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ABSTRACT

Population dynamics of Perna pemna in low shore mussel beds were investigated over a 15 month period at
six sites along the south coast of South Africa, with particular reference to the effects of wave exposure.
The degree of exposure was first quantitatively ascertained using the dissolution of cement blocks to
measure average wave force and dynamometers to measure maximum wave force. The mean mass loss
of the cement blocks was higher at Diaz Cross and Kwaai Hoek than at Mgwalana, Rufanes and Riet River.
No data were available for Fish River. The mean maximum wave force encountered at Diaz Cross, Kwaai
Hoek and Fish River was significantly higher (p<0.05) than that at Mgwalana, Rufanes and Riet River.

These results allowed the former sites to be classified as exposed and the latter as sheltered.

Early recruitment (1-5 mm) occurred throughout the year, but peaked significantly (p<0.05) from January
1995 to May 1996 on both shore types. Although mean recruit density (1-15 mm) was significantly higher at
the exposed (5 896.m™) than the sheltered shores (2 986.m?), some sites did not show this trend. Further
investigation revealed that the densities of recruits (1-5 & 6-10 mm) were significantly higher on algae than
on mussels (p<0.05). Adult densities (>15 mm) were positively correlated with recruit densities (1-5 mm) for

both shore types (p<0.05).

In turn, adult density (>15 mm) was significantly lower on exposed (mean of 3 348.m™) than on sheltered
shores (mean of 4 796.m™) (p<0.05). Adult mussels on exposed shores had significantly higher mean and
maximum lengths than those on sheltered shores (p<0.05). Biomass, which is a product of density and

length, showed no significant difference between the two shore types (p>0.05).

The effect of exposure on growth rate formed the focal point of this study and was determined using three
different approaches. The first technique, mark-recapture, involved filing notches on the growing edges of
mussels in the field. After 111 days, mussels were removed and the growth measured. The second
approach used internai growth bands to measure growth rates, once the periodicity with which these bands
were laid down was established. Thirdly, using Shepherd’s length composition analysis (SLCA), growth
rates were determined from length frequency distributions in 11 samples taken over 15 months. The
general conclusion from all three approaches was that growth rate was twice as fast on the exposed shores

as on the sheltered shores (p<0.05). A mean length (averaged from all three methods) of 47.06 mm was




attained within the first year of growth at the exposed shores and 22.07 mm at the sheltered shores. There
were however considerable differences among these approaches. The mark-recapture method predicted

the lowest growth rates, followed by growth band method and lastly SLCA.

The mean mortality index (Z.year") for mussels was significantly (p<0.05) higher at the exposed shores
(Z=1.81) than at the sheltered shores (Z=0.73). Consequently, the percentage survival rates per annum of
mussels of all ages (total), 18 days to 6 months (juveniles) and 12 months to mortality (adults) was lower on
the exposed than the sheltered shores. The survival rate of juveniles was as low as 0.71% per annum on
the exposed shores and 9.29% per annum on the sheltered shores. The aduit survival rate of exposed
shore mussels was 11.78% per annum, considerably lower than that of sheltered shore mussels, 48.05%.
The turnover rate on exposed shores was faster than on sheltered shores as the mean longevities were 2.6
and 6.7 years respectively. In conclusion, these findings showed that the effects of exposure on

recruitment, growth and mortality are important in low shore mussel beds.
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GENERAL INTRODUCTION

A population is a product of past and present physical and biological interactions acting at global, regional and
local scales (Sutherland 1974). it is the integrated effects of the main controlling factors that need to be
addressed in an attempt to understand a community (Delafontaine & Flemming 1989). In New England,
differences in the relative importance of predation, competition and physical disturbance have led to sites in close
proximity to one another displaying different intertidal community structures (Menge 1976, Lubchenco & Menge
1978). In some cases, the influence of one factor may outweigh the effects of others in structuring or eliminating a
population. A classical example of predator pressure controling a population occurs on Malgas Island off the west
coast of South Africa, where mussels are scarce due to intense predation by rock-lobsters (Barkai & Branch
1989). In other circumstances, interspecific competition may be more important in influencing population
dynamics as is evident off the west coast of South Africa where the exotic Mediteranean mussel, Mytilus

galloprovincialis has largely replaced the indigenous ribbed mussel, Aulacorya ater (Griffiths et al. 1992).

Along the South African coast the decreasing gradient of intertidal primary production and nutrient concentration
from the west coast to the east coast would be expected to be reflected in the biomass attained by filter feeders
(Bustamante et al.. 1995). The absence of such a relationship, however, is due to the over-fiding effect of wave

action on biomass at a local scale (Bustamante et al. 1995).

The effects of wave action on individuals and populations are varied and have been documented for several
species of filter feeders (Jones & Demetropoulos 1§68, Harger 1970, Raubenheimer & Cook 1990, Leeb 1995).
The magnitude of wave exposure is responsible for pattems of distribution at fine and broad scales (Menge &
Farrell 1989). The absence of the blue mussel, Mytilus edulis from exposed Califomian sites where the
Californian mussel, Mytilus califomianus is dominant, has been explained by the inability of the former species to
attach effectively at high wave exposure (Harger 1968, 1970, Harger & Landenberger 1971). Delafontaine &
Flemming (1989) stated that the factor limiting the lower boundary of the bamacle, Tetraclita semrata was
excessive wave impact during submergence. Wave exposure also had an influence on the distribution of the
anemone, Anthopleura elegantissima in Washington (Dayton 1971). Gastropods, Litforina sp., from wave
eprsed shores were shown to have thinner shells than those from wave protected shores (Boulding & Van
Alstyne 1993). Along the west coast of South Africa the degree of exposure affects the balance between trbphic

levels by shifting the biomass of certain levels (McQuaid & Branch 1985). The absolute biomass of filter feeders,




camivores and omnivores increased with an increase in wave exposure (McQuaid & Branch 1985). Furthemmore,
the pattems of energy flow will thus vary between exposed and sheltered shores, as greater energy is imported

into the system on exposed shores (McQuaid 1980, McLachlan et al. 1981, McQuaid & Branch 1984, 1985).

It is widely accepted that wave exposure affects growth rates of mussels (Jones & Demetropoulos 1968, Harger
& Landenberger 1971, Raubenheimer & Cook 1990). However, some authors have shown a decrease in growth
rates with increasing exposure (Seed 1968, Jargensen 1976), and others have shown an increase in growth rates
with increasing exposure (Van Erkom Schurink & Griffiths 1993, Leeb 1995). Strong wave action can aiso
prevent predators from controliing populations and thereby influence rates of mussel mortality (Kitching ef al.

1958, Dayton 1971).

Species may survive in an environment in one of two ways, either “resistance adaptation” whereby an organism
is able to tolerate a wide range of environmental variables or “capacity adaptation” whereby rate functions are
optimal for "nommal” conditions (Gillmor 1982). A population higher up the shore must be able to tolerate
fluctuations in environmental conditions and is therefore more likely to be resistance adapted. Low shore
organisms are expected to be capacity adapted as their environment is more stable (Gillmor 1982). However, low
shore organisms on wave exposed and wave sheltered shores can be expected to show different adaptations.
Exposed shores tend to receive more splash and spray which reduces the physical harshness of aerial exposure
and may result in capacity adaptation, whereas sheltered shore organisms may need to be resistance adapted

due to the harsher conditions of aerial exposure (Underwood 1981, Gillmor 1982).

Species in localities of close proximity can exhibit widely differing responses to disturbance (Dye 1988).
Populations of Mytilus galloprovincialis on Tatoosh Island (Washington) received greater wave action than those

at Shi Shi (Washington) and had faster recovery rates after disturbance (Suchanek 1985).

Due to its cosmopolitan nature, a vast amount of the literature on mussels deais with Myfilus edulis (Seed 1969a
& 1969b, Theisen 1973, Widdows ef al.. 1984, Page & Hubbard 1987). in Sauth Africa research has concentrated
on the black mussel, Choromytilus meridionalis (Griffiths 1981, Griffiths & Buffenstein 1981), Aulacomya ater
(Griffiths 1977, Griffiths & King 1979a & 1979b) and in more recent years on Perna pema (Berry 1978, Crawford

& Bower 1983, Lasiak & Dye 1989, Culverwell 1992, Van Erkom Schurink & Griffiths 1993, Phillips 1994,




Tomalin 1995). Harvesting by local people has placed considerable pressure on Pema pema along the former
Transkei coast and raises questions about the sustainability of Pema pema elsewhere along the South African
coast (Lasiak & Dye 1989, Lasiak 1991). Resource management can only be undertaken with a sound knowledge
of the basic processes, namely, recruitment, growth and mortality rates, which reguiate the size and structure of
a population (Isaac 1990). From preliminary observations it appeared that mussel populations were affected by
wave exposure and as a result the effects of exposure formed the basis of this study. As wave exposure can
affect every stage of the mussels’ life cycle from settlement (Petraitis 1991) to adult mortality (Harger 1970), the
effects of exposure on recruitment, growth and mortality were investigated in Perna pema populations on the

south coast of South Africa.
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QUANTIFYING WAVE EXPOSURE ON SHORES




1. Exposure

1. INTRODUCTION

it is well recognised that both the distribution and the abundance of intertidal organisms are the results of
complex physical and biological interactions (Palumbi 1984, Dalla Via et. al. 1987). Of the many physical
aspects that shape the intertidal biome, the degree of wave exposure is thought to be one of the most
important (Jones & Demetropoulos 1868, Jargensen 1976, Palumbi 1984, Leeb 1995). Wave exposure
can act on a broad scale by influencing the species composition of communities (Ballantine 1961), and on a
finer scale by affecting all aspects of a marine organism’s life history, such as settiement (Bertness et al.
1992), growth (Seed 1968, Jargensen 1976, Leeb 1995) and mortality (Dayton 1971, Witman & Suchanek

1984).

The most obvious physical effects of wave action on mussels are lift and drag (Denny 1987), aithough
damage by abrasion and pressure has also been suggested as being important in some species (Jones &
Demetropoulos 1968, Leeb 1995). Lift is generated by the pressure differential caused by the differences in
water velocity flowing above and within the mussel bed, and acts perpendicular to the direction of water
flow (Denny 1987). The damaging effect of lift is greater in dense, firmly packed beds than in loosely
packed, sparse ones and may resuit in sheets of mussels being removed (Denny 1987). Indirect measures
of lift have been made by measuring the vertical force required to remove a mussel from the substratum
(Harger 1970, Price 1980, 1982, Denny 1987, Leeb 1995). The force required to remove mussels from
rocks increases as mussel size increases (Leeb 1995), but the proportion of increase varies between
species (Harger 1970). Jones & Demetropoulos (1968) suggested that drag represents the greatest hazard
to marine organisms not subject to abrasion. Drag, when increased by the presence of macroaigae, is
capable of dislodging individual mussels (Dayton 1973), although seldom removes entire mussel patches
as lift does (Witman & Suchanek 1984). However, experiments conducted on Mytilus californianus on' the
exposed coast of Tatoosh Island (Washington) have shown that drag alone was not capable of dislodging
mussels (Witman & Suchanek 1984, Denny 1987). Besides the effects of d|;39 and lift, wave action also
has important influences on mass water flux (overall water motion), turbulence and erosion (Craik 1980,

Bell & Denny 1994).

