloprovincialis on the adult S. granularis
population at Tsitsikamma was less discernible than
that observed on the west coast, because at Tsi-
tsikamma the size and growth rate of the indigenous-
and invasive alien mussel species are more compa-
rable, and the adult size of S. granularis is smaller
than that on the west coast (Van Erkom Schurink and
Griffiths 1990; Hockey and Van Erkom Schurink
1992; Bustamante et al. 1995).

In conclusion the invasion by M. galloprovincialis
reduced P. perna densities, but increased the overall
mussel density in both the mid- and high-zone at Site
1. By the mid 2000s M. galloprovincialis constituted
most of the mussels in the mid-zone (>70%) and
more especially the high-zone (>85%). Large, epi-
sodic declines in M. galloprovincialis numbers,
resulting from wave-driven dislodgement, will prob-
ably allow the more securely attached P. perna to
persist at low densities in the mid-zone at Site 1.
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Variations in density and species richness values
during both the pre- and during-invasion period made
it difficult to assess the full impact of M. gallopro-
vincialis on the associated fauna. The toothed barna-
cle Chthamalus dentatus appeared to be the only
faunal species that was directly affected by the
M. galloprovincialis invasion, experiencing a signif-
icantly (P < 0.05), but temporary decline in density
and biomass values. These changes in the mussel bed
at Site 1 are substantially less than that reported for
the west coast, where M. galloprovincialis displaced
the smaller, slowing growing ribbed mussel A. ater
(Griffiths et al. 1992; Hockey and Van Erkom
Schurink 1992).
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