The subjective classification of a coastline as exposed or sheltered is usually undertaken reiative to local or
regional wave conditions. However, relating local wave exposure to that experienced nationally or

intemationally is hampered without the quantification of wave action. On a worid-wide scale, for example,




1. Exposure

the South African coastline is generally regarded as a wave exposed coast (Field & Griffiths 1991),
aithough on a regional scale varying degrees of wave exposure are encountered. Along the South African
south coast sheltered bays, less exposed open shores and more exposed rocky headlands have been
subjectively identified (Phillips 1994). These are useful categories, but without quantification they mean
very little internationally. In efforts to make results more comparable, several scientists over the past 30
years have measured wave action using fairly simple and relatively cheap devices (Jones &
Demetropoulos 1968, Doty 1971, Harger 1970, Craik 1980, Denny 1983, Palumbi 1984, Beli & Denny
1994, Alvarado & Castilla 1996). These methods rely on one of three basic approaches, the erosion or
dissolution of material (Doty 1971), direct measures of mean and/or maximum wave forces (Jones &
Demetropoulos 1968) and indirect measures, using the strength of byssal threads (Leeb 1995), prevailing

wind conditions (Moore 1935) and the width of white splash (Underwood 1981).

The manner in which wave action is measured depends upon the process being examined. If filter feeding
rates, larval settiement or passive dispersal were being studied then mass flux would be important (Bell &
Denny 1994). This can be determined by measuring the dissoiution rate of elements, for example cement
blocks (Doty 1971, Craik 1980). However, additional factors such as turbulence and the erosion potential of
suspended particies, can affect the dissolution rate (Craik 1980, Bell & Denny 1994). Furthermore,
mortality and disturbance would possibly be better explained by a measire of maximum wave force rather
than average water flow (Witman & Suchanek 1984, Denny & Gaines 1990). This highlights the importance
of first defining the process under investigation before deciding how to quantify the forces affecting it. In
this study the effects of wave exposure on many processes, such as, timing of early recruitmeﬁt, recruit
density, adult density, size, biomass, growth and mortality were under investigation. This necessitated the
use of two types of measuring devices,; one to measure average velocity and mass water flux, and the

other to quantify maximum wave force.

The aims of this chapter were to:

¢ give a brief description of the study sites,

+ subjectively classify the sites into more exposed or less exposed shores, and

« classify the sites using two quantitative measures of wave exposure, and in so doing produce results

comparable to world-wide studies.
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2. MATERIALS AND METHODS

Localities

The south-east coast consists of long sandy beaches which are interspersed with rocky stretches. Even
within these stretches, rocks are intermittent so that mussel beds are encountered on a scale of metres
(usually less than 100 m) rather than kilometres. After an investigative trip from Port Elizabeth to Kei
Mouth, six sites were chosen that had mussel beds suitable for the investigation and were easily accessible
(Figure 1.1). Diaz Cross (Dz) and Kwaai Hoek (Kw) are situated on small headlands and Fish River (Fs) is
on a point. From observation these sites seemed to display characteristics of a reflective shore, having
high energy waves which were reflected from the rocky mussel platforms or points. Mgwalana (Mg),
Rufanes (Ru) and Riet River (Ri) were situated along straight stretches of shore. The waves at these sites
seemed to have lower energy, much of which was probably dissipated by offshore sand banks or reefs, and

as a result waves rolled rather than crashed onto the mussel bed.

Mussels at Diaz Cross, Kwaai Hoek and Riet River are situated on aeolianite or dune-rock. According to
Marker (1988) aeolianite headlands, such as those at Diaz Cross and Kwaai Hoek have deep water
offshore which allows big waves to pound the coast. The rocks at Fish River, Mgwalana and Rufanes,
although dissimilar in appearance and hardness, are all of sandstone origin. The sampling sites at Rufanes
and Fish River were separated from the shore by a gully, but all other sampling sites were directly
accessible. All sites were at approximately the same tidal height. As an altemative to a thorough

description of each site, photographs have been ihcluded (Figure 1.2 a-f}.

Measurements of wave exposure at each site were undertaken in the lowest zone of intertidal mussels on
the shore. Exposure was quantified by measuring maximum wave force using dynamometers and by

comparative mass loss of cement blocks which gave relative measures of average water flux.
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Figure 1.1 The locations of the sample sites along the south-east coast of South Africa. Less exposed

sites (LE) are referred to in the text as sheltered sites and more exposed sites (ME) as exposed sites.
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Figure 1.2 a) The mussel bed sampled at Diaz Cross and b) Kwaai Hoek. Note how the waves break

close in-shore.
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Figure 1.2 cont. c) The mussel beds sampled at Fish River, and d) Mgwalana.
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Figure 1.2cont. e) The mussel beds sampled at Rufanes, and f) Riet River.
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Dynamometers

The dynamometers used to measure maximum wave force were modelled on those used by Palumbi
(1984) aithough adjustments to the design were made to suit local conditions. Each dynamometer was
constructed from a plastic electrical cable tie (200 mm x 4 mm), surgical rubber tube (70 mm x 7 mm) and
a plastic bath plug (diameter of 40 mm). The cable tie was cut into two pieces; a) the cable tie head and a
tab of 10 mm (referred to as the head) and; b) the remaining 190 mm of the cable tie (referred to as the
tail) (Figure 1.3a). The tapered end of the tail was fed through the head as depicted in Figure 1.3a. It was
then inserted into a small hole pierced about 10 mm from the end of the surgical tube. The other end of the
surgical tube was slipped over the 10 mm long tab and firmly secured with thin wire. A 100 mm length of
fishing nylon (22 kg) was tied below the head and fastened to the bath plug that acted as a drogue. A piece
of thick wire was inserted into the tapered end, doubled back and looped around a nail-in anchor. The
device could be re-primed by gently depressing the restraining tab inside the head. The whole device was

ready to be deployed by hammering the nail-in anchor into a drilled hole in the rock (Figure 1.3b).

When a wave washed over the mussel bed the force on the drogue caused the head of the cable tie to
move (Figure 1.3¢). As the elastic surgical tubing provided resistance, the force of the wave had to exceed
this before the head moved. The cable tie worked as a ratchet and the head could therefore not slip back.
Due to the elasticity of the surgical tubing, force was not accumulative and a force greater than the
strongest wave experienced thus far was required to slide the head further. The elasticity enabled the

drogue to return to its original position. (Figure 1.3c).

On the first day during low tide, six dynamometers were placed at each site within the low shore mussel
bed used for sampling (i.e. 36 dynamometers) (Table 1.1). Each of the six dynamometers was positioned
at the same tidal height and with the same aspect. Nearby algae which could snag the drogue were
removed. The following day the dynamometers that rémained were removed from four of the sites and
replaced with six new dynamometers at each of the four sites. Due to rough seas the dynamometers at the
remaining two sites, Fish River and Rufanes could not be removed or replaced. On the third day the
dynamometers were removed from all six sites and those from Fish River and Rufanes were discarded. As

the whole procedure was very time-consuming and required considerable man power an attempt was made

12
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to salvage the results rather than repeat the entire experiment. On day 3, six new dynamometers were
deployed at Fish River, Rufanes and Riet River (i.e. 18 dynamometers), using Riet River as a reference
point. The dynamometers remaining at Fish River, Rufanes and Riet River were removed on day 4. For
each recovered dynamometer, the force required to move the head was measured in kilograms using a
spring scale and presented in Newtons (F= m x a ; a=0 & g=0). To enable these results fo be comparable
with other studies the force was expressed as N.m? (as the area of the drogue was 1.26x10° m?). It is
recognised that other factors would cause resistance, but all that was required in this study was a relative

measure of wave force.

Cement Blocks

The idea of using dissolution of a block to measure average wave exposure was adopted from Doty (1971).
A trial period ensued during which varying proportions of plaster of Paris and ‘Rockset’ (a quick setting
cement) were used to obtain the combination most suited for use in local wave conditions. The blocks were
finally made using full strength ‘Rockset’ which was cast in oblong polyethylene ice-cube trays, each block
measuring 50 mm long, 35 mm wide and 40 mm deep. Once set, the biocks were tumed out of the mouid
and glued to asbestos plates (100 mm x 100 mm) with an epoxy cement (Epidermix 372). Prior o this a
hole was drilled through the asbestos plate so that it could later be secured to the rock with a nail-in anchor
(Figure 1.3d). Once the block was attached, each device (block pius plate) was weighed and labelled. After
the experiment each device was dried thoroughly before being reweighed. The percentage mass loss was

calculated and used as a relative measure of wave exposure.

Five cement blocks were placed at each site within the low shore mussel bed used for sampling (i.e. 30
devices). They were removed from four of the six sites on day two and no replacements were made. Due
to rough seas, two of the sites, Fish River and Rufanes were inaccessible and the devices could not be
removed. On day three, five new devices were deployed at Fish River, Rufanes and Riet River (ie. 15
devices); Riet River acted as a reference point. These were removed on day 4. This gave a total of 45
blocks used over the experimental period. As the dynamometer and cement block experiments were
conducted simultaneously for the three days, conditions applying to the dynamometers also applied to the

cement blocks.

13
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Figure 1.3 a) The dynamometer, 1- head of cable tie, 2- tab, 3- cut end of cable tie (tail), 4- tapered
uncut end of cable tie (tail), 5- surgical tube, 6- fishing line, 7- drogue, 8- nail-in anchor. b) The

dynamometer in situ.

14
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before —waves— after

Figure 1.3 c) A representation of in situ views of the dynamometers before, during and after exposure to
wave action, reprinted from Palumbi (1984) (p173). d) The cement block on the asbestos plate in situ.
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Table 1.1 The number of dynamometers and cement blocks at the sampling sites. Out = placed new
dynamometer or cement block and in = recovered dynamometer or cement block from the rocks.

Day 1 Day 2 Day 3 Day 4
Dynam. eout 36, 6 at ein 16 from Dz, Kw, Mg & Ri
each site eout 24 at Dz, Kw, Mg & Ri ein 13 from Dz, Kw, Mg &
*Fs & Ru inaccessible Ri
e out16atFs, Ru&Ri ein 10 from Fs, Ru & Ri
Cement ,out 30, 5 at ein13fromDz, Kw, Mg&Ri * out15atFs, Ru&Ri ein 6 from Ru & Ri.
blocks each site Fs=0

Statistical analyses

Statistical analyses were all performed with Statgraphics version 7.0. Throughout this thesis normality of
data was tested using the Kolmogorov-Smirnov test and homogeneity of variance was tested using
Bartlett's test. The data from the dynamometer readings were normally distributed and variance was
homogeneous (p>0.05). As Riet River was the reference point, it first had to be established whether there
was any significant difference in the results from the three consecutive days. A students t-test revealed no
significant difference between the maximurm wave forces recorded for pooled site data (Dz, Kw, Mg & Ri)
from day two and pooled site data for day three (Dz, Kw, Mg & Ri) (p>0.05). As a resuit, wave forces
recorded at Riet River on day two and three were pooled and tested against forces recorded at Riet River
on day four, using a students t-test. There was no significant difference, thus results from all days were
combined and a one-way ANOVA was performed to determine whether site had a significant effect on
force. Tukey’'s multiple range analysis was used to identify where the differences lay. For the cem;:nt

blocks, loss of devices led to insufficient replication within sites, so that the data could not be analysed

statistically.

16
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3. RESULTS
Dynamometers
The results showed that Fish River , Kwaai Hoek and Diaz Cross experienced greater wave force than

Mgwalana, Rufanes and Riet River (Figure 1.4).

Of the original 66 dynamometers attached to the rocks (this excludes the 12 dynamometers placed at Fish
River and Rufanes on day 1) only 39 were recovered. The students t-test showed there to be no significant
difference between the wave forces recorded on day two and three (Dz, Kw, Mg & Ri) (n=29, p>0.05).
Similarly, there was no significant difference when pooled data from day two and three for Riet River were
compared with data from day four (n=8, p>0.05 (p=0.705)). The resulis of the one-way ANOVA showed that
there was a significant difference in the force recorded between sites (p<0.05, Table 1.2). Tukey’s multiple
range test identified a significantly greater force at Fish River, Diaz Cross and Kwaai Hoek than at
Mgwalana, Riet River and Rufanes (p<0.05, Table 1.3). Rufanes experienced significantly lower wave
forces than all the other sites (p<0.05, Table 1.3). Fish River, Diaz Cross, Kwaai Hoek were therefore the

most exposed, followed by Mgwalana and Riet River, and Rufanes was the least exposure (Table 1.3).

17
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Figure 1.4 Mean of maximum wave forces (+ std. dev.) measured at six sites using dynamometers.

Replicates were undertaken on three consecutive days (refer to text for details).

Table 1.2 A one-way ANOVA of the relationship between site and force measurements recorded from
dynamometers. Abbreviations are as follows throughout the thesis: df = degrees of freedom, S8 = sum of
squares, MS = mean square, F = F-ratio and P = probability level.

Source of variation df SS MS F P
Between 5 19.71 3.94 14.98 <0.0001
Within 33 8.68 0.26

Table 1.3 Tukey's multiple range analysis to determine the significance of the differences in force (N.m™)
at the six sites. Abbreviations for the sites are standard throughout the thesis: Ru = Rufanes, Ri = Riet
River, Mg = Mgwalana, Kw = Kwaai Hoek, Dz = Diaz Cross and Fs = Fish River. Common letters indicate
no significant difference (p> 0.05) and different letters indicate a significant difference (p<0.05).

Site Count Mean force {N.m™) Homogenous groups
Ru 5 1829.54 a

Ri 8 2336.65 ]

Mg 9 2430.56 b

Kw 8 3161.93 ¢

Dz 7 3329.55 c

Fs 2 3818.18 c
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Cement Blocks

The mean percentage mass loss was greatest at Kwaai Hoek followed by Diaz Cross, Rufanes, Mgwalana,
and Riet River (Table 1.4 & Figure 1.5). The higher the loss of cement, the greater the average wave force
experienced. The loss of entire cement blocks was considerable and of the original 45 blocks only 17 were
recovered. No blocks were recovered from Fish River, which could be taken to indicate strong wave
action. Diaz Cross and Kwaai Hoek appeared to have greater wave exposure than Mgwalana, Rufanes and
Riet River, although due to small sample sizes the results could not be analysed using statistics. The
asbestos plates were not ideal as wear in the plate around the nail-in anchor increased the size of the hole,
which resuited in plates being ripped off. In other cases, the plates were broken, the blocks came free from

the epoxy or the entire apparatus (nails included) was missing. No human interference was suspected.

Table 1.4 The mean percentage mass loss from cement blocks for five sites. Riet River was used as a
reference site.

Site Day N Mean % mass loss
Dz 2 3 12.68

Kw 2 4 15.00

Fs 2 0 -

Mg 2 3 11.06

Ru 2 0 -

Ri 2 3 7.54

Fs 4 0 -

Ru 4 2 11.29

Ri 4 2. 9.57
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17
Ri4

Figure 1.5 The mean percentage mass loss (+std. dev.) of cement blocks at five sites. The higher the
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percentage mass loss the greater the average wave force. Blocks were recovered from Diaz Cross, Kwaai

Hoek, Mgwalana and Riet River on day two and from Rufanes and Riet River on day four (see text for

details).
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4. DISCUSSION

The complex hydrodynamic forces influencing intertidal organisms are shaped by numerous factors, some
of which are tidal height, slope, substratum, depth, currents, local eddies, winds and offshore reefs or sand
banks. Two important aspects of wave action, namely maximum wave force and average water motion
have profoundly different effects on marine life. The survival of organisms is m‘ore likely to be governed by
dislodgement due to maximum wave force than by overall water motion (Harger & Landenberger 1971,
Denny & Gaines 1990). Drag is usually the most detrimental consequence of maximum wave force,
although pressure and abrasion may be important at sites, particularly those with heavy sand loads (Denny
& Gaines 1990). Whether the cumulative disturbance and mortality caused by large waves encountered
every few days differs from that associated with freak storm waves is uncertain. Using dynamometers
Palumbi (1984) showed that the maximum wave force measured over a twenty-four hour period was double
that recorded in five minutes and the force recorded over 11 days was 20 % higher than the daily

maximum.

Several scientists have designed devices to measure maximum wave force. The earlier dynamometer
designed by Jones and Demetropoulos in 1968 made use of a spring scale and a drogue. Although it is
costly to replicate and measures force in one direction only, this dynamometer has proved to be
comparable in effectiveness to more modern designs. In 1970, Harger used the downward movement of a
plate to measure cumulative wave force. The downfall of this design was that the final result could be a
product of either many smaller waves or a few large waves. Denny (1983) successfully used a
dynamometer (consisting of a replica of the organisms, rubber bands and smoked glass on which a pin
scratched marks for wave activity) which recorded both the magnitude and direction of maximum force.
Palumbi's dynamometer, which was modified for this study, consisted of a drogue and a cable tie which
also measured maximum wave force. Two weaknesses of this design are that it has internal friction and
that it is apt to record non-hydrodynamic forces (Bell & Denny 1994). One of the most recent
dynamometers used by Bell and Denny (1994) records maximum velocity with the aid of a spring and a

drogue.

The results from the dynamometers used in this study agreed with the earlier subjective classification of

sites. Higher dynamometer readings were recorded at Diaz Cross, Kwaai Hoek and Fish River, subjectively
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termed reflective shores and lower readings were recorded at Mgwalana, Rufanes and Riet River, shores
termed dissipative. Wave action has been shown to be highest when waves break directly over
dynamometers, a more likely occurrence at reflective than dissipative shores (Jones & Demetropoulos
1968, Palumbi 1984). The dynamometers used in this study were modelled on Palumbi’'s and the results
compared favourably with those of his study. Palumbi classified a site receiving 7100 N.m? as very
exposed and one with forces of 3600 N.m? as exposed. Two further classifications were sheltered and very
sheltered. Using this as a guideline, Diaz Cross (3350 N.mz), Kwaai Hoek (3180 N.m?) and Fish River
(3840 N.m?) would all be classified as exposed. Accordingly, the remaining three sites, Mgwalana (2450
N.m?%), Rufanes (1840 N.m? and Riet River (2350 N.m"’) would be classified as sheltered sites. Palumbi did
not include force readings of sheltered sites which could be used for comparison. These classifications are
therefore used loosely as the introduction of a finer scale could include more categories and the sites

classed as sheltered above could also be classed as less exposed.

Measuring maximum or average wave force quantitatively may not provide as clear a picture of the
influences on organisms as was previously hoped. Rather than reflecting maximum wave action, Bell and
Denny (1994) have suggested that the presence of typically wave exposed species may be a reflection of
mass flow or turbulence. Perhaps then, the use of a biological scale, such as Ballantine’s (1961), which
rather than measuring flow, turbulence, force etc. uses characteristics of the habitat to show exposure,
should not be discarded. Despite this, Ballantine's exposure scale developed for the United Kingdom, still

remains extremely subjective and is not easily transferable to other localities. (Palumbi 1984).

There have been fewer attempts to measure water flow than maximum wave force, perhaps because the
effects of the latter are often more dramatic or the complexity of the former is daunting. The effects that
water flow rate have on the densities of larval invertebrates have been documented by Graham and
Sebens (1996). Many studies in the field of hydrodynamics have concentrated on diffusion rather than
mass flow, wave force or surge and have used the diffusion of blocks of cement, plaster of Paris or other
substances to provide a measure of overall water motion (McConnell & Sigler 1959, Muus 1968, Doty
1971, Craik 1980). Many biological processes such as filter feeding rates, fertilisation, dispersal and
settiement might depend on diffusion rates (Doty 1971). The rate of diffusion is also influenced by current

velocities, turbulence and scouring by sand (Craik 1980).

22




1. Exposure

It is possible that sand scour was responsible for the higher than expected mass losses at Rufanes and
Mgwalana. Of five sites (no blocks were recovered at Fish River) these two sites experienced considerable
sand movement throughout the year. Over the fifteen month sampling period (chapter 2) sand was
frequently present within the mussel bed in much higher quantities at Rufanes than at the remaining sites.
At Mgwalana during the experimental period a gully of approximately one metre deep was totally sanded up
{pers. ob.). Despite the trend towards a greater percentage mass loss at Diaz Cross and Kwaai Hoek than
Mgwalana, Rufanes and Riet River i.e. the same trend as shown by the dynamometers, these results

should be viewed with caution due to the possible interplay of the above mentioned factors.

Although the dynamometer readings were subject to fewer extraneous influences than the cement blocks,
an ideal ranking of the sites should include experiments repeated under a variety of sea conditions. In
addition, matching the incomplete data sets from the dynamometer readings (using Riet River as a
reference point) to include Fish River and Rufanes provided less accurate results than would have been
achieved had the entire experiment been repeated. Along the south east coast stormy seas occur in winter
due to westerly winds from a low pressure system which develops in Cape Town and moves across towards
Port Alfred, often being deflected further out to sea before reaching East London, uniess it is a strongly
developed low pressure cell (pers. ob.). It is under these frontal conditions that much of the heavy wave

action along this coast occurs.

The dynamometers did provide a measure sufficiently accurate to warrant classifying Diaz Cross, Kwaai
Hoek and Fish River as more exposed, and Mgwalana, Rufanes and Riet River as less exposed shores.
Similarly, results from the cement blocks allowed Diaz Cross and Kwaai Hoek to be classified as more
exposed shores and Mgwalana, Rufanes and Riet River as less exposed shores. These two classifications
are preferable to those used by Palumbi because of the exposed nature of the South African coastline.
However, for ease of discussion from hence forth the ‘more exposed sites’ will be referred to as exposed

sites and the ‘iess exposed sites’ as sheltered sites.
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CHAPTER 2

POPULATION DYNAMICS AND THE EFFECTS OF WAVE

EXPOSURE ON PERNA PERNA
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1. INTRODUCTION

Mussels, especially those in exposed habitats, have world-wide success as space-dominators and represent
some of the most productive species on earth (Suchanek 1985). In the light of this, mussels deserve
attention not only in terms of fisheries management, but also as complex ecological systems that are home
to a countless variety of species (Witman 1983, Suchanek 1980, 1985, Lasiak & Field 1995). Popuiation
size structure, density and biomass give easily accessible and important baseline information about a
population (Seed 1976, Berry 1978). This initial phase of data collection sets the stage for further
investigations by identifying the products of biotic and abiotic processes. For example, once the density of
individuals at a site has been established, explanations as to the cause and effect of these densities can be
studied. To obtain a compiete understanding of a population, the processes of settlement/recruitment,
growth and mortality and the factors affecting them need to be addressed. Even small environmental
differences may produce large effects on growth rates and maximum size (Sebens 1987 in Cerrato & Keith
1992). An important factor responsible for influencing population structure indirectly and/or directly is wave
action. Changes in food availability, feeding time (see chapter 3 discussion) and physical removal of
mussels (Harger 1970, Harger & Landenberger 1971) are possible direct resuits of wave action. Indirect
effects are frequently more subtle and difficult to isolate from the effects of tidal height, current,
temperature, biotic interactions efc. (Griffiths 1981, Griffiths & Hockey 1987, Van Erkom Schurink &
Griffiths 1990). The indirect influences of wave exposure on growth rates (see chapter 3), settlement and
recruitment, mean and maximum lengths, density and biomass of intertidal organisms have been well
documented (Jones & Demetropoulos 1968, Hénger 1970, Griffiths 1977, Beckley 1979, McQuaid &

Branch 1985, Menge 1991, Petraitis 1991, Bertness et al. 1992, Leeb 1995, Mcl.achlan et al. 1995).

The comparison of mussel populations is confounded by variations over time and space and the degree of
interaction which occurs between recruitment, size, growth, density and biomass (Peterson & Beal 1989,
Dye et al. 1994). The size of individuals is dependent on growth (Baird 1966) and mortality (Seed 1976,
Griffiths & Buffenstein 1981); growth is frequently dependent on density (Broom 1982, Fréchette & Bourget
1985a & 1985b, Newell & Shumway 1993) and in tumn, density is dependent on mortality, spawning,
settlément and recruitment success (Connell 1985). The subsequent survival of recruits may be enhanced
by the refuge afforded by adults and can thus depend on aduit density (Fetersen 1984, Alvarado & Caétilla

19986).
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Biomass is a reflection of the density, size, and growth rates of mussels (Dickie et al. 1984), and all these

factors are influenced by other biological and physical processes.

In sedentary organisms, particuiarly those limited by space and food, density-dependent interactions are
likely to be strong (Griffiths & Hockey 1987, Hughes & Griffiths 1988). Spatial dominance is maintained by
recruitment, growth and mortality (Petraitis 1995). The same cover can be maintained either by achieving
high densities of small mussels where growth rates have been suppressed by crowding, or by lower

densities of larger mussels that have been thinned by physical disturbance or predators (Petraitis 1995).

The prediction of recruitment success, mussel size, carrying capacity, and longevity is important for
management and for a biological understanding of the system (Grant et al. 1993). As these processes are
influenced by wave action, it follows that the vulnerability of a population to exploitation may depend on the
degree of wave exposure. The objectives of this chapter were to determine the density and substratum
“choice” of recruits, the timing of early recruitment, the mean and maxirmum size of adults, the density of

adults and the biomass of the entire population, all with respect to wave exposure.

2, MATERIALS AND METHODS

The main objective of this entire study was to determine growth rates of Perna permna, and one of the
methods utilised was analysis of length frequency distributions. These data also provide information on
population dynamics. Length frequencies were obtained by sampling mussel beds at approximately six
weekly intervals at three exposed sites; Diaz Cross, Kwaai Hoek, Fish River and three sheltered sites;
Mgwalana, Rufanes and Riet River (refer to chapter 1 for quantification of exposure). All sampling was
undertaken randomly from rocks with approximately 100% mussel cover, in low shore mussel beds (the
lowest intertidal mussel bed accessible on a spring low tide). For the growth study, a minimum of 200
mussels was required from each site at each sampling interval. To obtain this number, four to five quadrats
of 10x10 cm were destructively sampled by removing all musseis and algae from each site per sampling
session. However, all the investigations under population dynamics, that is, size structure, timing of early
recruitment, recruit densities, mean and maximum lengths, densities and biomass, used data from only
four quadrats (chosen randomly where 5 quadrats were collected) per site per sampling session. Sampling

was undertaken over a 15 month period from July 1995 to October 1996 and included 11 sampling
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sessions. These sampling sessions will in future be referred to as sampling months even though they
were obtained at six weekly intervals. Shore type will refer to the exposure of the shore i.e. exposed or
sheltered. Mussels greater than 1 mm were measured in the laboratory to the nearest 0.1 mm, initially by
hand using stainless steel vernier callipers, and later by an image analysing program, PC Image. Lindsay
(1998) showed that the PC Image program measured mussels with a high degree of accuracy (0.01 mm)
and a regression coefficient of 0.9996 (n=63, p<0.05) was obtained when hand measured mussels were
plotted against those measured by PC Image. All statistical analyses were undertaken on Statgraphics
version 7.0, uniess otherwise stated. Normality and homogeneity were tested using the Kolmogorov-
Smimov and the Bartlett’s test respectively before applying parametric procedures. When significant
differences were established from ANOVAs, Tukey's multiple range test was used to identify where the

differences occurred.

2.1. POPULATION SIZE STRUCTURE
The length frequency data from 4 quadrats for 11 sampling months (6 sites) were expressed as the mean
number of mussels per m? for each size class for each site. The modal size structure of each population

was examined.

2.2. TIMING OF EARLY RECRUITMENT, SUBSTRATUM UTILISATION AND DENSITY OF
RECRUITS

Definition of recruit and adult

Mussels are often separated into juveniles and adults. Adults of Perna perna have been classified as >20
mm by Phillips (1994) and >15 mm by Leeb (1995). Juveniles are often further subdivided into settlers and
recruits. Mussel settlers are usually defined as less than 1 mm, as this is the size at which they settle out of
the plankton (Seed 1976). Recruits have been defined as 0-19 mm by Phillips (1994) and 0-15 mm by Leeb
(1995). For the purpose of this study the term recruits will refer to mussels 1-15 mm, although some
analyses have been restricted to certain size classes within this division. In these cases, the term recruit is
always followed by the size class used, eg. recruit (1-5 mm). Aduits are defined as >15 mm in length and
have not been defined according to reproductive maturity. Rather, this definition has arisen due to the
stabilisation in population numbers that occurred after approximately the 15 mm size class ie. high

mortality or emigration occurred up to 15 mm after which numbers declined more gradually (Chapter 4).
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This was a subjective finding achieved by examining length frequency graphs of each site throughout the

year (Figure 3.11) as well as composite graphs of all months for each site (Figure 2.1).

Timing of early recruitment

Data obtained from length frequency distributions were used to determine the months of peak early
recruitment and whether this was site or exposure dependent. Mussels from each quadrat sampled were
counted and measured, irrespective of whether they were found on algae or directly on mussels. Where
algae were present, they were attached to mussels and not directly to the rock. Densities of mussels 1-5
mm were obtained for each site using the total densities of 4 quadrats per site from each sampling month.
This size range was chosen so that the timing of early recruitment couid be limited to those mussels which
had most recently settled i.e. late plantigrades, as true settlers (<1 mm) were not included in this study. At
each site the total number of mussels (1-5 mm) counted over the entire sampling period (also using 4
quads) was calculated. Using this information, the number of recruits (1-5 mm) per month were calculated
as a percentage of the total number of recruits (1-5 mm), for each site. Figures were converted to
percentages as extreme differences in recruit densities occurred, which would have masked comparisons
between sites and shore type. After square root transformation, data were normally distributed (p>0.05), but
not homogeneous (p<0.05). Despite this, ANOVAs were used due to their robustness to deviations from
homogeneity (Zar 1996). A two-way ANOVA with interactions using site and month as factors was
performed to determine when peak early recruitment occurred and how this varied among sites. A second
two-way ANOVA with interactions was performed on combined sites to compare how wave exposure and

month affected early recruitment.

The effect of exposure, site and substratum on recruit densities

The primary points of interest were:
« does the degree of exposure affect recruit densities,
e does site affect recruit densities, and

« does substratum affect recruit densities.
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ideally a 3-way ANOVA would be undertaken, however this was not possible as algae was absent on two of |
the shores, namely Riet River and Mgwalana. The analysis was therefore broken down into analysing
subsets of the data as follows:

+ the percentage cover of algae (Dz, Kw, Fs & Ru)

¢ the effects of site and substratum on true densities of recruits (1-5 & 6-10 mm)

« the effects of site and substratum on standardised densities of recruits (1-5 & 6-10 mm)

o the effects of site on densities of true recruits (1-5 & 6-10 mm) on algae

+ the effects of exposure and site on densities of recruits (1-5 & 6-10 mm) on adult mussels

s the effects of exposure, site and month on densities of recruits (1-15 rnm)

+ the regression of recruit (1-5 mm) against adult (=15 mm) densities

Algal cover

At Diaz Cross, Kwaai Hoek, Fish River and Rufanes recruits were found on algae (which were attached to
mussels) and on mussels. At Mgwalana and Riet River algae were absent and therefore recruits were found
only on the mussels. Although the site of attachment of recruits i.e. on mussels or on algae was noted, the
percentage cover of algae was not recorded during the 15 month sampling period, but was obtained in a
once-off survey in February 1996. The section of the mussel bed sampled had approximately 100%
mussel cover. Twenty 25x25 cm’ randomly placed quadrats were sampled quantitatively within the low
shore mussel bed at each site and the percentage cover of the dominant algae was recorded. To
determine whether the percentage cover of algae differed statistically between sites, a one-way ANOVA
was undertaken on data from Diaz Cross, Kwaai Hoek, Fish River and Rufanes i.e. those sites where ailgae

were present.

Effects of substratum and site on true densities of recruits (1-5 & 6-10 mm)

Due to the absence of algae at Riet River and Mgwalana, the analyses on the effects of substratum and
site on recruit densities were restricted to the remaining four sites;, Diaz Cross, Kwaai Hoek, Fish River and
Rufanes. For these analyses true recruit densities on algae and mussels were used. Mussel cover was
approximately 100%, and although algal cover varied from site to site, recruit densities were not
standardised. The abundance of recruits of 1-5 mm and 6-10 mm on algae and on mussels, was

determined during the peak early recruitment months, i.e. January, February, April and May. Densities were
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obtained from four quadrats at each site for each of the four months, with the exception of the January
sample for Rufanes where only two quadrats were used (information as to whether recruits were found on
algae or mussels was absent for 2 quads). Although data from four rnonths were used, the 16 and 14
quadrats respectively were treated as replicates, with no reference to month. Two 2-way ANOVAs with
interactions were performed to determine whether substratum or site had a significant effect on recruit
densities, firstly on recruits 1-5 mm and secondly on recruits 6-10 mm. Where significant interactions
occurred between site and substratum, one-way ANOVAs were undertaken at each site using substratum as

a factor.

Effects of site and substratum on standardised densities of recruits (1-5 & 6-10 mm)

The second question that arose was whether substratum had an effect on recruit densities when algal cover
was standardised to 100% cover. Analyses were undertaken using data from the same quadrats during the
four peak recruitment months at Diaz Cross, Kwaai Hoek, Fish River and Rufanes, as detailed above. A
single conversion factor obtained from the percentage algal cover data from February was used for all data
(from January, February, April and May) from each site. The data were standardised as follows, for
example, if the mean algal cover at a site (in a quadrat) was 50% and 2 recruits were found on the algae (in
this quadrat) then the density of recruits per quadrat with 100% algae cover would be 4. This was then
converted to no.m>. As mussels had 100% cover, the densities of recruits from both algae and mussel
were now directly comparable. Two 2-way ANOVAs with interactions were undertaken to determine whether
substratum and site affected recruit densities, firstly on recruits 1-5 mm and secondly on recruits 6—10 mm.
Where significant interactions occurred between site and substratum, one-way ANOVAs were undertaken at

each site using substratum as a factor.

Effects of site on densities of true recruits {(1-5 & 6-10 mm) on algae

The third question compared true recruit densities on algae at the four sites at which it was present, namely
Diaz Cross, Kwaai Hoek, Fish River and Rufanes. Two separate one-way ANOVAs were undertaken, one
on 1-5 mm size class and the other on 6-10 mm size class, to determine whether recruit densities on aigae
differed between the four sites. Analyses were undertaken on quadrats from the four peak recruitment

months as detailed in “Effects of substratum and site on true densities of recruits (Dz, Kw, Fs & Ru)”.
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Effects of exposure and site on densities of recruits (1-5 & 6-10 mm) on adult (>15 mm) mussels

The final question was whether recruit densities on mussels differed between exposures and sites,
particularly those where algae were present (Dz, Kw, Fs & Ru) and those where algae were absent (Mg &
Ri). The abundance of recruits on mussels, was determined during the peak early recruitment months, i.e.
January, February, April and May. Densities were obtained from four quadrats at each site for each of the
four months, with the exception of the January sample for Rufanes where only two quadrats were used
(information as to whether recruits were found on algae or mussels was absent for 2 quads). Recruits found

on algae were ignored for these analyses. Using data from all six sites, two one-way ANOVAs were

undertaken to test the effect of exposure on recruit densities, one for each size class (1-5 & 6-10 mm). A
further two one-way ANOVAs were undertaken to test the effect of site on recruit densities, one for each

size class.

Effects of exposure, site and month on densities of recruits (1-15 mm)

Densities of recruits, 1-15 mm were calculated for each of the four quadrats, at each sampling month and
at each site using data from length-frequency distributions. All recruits 1-15 mm were counted irrespective
of whether they were attached to mussels or ailgae, to determine whether there was a relationship between
exposure, site, month, and recruit density. After a log.(x+1) transformation, data were normaily distributed

and homogeneous in all cases (p>0.05).

A two-way ANOVA with interactions was used to determine the effect of exposure and month on recruit
densities. A second two-way ANOVA was performed to determine whether site and month affected recruit
densities significantly. Where significant differences were noted Tukey's multiple range test was used to

identify where the differences lay.

Regression of recruit (1-5 mm) against adult (>15 mm) densities

Linear regression analyses were undertaken of adult densities (independent) against recruit densities (1-15
mm) (dependent) using the least squares method. Data were obtained from 4 quadrats per sampling
moﬁth for each of the six sites. The total number of recruits (1-5 mm) on algae plus on mussels was

utilised. Regressions were undertaken for both shore types (site data pooled) and separately for each site.
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2.3 MEAN AND MAXIMUM LENGTHS, ADULT DENSITIES AND TOTAL BIOMASS

Mean lengths

The mean lengths of adults (>15 mm) were calculated from length frequency data. To calculate mean
lengths, data analysis was performed on a UNIX computer using the statistical package, BMDP. A Welch
Brown-Forsythe's test established that after a Vx+1 transformation, homogeneity of variance was achieved
(p>0.05). Normality was assumed due to the large sample size (n=10 547) (Zar 1996). To determine
whether exposure and month had any relationship with mean lengths, a two-way ANOVA with interactions
was performed on length data. A second two-way ANOVA tested the effect of site and month on mean

lengths.

Maximum lengths

The maximum lengths were established by using the ten largest mussels for each sampling month at each
site. Data were normal (p>0.05), but not homogeneous (p<0.05). As the ANOVA is robust to deviations
from homogeneity it was still used (Zar 1996).The effect of exposure and month on maximum lengths was
compared using a two-way ANOVA. A second two-way ANOVA was then performed on site and month

data.

Adult densities

Densities of adults (>15 mm) were obtained from 4 quadrats for each of the 11 sampling months and for
each of the six sites, to determine whether a relationship existed between exposure, site, month and
density. Densities of adults were calculated separately from recruits in an attempt to remove the influence
of early recruitment. Two-way ANOVAs with interactions were utilised on noﬁnal and homogeneous data

(p>0.05) to determine statistically whether exposure, site and month had an effect on adult densities.

A correlation analysis was undertaken to determine whether there was a significant reiationship between
mean monthly densities of mussels (recruits plus adults) and mean monthly lengths of mussels i.e. a mean
density and a corresponding mean length was calculated for each month, at each site, n=66. A correlation
analysis was undertaken to determine whether there was any reiationship between the mean adult densities

(>15 mm) at each site and the mean maximum wave force (N.m'z) (from chapter 1) recorded at each site.
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Biomass

Using mussels collected between February and April 1995, regression equations of length against dry mass
were generated for Kwaai Hoek, Fish River, Mgwalana, Rufanes and Riet River by J. Lindsay (1998).
These regression equations were used to calculate biomass from the length of each mussel collected
during 11 sampling sessions (4 quadrats each time) at each of the six sites. As lengths and length-
frequency distributions at Diaz Cross and Kwaai Hoek were similar, the regression equation generated for
Kwaai Hoek was used for Diaz Cross as well. Total biomass for each quadrat, at each sampling month and
site was calculated. The relationships between exposure, site, month and biomass were determined using

two-way ANOVAs with interactions on normal and homogeneous data (p>0.05).

Three correlations were undertaken to determine whether biomass could be predicted from length, density
or both. Firstly, the mean biomass of mussels (recruits plus adults) at each site was correlated against the
mean lengths (recruits plus adults) at each site. Secondly, the mean biornass (recruits plus aduits) at each
site was correlated against the mean densities (recruits plus adults) at each site. Lastly, the correlation
coefficients obtained by correlating the mean length from each sampling month against the mean density
from each sampling month at each site (n=11 for each site), were correlated against the mean mass at

each site (n=6).
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3. RESULTS

3.1. POPULATION SIZE STRUCTURE

The length frequency data from 4 quadrats for 11 sampling months were summed to give the mean number
of musseis per m? for each size class for each site (Figure 2.1). The mussel populations at Diaz Cross,
Kwaai Hoek, Fish River, Mgwalana and Riet River were bimodal, having distinct juvenile and adult peaks.
Thg population at Rufanes was skewed to the left. However, closer examination of monthly length
frequencies (Figure 3.3.1) revealed that the population at Rufanes was usually bimodal, with high densities
of small mussels (<20 mm) occurring throughout the year. This trickle recruitment into the population was

probably responsible for disguising the adult cohort.

The modal size of the juvenile ‘cohorts’ were lower at the exposed shores than the sheltered shores,
occurring at 5 mm at Diaz Cross, Kwaai Hoek and Fish River and at 10 mm at Mgwalana, Rufanes and Riet
River (Figure 2.1). The modal size of the adult ‘cohorts’ were higher on the exposed shores than the
sheltered shore, that is 76-85 mm at Diaz Cross, 61-70 mm at Kwaai Hoek, 51-60 mm at Fish River, 36-40

mm at Mgwalana and 41-55 mm at Riet River.

The maximum length class was higher at the exposed sites (106-110 mm) than at the sheltered sites (86-90
mm). Mean and maximum lengths will be deait with in section 2.3. Even from this glimpse of Pema
perna’s population structure at several sites some pertinent questions can be raised. Why are the densities
of recruits <10 mm so much higher at Diaz Cross, Kwaai Hoek and Rufanes than at the other sites? Why is
the apparent difference in juvenile and adult density greater at Diaz Cross and Kwaai Hoek than Rufanes?
Despite the lower densities of recruits at Fish River, Mgwalana and Riet River compared to the other sites,
the aduit densities recorded over the 15 month period are higher than those at Diaz Cross, Kwaai Hoek and
Rufanes, why? This thesis in general and this chapter in particular will give more insight into the possible

answers to these questions.
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Figure 2.1 Length frequency distributions of mussels over the entire sampling period. Note the different

scale at Kwaai Hoek. Upper limit of each size class is presented.
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Figure 2.1 cont. Length frequency distributions of mussels for the entire sampling period.
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3.2. TIMING OF EARLY RECRUITMENT, DENSITY OF RECRUITS AND SUBSTRATUM
UTILISATION

Timing of early recruitment

Peak early recruitment occurred from January 1995 to April 1996 at both the exposed and sheltered shores
(Figure 2.2). The results of the two-way ANOVAs showed that although exposure and site had no
significant effect on the percentage of recruits (1-5 mm) per month relalive to the totai number of recruits
{1-5 mm) for the 11 months (p>0.05, Tables 2.1 & 2.2), month did have a significant effect (p<0.05, Tables
2.1 & 2.2). Sites and shore types showed the same pattern of early recruitment over time, as indicated by
the non-significant interactions (p>0.05, Tables 2.1 & 2.2). Tukey’s multiple range test revealed that the
percentage of recruits (1-5 mm) per month relative to the total number of recruits (1-5 mm) for the 11
months at each site was significantly higher from January to May 1996, than during the other months
(p<0.05, Table 2.3). Approximately 64 % of the total percentage of recruits (1-5 mm) occurred during these
months, with early recruitment peaking in February, when recruit density was significantly greater than in all
other months (Figure 2.2). The remaining 36 % of recruits were evenly distributed throughout the rest of the

year, with no more major peaks.
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Figure 2.2 The mean number (+std. dev.) of recruits (1-5 mm) represented as a percentage of the total
number of recruits (1-5 mm). For each site the number of recruits (1-5 mrn) per month were caiculated as a
percentage of the total number of recruits over the 11 months for that site:, and thus mean percentages and
standard deviations for each month could be calculated. ’
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Table 21 Two-way ANOVA with interactions on the effect of exposure and month on the percentage of
recruits (1-5 mm) per month relative to the total number of recruits (1-5 mm) for the sampling period.
Percentagés of recruits per month were calculated separately for each site. Data were square root
transformed for analysis.

Source of variation df SS MS F P
Exposure 1 0.03 0.32 0.07 0.7943
Month 10 67.69 6.77 14.62 <0.0001
Interactions 10 3.89 0.39 0.84 0.5899
Residual 242 112.08 0.46

Table 2.2 Two-way ANOVA with interactions on the effect of site and month on the percentage of
recruits (1-5 mm) per month relative to the total number of recruits (1-5 mm) for the entire sampling period.
Percentages of recruits per month were calculated separately for each site. Data were square root
transformed for analysis.

Source of variation df SS MS F P

Site 5 0.32 0.06 0.14 0.9818
Month 10 67.69 6.77 15.16 0.0001
Interactions 50 27.25 0.54 12 0.1715
Residual 198 88.44 0.45

Table 2.3 Tukey's multiple range test on the effect of month on the percentage of recruits (1-5 mm)
relative to the total number of recruits (1-5 mm) throughout the 11 sampling months for six sites. Data were
square root transformed for analysis.

Month Count Mean Homogeneous groups
October ‘96 24 0.73 a
September ‘96 24 0.76 a
November ‘95 24 0.78 a

October ‘95 24 0.94 a

August '95 24 1.02 a

July ‘85 24 1.04 a

July '96 24 1.07 a

May '96 24 1.48 b

April ‘96 24 1.78 b ¢
January '96 24 1.91 c
February ‘96 24 2.30 d
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The effect of exposure, site and substratum on recruit densities

Algal cover

The predominant algae at Diaz Cross, Kwaai Hoek and Fish River were upright corallines, whiie at
Rufanes, the foliose red alga Gelidium pristoides was most abundant. The percentage cover of algae was
significantly different at the individual sites (p<0.05, Table 2.4). Diaz Cross had the highest percentage of
algal cover (64.12%), followed by Kwaai Hoek (39.70%), Fish River (20.44%) and Rufanes (6.18%)(Table

2.5). No algae were present in the mussel beds at Riet River and Mgwalana.

Effects of site and substratum on true densities of recruits (1-5 & 6-10 mm)

These results were obtained from quadrats of 100% mussel cover and the associated algal cover. Recruit
densities (1-5 & 6-10 mm) were considerably higher on algae than on mussels at Diaz Cross and Kwaai
Hoek (Figure 2.3a). The results of the two-way ANOVAs confirmed that a significant relationship existed
between the density of recruits (1-5 mm & 6-10 mm) and substratum (p<0.05, Tables 2.6 & 2.7). However,
there were significant interactions for both size classes (p<0.05, Tables 2.6 & 2.7). Results of the one-way
ANOVAs performed separately on each site and each size class (ie. 1-5 & 6-10 mm), showed that there
were no significant differences in recruit densities on algae and mussels at Fish River and F‘(ufanes
(p>0.05). However, the one-way ANOVAs showed significantly higher recruit densities on coralline algae

than on mussels at Diaz Cross and Kwaai Hoek (p<0.05).

Effects of site and substratum on standardised densities of recruits (1-5 & 6-10 mm)

There was no significant relationship (p>0.05) between the percentage of algal cover and the densities of
recruits found on algae i.e. Diaz Cross had the highest percentage algal cover, but Kwaai Hoek had the
highest recruit density. The densities of recruits for both size classes (1-5 & 6-10 mm) were unequivocally
higher on algae than on mussels when densities were standardised to 100% algal cover (Figure 2.3b). This
was confirmed by the results of the two-way ANOVAs, which showed substratum and site to have
significant effects on recruit densities of both size classes (p<0.05, Tables 2.8 & 2.9). The interaction
between site and substrate was not significant for 1-5 mm (p>0.05, Table 2.8) but was for 6-10 mm
(p<0.05, Table 2.9).The results of both the separate one-way ANOVAS run on recruit densities (1-5 & 6-10
mm) showed that substratum had a significant effect at Diaz Cross, Kwaai Hoek and Rufanes (p<0.05), but

not at Fish River (p>0.05).
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Effects of site on true densities of recruits (1-5 & 6-10 mm) on aigae

The true density of 1-5 mm recruits on algae was significantly higher at Kwaai Hoek than at the remaining
sites (p<0.05, Figure 2.3a, Tables 2.10 & 2.12). In the 6-10 mm size class the density differences between
sites were less extreme than in the 1-5 mm size class. There was, however, a significant difference

between densities (6-10 mm) on algae at Fish River and Kwaai Hoek (p<0.05, Table 2.11 & 2.12).

Effects of exposure and site on densities of recruits (1-5 & 6-10 mm) on adult mussels

The densities of recruits on adult mussels appeared to be fairly constant between sites for both the 1-5 mm
and the 6-10 mm size classes (Figure 2.3a). The results of the one-way ANOVAs showed that the densities
of recruits (1-5 & 6-10 mm) on mussels were not significantly affected by exposure (p>0.05, Tables 2.13 &
2.14). Site, however did affect recruit density on mussels for both size classes (p<0.05, Tables 2.15 &
2.18). Tukey’s multiple range tests showed that the density at Diaz Cross was significantly lower than that
at the other five sites for both size classes (p<0.05, Table 2.17). This is despite a high overall density of
recruits at Diaz Cross (Figure 2.1) and indicates that the majority of recruits were present on algae at this
site (Figure 2.3). Recruit densities (both 1-5 and 6-10 mm) showed greater variability among sites on algae

than on mussel (Figure 2.3).

Table 2.4 The effect of site on algal percentage cover. Data were Vx+1 transformed.

Source of variation df SS MS F P
Between 3 321.72 - 107.24 22.39 <0.0001
Within 76 364.03 479

Table 2.5 Tukey's multiple range test showing differences in algal cover at sites. Data were Vx+1

transformed.
Site Exposure  Count Mean Homogeneous groups
Ru S 20 2.68 ‘ a
Fs E 20 463 b
Kw E 20 6.38 ¢
Dz E 20 8.07 d
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Figure 2.3 Mean recruit (1-5 mm & 6-10 mm) densities (+std. dev.) on aigae and mussels over the peak

early recruitment months (January, February, April and May). a) (1-5 & 6-10 mm) presents true densities

whereas b) presents standardised density data i.e. using 100% algal cover. The dominant alga at Rufanes
was Gelidium pristoides and at Diaz Cross, Kwaai Hoek and Fish River, corallines.
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Table 2.6 Two-way ANOVA on the relationship between recruit densities (1-5 mm), substratum and site,

using true recruit densities (i.e. actually encountered in the field, algal cover has not been standardised).

Data were logqo(x+1) transformed.

Source of variation df SS MS F P

Site 3 10.18 3.39 21.01 <0.0001
Substratum 1 2.81 2.81 17.40 0.0001
Interactions 3 7.64 2.55 15.77 <0.0001
Residual 116 18.74 0.16

Table 2.7 Two-way ANOVA on the relationship between recruit density (6-10 mm), substratum and site,

using true recruit density (i.e. actually encountered in the field, algal cover has not been standardised).

Data were logqo(x+1) transformed.

Source of variation df S8 MS F P

Site 3 3.03 1.01 4.88 0.0031
Substratum 1 0.84 0.84 4.06 0.0463
Interactions 3 5.94 1.98 9.56 <0.0001
Residual 116 24.01 0.21

Table 2.8 Two-way ANOVA on the relationship between setter densily (1-5 mm), substratum and site,

using standardised algal cover. Data were log1o(x+1) transformed.

Source of variation df SS MS F P

Site 3 3.81 1.27 3.80 0.0122
Substratum 1 12.39 12.39 37.04 <0.0001
Interactions 3 2.49 0.83 248 0.0644
Residual 116 38.79 0.33

Table 2.9 Two-way ANOVA on the relationship between recruit density (6-10 mm), substratum and site,

using standardised algal cover. Data were logy(x+1) transformed.

Source of variation df S8 MS F P

Site 3 8.94 2.98 10.326 <0.0001
Substratum 1 19.53 19.53 67.66 <0.0001
Interactions 3 3.28 1.09 3.79 0.0124
Residual 116 33.49 0.29
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Table 2.10 One-way ANOVA on the relationship between site and true recruit density on aigae (1-5 mm).
Data were logqo(x+1) transformed.

Source of variation df SS MS F P
Between 3 10.23 3.41 8.21 0.0001
Within 58 24.07 0.42

Table 2.11 One-way ANOVA on the relationship between site and true recruit density on algae (6-10 mm).
Data were logqg(x+1) transformed.

Source of variation df SS MS F P
Between 3 4.01 1.34 292 0.0417
Within 58 26.58 0.46

Table 2.12 Tukey’s multiple range test showing true recruit density of 1-5 mm and 6-10 mm on algae at
four sites. Data were logo(x+1) transformed.

Sites Exposure n 1-5 mm 6-10mm
Fs E 16 a

Dz E 16 a

Ru S 14 a ab

Kw E 16 b

Table 2.13 One-way ANOVA on the effect of exposure on recruit (1-5 mm) density on adult mussels. Data
were logo(x+1) transformed.

Source of variation df SS MS F P
Between 1 0.04 0.04 0.20 0.6583
Within 92 16.97 0.18

Table 2.14 One-way ANOVA on the effect of exposure on recruit (6-10 mm) density on adult mussels.
Data were logso(x+1) transformed. |

Source of variation df SS MS F P
Between 1 0.55 0.55 2.60 0.1101
Within 92 19.44 0.21

Table 2.15 One-way ANOVA on the effect of site on recruit (1-5 mm) density on adult mussels. Data were

log1o(x+1) transformed.

Source of variation df SSs MS F P
Between 5 2.30 0.46 2.76 0.0232
Within 85 14.70 0.17
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Table 2.16 One-way ANOVA on the effect of site on recruit (6-10 mm) densities on adult mussels. Data |
were logyo(x+1) transformed.

Source of variation df SS MS F P
Between 5 279 0.56 2.85 0.0197
Within 85 17.20 0.20

Table 2.17 Tukey’s multiple range test showing differences in recruit (1-5 & 6-10 mm) density on mussels
at the 6 sites. Data were logqo(x+1) transformed.

Site Exposure Count Homogeneous groups Homogeneous groups
(1-5 mm) (6-10 mm)

Dz E 16 a a

Ri ] 16 b b

Kw E 16 b b

Ru S 14 b b

Fs E 16 b b

Mg S 16 b b

Effects of exposure, site and month on densities of recruits (1-15 mm)

The mean density of recruits (1-15 mm) over the 1‘1 sampling months (site data pooled) was higher at the
exposed shores (5896.m™) than at the sheltered shores (2986.m™) (Figure 2.4). This was confirmed by the
ANOVA which showed that exposure and month had significant effects on recruit density (p<0.05, Table
2.18). Interactions between the factors exposure and month were not significant (p>0.05, Table 2.18), but
those between site and month were significant (p>0.05, Table 2.19). On the level of site, recruit densities
were highest at Kwaai Hoek (10986.m?) (exposed), and Rufanes (5223.m?) (sheltered) (Figure 2.5).
Results of the two-way ANOVA showed that site and month had a significant effect on recruit densities
(p<0.05, Table 2.19). Fish River, an exposed site had densities similar to those at Riet River, a sheltered

site, indicating that differences were not simply exposure related (Figure 2.5).

The significant interaction between month and site (p<0.05, Table 2.19) indicates differences in timing of
recruitment among sites. The significant effect of month shows temporal variations within sites (p<0.05,
Table 2.19). Diaz Cross showed an additional peak in recruit density in July 1995 and at Fish River the
peak extended from January 1996 to June 1996 (Figures 2.6 a & c). Kwaai Hoek had a more defined
recruitment peak than all other sites. This peak occurred between January and May and had recruit
densities up to six times that of other months (Figure 2.6 b). Recruit density at Mgwalana peaked from

January 1996 to May 1996 (Figure 2.6 d). Rufanes showed two recruitment peaks, one narrow peak in
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August 1995 and an extended period of high recruit density from August 1995 to June 1996 (Figure 2.6 e).

At Riet River, recruit densities were highest in July 1995 and in February, April and May 1996 (Figure 2.6 f)
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Figure 2.4 Mean recruit (1-15 mm) densities (+std. dev.) for exposed (Diaz Cross, Kwaai Hoek and Fish

River) and sheltered shores (Mgwalana, Rufanes and Riet River), for 11 sampling months.
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Figure 2.5 Mean recruit (1-15 mm) densities (+std. dev.) for 11 sampling months at six locaiities.

Table 2.18 Two-way ANOVA on the effect of exposure and month on recruit densities (1-15 mm). Data
were log.(x+1) transformed. '

Source of variation df SS MS F P
Exposure 1 14.56 14.56 13.87 0.0002
Month 10 76.74 7.67 7.31 <0.0001
interactions 10 7.65 0.75 0.72 0.7061
Residual 242 254.02 1.05

Table 2.19 Two-way ANOVA showing the effect of site and month on recruit densities (1-15 mm). Data
were log. (x+1) transformed.

Source of variation df SS MS F P

Site 5 75.52 15.10 20.75 <0.0001
Month 10 76.74 7.67 10.54 <0.0001
Interactions 50 56.49 : 1.13 1.55 0.0184
Residual 198 144.11 0.73
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Figure 2.6 a-c Mean recruit (1-15 mm) density (+std. dev.) over 11 sampling months at Diaz Cross, Kwaai

Hoek and Fish River (exposed).
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Figure 2.6 d-f Mean recruit (1-15 mm) density (+std. dev.) over 11 sampling months at Mgwalana,

Rufanes and Riet River (sheltered).
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Regression of recruit (1-5 mm) against aduit (>15 mm) densities

On sheltered and exposed shores increases in adult densities were associated with increases in recruit
densities (Figure 2.7). Although significant (p<0.05), the relationship for both shore types was weak, as
indicated by the iow r* values, and data from shettered shores showed a slightly stronger relationship than
exposed shore data (P = 4.98% & 5.95%). The spread of the data showed higher recruit density, but lower
adult density at the exposed shores. The sheitered shores showed the opposite pattemn, with lower recruit
densities and higher adult densities occurring (Figure 2.7). Examination of the regressions from each site
revealed that the overall pattern shown by the exposed shores was highly skewed by data from Kwaai Hoek
(Figure 2.8a). The r values for the regressions of aduilt against juvenile density for each site revealed that
only three sites, Kwaai Hoek, Fish River and Riet River, had significant I values (p<0.05, Table 2.20).
Therefore, even at the level of site, the differences between the regressions did not show any pattern with
regards to exposure. Kwaai Hoek had the steepest slope (greater than y=x) due to the lower adult density

and higher recruit density.
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Figure 2.7 Linear regression of adult densities (>15 mm) against recruit (1-5 mm) densities for sheltered
and exposed shores. 4 outlying data points have been excluded from the graph, but not the regression
calculations.
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Figure 2.8 Linear regression of adult (>15 mm) density against recruit (1-5 mm) density for a) the exposed
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Table 2.20  and P values for the linear regression of adult density (>15 mm) against recruit density (1-5
mm) for each site.

Site Exposure n r (%) P

Dz E 44 0.09 0.8500
Kw E 44 15.87 0.0070
Fs E 44 - 16.41 0.0063
Mg s 44 5.28 0.1335
Ru s 44 1.33 0.4558
Ri S 44 10.25 0.0342

3.3 MEAN AND MAXIMUM LENGTHS, ADULT DENSITY AND TOTAL BIOMASS

Mean adult lengths (>15 mm)

Mean adult lengths were higher on the exposed shores (52.94 mm) than on the sheltered shores (41.59
mm) (Figure 2.9). The highest mean lengths were recorded at Diaz Cross (58.41 mm), followed by Fish
River (51.08 mm), Kwaai Hoek (49.32 mm), Mgwalana (43.58 mm), Riet River (42.26 mm) and Rufanes
(38.92 mm) (Figure 2.9). These findings were confirmed by the results from the two-way ANOVAs which
revealed that a significant relationship existed between exposure and mean length (p<0.05, Table 2.21)
and site and mean length (p<0.05, Table 2.22). Although month had a significant effect on mean lengths,

no general trend was apparent among sites, as indicated by the significant interaction (p<0.05, Table 2.22).

Exposed Sheltered

T

_

Mean length (mm)

Figure 2.9 The mean adult (>15 mm) lengths (+std. dev.) obtained from 11 sampling months, for six
sites. Sample sizes for each site are presented in a text box.

51




2. Population dynamics

Table 2.21 The relationship between exposure, month and mean adult lengths (>15 mm) as shown by the
results of a two-way ANOVA with interactions. Data were Vx+1 transformed.

Source of variation df SS MS F P
Exposure 1 1293.05 1293.05 610.86 <0.0001
Month 10 225.21 22.52 10.64 <0.0001
Interaction 10 67.42 6.74 3.18 0.0004
Residual 22264.21 212

Table 2.22 The relationship between site, month and mean adult lengths (>15 mm) as shown by the
results of a two-way ANOVA with interactions. Data were Vx+1 transformed.

Source of variation df SS MS F P

Site 5 1682.83 336.67 218.15 <0.0001
Month 10 168.89 16.89 10.95 <0.0001
Interaction 50 941.20 18.82 12.20 <0.0001
Residual 17066.35 1.54

Maximum Lengths

Mean maximum lengths were higher at the exposed shores (93.62 mm) than at the sheltered shores (75.48
mm) (Figure 2.10). This was confirmed by the results from the two-way ANOVA which showed that a
significant relationship existed between exposure, month and maximum lengths (p<0.05,Table 2.23).
Maximum lengths were highest at Diaz Cross (101.18 mm), followed by Fish River (92.72 mm), Kwaai
Hoek (86.97 mm), Rufanes (76.34 mm), Mgwalana (75.36 mm) and Riet River (74.73 mm). The second
two-way ANOVA showed a significant difference in the maximum lengths between sites and months (Table
2.24). There was a significant interaction between exposure and month and site and month (p<0.05,

Tables 2.23 & 2.24).
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Figure 2.10 Mean maximum lengths (+std. dev.) from the 10 largest mussels each sampling month for
each site.

Table 2.23 Two-way ANOVA showing the relationship between exposure, month and maximum length.

Source of variation df S8 MS F P
Exposure 1 54336.06 54336.06 949.52 <0.0001
Months 10 3189.91 318.99 5.57 <0.0001
Interaction 10 1432.45 143.25 2.50 0.0059
Residual 638 36509.52 57.22

Table 2.24 Two-way ANOVA showing the relationship between site, month and maximum length.

Source of variation df S8 MS F P
Site 5 65728.46 13145.69 512.24 <0.0001
Month 10 3189.91 318.99 12.43 <0.0001
Interaction 50 11305.55 226.11 8.81 <0.0001
Residual 594 15244.02 25.66

Aduit densities

Mean adult (>15 mm) densities of mussels were higher (4796.m'2) on the sheltered shores than the
exposed shores (3348.m'2) (Figure 2.11). However, at the level of site, densities were highest at Rufanes
and Riet River (5495 & 4630.m™), intermediate at Mgwalana and Fish River (4264 & 4148.m™) and lowest
at Kwaai Hoek and Diaz Cross (3409 & 2486.m>) (Figure 2.11). These findings were confirmed by the

results from the ANOVAS. A significant relationstiip existed between exposure and density (p<0.05, Table
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2.25) and between site and density (p<0.05, Table 2.26). Densities at Diaz Cross and Kwaai Hoek were
significantly lower than those at the remaining sites (p<0.05, Table 2.27). There was no significant
difference between adult densities at Fish River (exposed site), Mgwalana and Riet River (sheltered sites)
(p>0.05, Table 2.27). Month did not have a significant effect on adult densities, nor were there significant

interactions (p>0.05, Tables 2.25 & 2.26).

The correlation of mean monthly densities (recruits + adults) against mean monthly lengths (recruit + aduit)
for the six sites pooled gave a significant correlation coefficient of -0.81, indicating that as densities
increased so lengths decreased, although this relationship was not linear (p<0.05, Figure 2.12). Adult
densities were not significantly correlated with wave force when data from all 6 sites were used (¢ =-071,
p>0.05, Figure 2.13). However, when data from Fisﬁ River were excluded a significant (p<0.05) correlation
of -0.98 was found. As the mean wave force at Fish River was calculated from only two readings (Chapter
1), it is highly likely that the mean was an inaccurate measure of wave force. From the correlation resuits,
as well as various trends throughout this thesis, it appeared that, although obviously still an exposed site,

the wave force at Fish River was over-estimated.
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Figure 2.11 Mean adult (>15mm) densities (+std. dev.) over 11 sampling months and at six sites.
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Table 2.25 Two-way ANOVA showing the relationship between exposure, month and adult density. Data

were loge(x+1) transformed.

Source of variation df SS MS F P
Exposure 1 8.1 8.11 39.71 <0.0001
Month 10 215 0.21 1.05 0.4006
Interactions 10 257 0.26 1.26 0.2558
Residual 242 49.41 0.20

Table 2.26 Two-way ANOVA showing the relationship between site, month and adult density. Data were

loge(x+1) transformed.

Source of variation df S8 MS F P

Site 5 15.05 3.01 17.42 <0.0001
Month 10 215 0.21 1.24 0.2656
Interactions 50 10.83 0.22 1.25 0.1415
Residual 198 34.21 0.17

Table 2.27 Tukey’s multiple range test showing the differences in adult density (> 15 mm) between sites.

Data were log.(x+1) transformed.

Site Exposure Mean no.m™ Count Homogeneous groups
Diaz Cross E 3.17 44 a

Kwaai Hoek E 347 44 b

Fish River E 3.68 44 c

Mgwalana 8 3.70 44 ¢

Riet River S 3.75 44 c d

Rufanes s 3.91 44 d
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Figure 2.12 Correlation of mean monthly densities of mussels (recruils + adults) against mean monthly
lengths (recruits + adults) for the six sites (i.e. 11x6 = 66 = n).
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Figure 2.13 Correlation of mean maximum wave force (N.m-2) (Chapter 1) at each site against mean
adult density (>15 mm) at each site.
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Biomass

Biomass differed considerably between sites and no obvious relationship between exposure and biomass
was evident (Figure 2.14). Density and size compensated for each other to produce similar biomass at both
shore types. The results of the two-way ANOVA confirmed that no significant relationship existed between
exposure and biomass (p>0.05, Table 2.28), however site did have a significant effect on biomass (p<0.05,
Table 2.29). Month had a significant effect on biomass (p<0.05, Tables 2.28 & 2.29) but had no interaction
with exposure or site (p>0.05, Tables 2.28 &2.29). As biomass was extrapolated from length data, mass
changes are not an indication of gondal mass fluctuations. There were no significant correlations (p>0.05)
between mean mass and mean lengths (Figure 2.15), mean mass and mean densities (Figure 2.16) and

mean mass against the length:density correlation coefficients (Figure 2.17).
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Figure 2.14 Mean biomass (g.m'z) (+std. dev.) for 11 sampling months at six sites.

Table 2.28 Two-way ANOVA on the relationship between exposure, month and biomass. Data were
loge(x+1) transformed.

Source of variation df SS MS F P
Exposure 1 0.08 0.08 1.01 0.3160
Month 10 1.73 0.17 2.13 0.0233
Interactions 10 1.48 0.15 1.82 0.0575
Residual 242 19.70 0.08
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Table 2.29 Two-way ANOVA on the relationship between site, month and biomass. Data were loge(x+1)

transformed.
Source of variation df SS MS F P
Site 5 5.46 1.09 18.56 <0.0001
Month 10 1.73 0.17 2.94 0.0018
Interactions 50 4.15 0.08 1.41 0.0520
Residual 198 11.65 0.06
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Figure 2.15 Correlation of mean dry mass at each site against mean length at each site. Data from the

entire sampling period and both adults plus recruits were used.
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Figure 2.16 Correlation of mean dry mass at each site against mean density at each site. Data from the
entire sampling period and both aduilts plus recruits were used.
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Figure 2.17 Correlation of the mean dry mass at each site against the correlation coefficients obtained

from previously correlating density against length. Both adult and recruit mussels were used in all cases.
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4. DISCUSSION

The size-frequency distribution of a population is a product of settlement and recruitment, growth and
mortality (Seed & Brown 1978). These processes are largely unpredictable, and vary both spatially and
temporally (Yamaguchi 1975, Griffiths 1981). Possible reasons for a bimodal population structure, as was
observed at all six sites (Figure 2.1), have been outlined by Alvarado and Caétilla (1996). These include
juvenile mortality (also Seed & Brown 1978), the year-round presence of juveniles, slower growth rates in
the adult mode which resuits in class overlap, a decrease in mortality as size increases, a critical size after
which mortality increases dramatically (physical removal by predators or waves) (see Petraitis 1990,
Alvarado & Castilla 1996). The smaller adult mode (48 mm) at sheltered shores than at exposed shores (73
mm) (Figure 2.1) was most likely a result of decreased growth rate (see chapter 3) but could in theory be
due to size-dependent mortality. Although informative, size-frequency distributions present an inconclusive

picture of population dynamics (Yamaguchi 1975).

Settlement and recruitment

From the vast amount of literature on spawning, settlement and recruitment it is apparent that these
processes are dynamic both in time and space (Dare 1976, Caffey 1985, Lasiak 1986, King et al. 1989,
Roegner & Mann 1995, Hunt & Scheibling 1996). The erratic and somewhat patchy occurrence of mussel
beds is better recognised against this background of variability. The spawning cycle can perhaps be
regarded as the first of a series of events leading to the establishment of a mature mussel bed. Mussels of
the same species may spawn at different times of the year due, in part, to differences in iocai conditions.
Perna perna along the south Cape coast (South Africa) has a spawning peak from May to October (winter
to spring) (Phillips 1994, Ndzipa pers. com.), whereas in the former Transkei (South Africa), the spawning
period was more prolonged, extending from February to September (summer to spring) (Lasiak 1986). The
black mussel, Choromytilus meridionalis and the ribbed mussel, Aulacomya ater in the south western Cape
showed both synchronous and asynchronous spawning from August to February (spring to summer)
(Griffiths 1977). Preliminary findings on Perna perna (Ndzipa pers. comm.) indicate the gonadal output
occurs slightly earlier in mussels on exposed shores than on sheltered shores. Spawning intensity is also
affected by wave action, and for Perna pema has been documented as being more intense in bays than on
the open coast (Phillips 1994). An increase in mussel size is associated with an increase in gamete

production (Griffiths & King 1978b on Aulacomya ater and Sprung 1983 on Mytilus edulis). Therefore the
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presence of larger musseis on the exposed shores (Figures 2.9 & 2.10) may result in higher gonad
production than on the sheltered shores. This phenomenon has been noted with reference to shore height,
as higher shore individuals are smaller and have lower gamete production (Griffiths & Buffenstein 1981 on
Choromytilus meridionalis and Seed 1976 on Mytilus edulis). Although an increase in the density of
reproductive adults would also increase gonadal output, the proportional influence of large mussels is more
dramatic, for example, a Choromytilus meridionalis of 100 mm releases two to three times the weight of

gametes that a 50 mm mussel does (Griffiths 1977).

The second phase at which wave action is important is that of larval dispersal. The hydrodynamics on the
coast may confine larvae locally by eddies or transport them off-shore (Grant et al. 1992). If larvae reach
mainstream currents, for example the Aguihas current, they could be passively transported for hundreds of
kilometres (Wildish and Kristmanson 1993). Young larvae are planktonic and once in suspension they
rapidly produce mucous threads which may prolong drifting (Lane et al 1985). They are also capable of
delaying metamorphosis for several weeks until a suitable substratum has been reached (Bayne 1965). If
in this present study spawning occurred in October (this was the latest spawning peak noted on the south
Cape coast by Phillips 1994) then the interval between spawning and early recruitment (1-5 mm) in January
(Figure 2.2), would have been approximately two months. Settiement would have occurred sometime prior
to early recruitment. When larval drift, larval metamorphosis, settlement and recruit growth are accounted
for, this time interval between the two processes is reasonable, indicating that a spawning peak probably
did occur in October and possibly continued for a month or two (considering that the early recruitment peak
occurred from January to April). Lasiak and Barmard (1995) recorded high densities of early (<500xm)
plantigrades of Perna perna on mussel clumps from June to September (winter) and high densities of late
(>0.5 to 3.5 mm) plantigrades on mussel clumps from June to October. This could indicate that the time
interval between the early and late plantigrade stage is less than one month. In contrast, the time interval
between peak densities in early and iate plantigrades on algae was 2-3 months (Lasiak and Barard 1995).
Spawning is not necessarily followed by settlement as indicated for Myfilus edulis in Britain where

settlement can be absent after the major spring spawning (Dare 1976).

Larvae are brought into contact with various substrata by a combination of hydrodynamic processes (water

flux, turbulence, drag, flushing time) interacting with local physical factors (height, depth, substratum,
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slope) (Hunt & Scheibling 1996). Whether the final selection of a substratum is active or passive remains a |
point of much debate. It seems likely that active substratum selection is possible in less turbulent
conditions when larvae are closer to the bottom (Bourget ef al. 1994, Wildish & Kristmanson 1993) and may
even be trapped in the viscous sublayer (Jonsson ef al. 1991). Larvae have been reported to be capable of
crawling along the substratum and thereby may actively choose a seftlement substratum (Harger 1968,
Caceres-Martinez et al. 1994). Recruitment (1-5 mm) occurred at low numbers throughout the year, but was
highest from January to April (summer/autumn), peaking in February (Figure 2.2). In a study on Pemna
perna on St. Croix Island (Algoa bay, South Africa) high numbers of recruits (1-3 mm) were noted from
February to April (corresponding to the finding in this study) and in September/October (Beckiey 1979).
The summer/autumn secondary settiement peak was also documented for Pema perna in Tsitsikamma
(South Africa) (Crawford & Bower 1983), whereas along the Transkei coast (South Africa), late plantigrades
(>0.5 to 3.5 mm) reached peak abundance in winter on mussels and in spring/early summer on algae

(Lasiak & Barnard 1985).

The densities of recruits, 1-5 and 6-10 mm (from January to May) were significantly higher on algae than
mussels (Tables 2.6 to 2.9). This was the case for both true densities and those obtained from 100% aigal
cover. This finding is in agreement with that of Petersen (1984) who suggested that higher numbers of
Mytilus californianus plantigrades in Oregon were found on algae as it acted as a net, filtering out and
trapping settlers. In contrast, in the former Transkei, substratum had no effect on the densities of early
Perna perna plantigrades, but the number of late plantigrades (>0.5 to 3.5 mm) were higher on mussels
than on algae (Lasiak & Bamard 1995). A number of bivalve species settle on algae, for example Mytilus
edulis on filamentous algae (Bayne 1964, Seed 1969a, Seed 1976, Suchanek 1978, Petersen 1984, Eyster
& Pechenik 1987), Choromytilus meridionalis on Polysiphonia incompta and Gracilaria (Griffiths 1976, du
Plessis 1977), Pema pema on Gelidium pristoides and corallines (Berry 1 978, Beckley 1979, Lasiak &
Barnard 1995, P_hillips 1994) and Mytilus californianus on corallines (Petersen 1984). Recruits were present
on the mussel bed at all sites (Figure 2.3). Due to the absence df aigae on the mussel beds studied at Riet
River and Mgwalana, the presence of recruits was likely a result of direct settiement. Direct settlement onto
adult mussel beds has been noted for Myfilus edulis (McGrath et al. 1988), Choromytilus meridionalis
(Griffiths 1981), Mytilus galloprovincialis (Caceres-Martinez et al. 1994) and Pema pema (Phillips 1994,

Lasiak & Bamard 1995). Exposure did not significantly affect the density of recruits on mussels (Figure
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2.13 & 2.14), although there were significant differences in the densities on algae (Tables 2.10 & 2.11).
These results indicated that despite high numbers of recruits (1-10 mm) on algae, they do not appear to be

recruiting into the population and affecting the densities of recruits (1-10 mm) in the mussel bed.

The theme of primary and secondary settlement was originally described by Bayne (1964). He documented
Mytilus edulis plantigrades, 250 to 350 um, on aigae and the subsequent recruitment of plantigrades, 1.0 to
1.5 mm, into the mussel bed. The presence of Perna perna settlers on upright corallines and their
subsequent migration to adult mussel beds at 0.6 to 7 mm (Phillips 1994) gives evidence in favour of
primary and secondary settlement. it therefore appears that if secondary settlement occurred it would be
most prevalent in recruits £ 7mm. In this study, the abundance of juveniles >7mm on algae (particularly on
corallines), adds more circumstantial evidence to refute secondary settlement in Perma pemna . In addition,
Petersen (1984) observed that Mytilus californianus settlers and plantigrades on algae (found on adult
mussels) did not increase or decrease recruitment into the mussel bed. Lasiak and Bamard (1995) noted
that the recruitment patten of Perna perna also did not conform to primary and secondary settiement.
Unlike the spat of Choromytilus meridijonalis that move from the aduit shell to the substratum (Griffiths
1981), recruits of Permma pema do not, and adult mortality will result in recruit monality,. both of
settlers/recruits on the algae and on the byssal threads (Berry 1978). Connell (1985) reported the density of

barnacle recruits to be a direct reflection of settler density.

Densities of recruits, 1-15 mm for the 11 months, were significantly higher on the exposed than the
sheltered shores (Table 2.18 & 2.19). However, considering the high recruit (1-5 & 6-10 mm) density on
algae (Figure 2.3), it seems likely that the presence of algae as well as exposure caused the differences in
recruit (1-15 mm) densities. This was deduced by the fact that recruit (1-15 mm) densities at Rufanes
(sheltered & had algae) were more similar to those at the exposed sites (had algae) than the other
sheltered sites (no algae). The effect of algae may mask the effects of ex:posufe and should not be ignored.
Higher settlement on exposed than sheltered shores has been noted for the acorn barnacle Semibalanus
balanoides (Menge 1991, Bertness et al. 1992). Recruitment density (1-15 mm) for Mytilus galloprovincialis
was also twice as high on exposed shores than sheltered shores (Leeb 1995). Water movement has been
shown to enhance settiement onto algae (Eyster & Pechenik 1987). In contrést, mean settlement intensity

was higher in Algoa bay (sheltered) than the open coast (more exposed) (Phillips 1994). Petraitis (1991) did
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not find consistent differences between the numbers of Mytilus edulis recruits and exposure in Maine, but in
general recruitment was higher on wave exposed shores, suggesting that some other factor was influencing

recruitment as well.

Total density (on algae + on mussel) of recruits (1-15 mm) was site dependent (Table 2.11), mean densities
were six times higher at Kwaai Hoek than at Mgwalana. High standard deviations in juvenile densities at
Kwaai Hoek probably resulted from patchy distribution. Petersen (1984) aiso noted high standard
deviations which increased as sample size increased. An increase in adult density was associated with an
increase in juvenile density, which agrees with Leeb’s (1995) finding on Mytilus galloprovincialis. This is
understandable as adults provide suitable settlement areas for juveniles in the form of byssal threads and

crevices in which settlers can seek refuge (Alvarado & Castilla 1998).

Although the regression between adult and recruit (1-5 mm) densities were significant for both shore types,
the predictability of recruit densities from adult densities was low (Figure 2.7 & Table 2.20). Harris (pers.
comm.) found significant correlations between adult and recruit (1-10 mm) densities for mussels in general
in South Africa, obtaining a correlation coefficient (=0.437) considerably higher than those obtained for the

exposed (0.231) and sheltered shore mussels (0.244) in the present study.

In general settlement is very variable (Suchanek 1978, Griffiths 1981, King et al. 1989), difficult to explain
(Seed 1969a) and related to a variety of biological and physical factors (Dare 1976, Dye 1995, Hunt &

Scheibling 1996, Young ef al. 1996).

Mean and maximum lengths

The mean maximum length attained by Pema permma was higher at the exposed sites than at the sheltered
sites (Figure 2.9, Table 2.21), a finding also noted for the Mediterranean mussel, Myfilus galloprovincialis in
the low shore at Camps Bay and Groenrivier (Cape Town, South Africa) (Leeb 1995). However, Hager
(1970) recorded a decrease in maximum length with an increase in exposure for the blue mussel, Myfilus
edL.lIis. Mussels on exposed shores had higher mean lengths than those on sheltered shores (Figure 2.10
Table 2.23). This has also been documented for Myftilus edulis (Jones & Demetropoulos 1968, Seed

1969b). Several studies have shown that larger mussels occur on more sheltered sites (Harger 1970,
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Petraitis 1991, Alvarado & Castilla 1996). Theoretically, the critical size at which mussels are removed by
wave action should be lower on wave exposed than wave sheltered shores (Harger 1970). However, it
seems reasonable to assume that this is dependent on not only the degree of wave exposure but also the
frequency, time period and dominant force (drag or lift) that the mussels are subjected to. Mussels living
under certain conditions may be physically adapted to survive there, for example Mytilus galloprovincialis
from the low shore were more firmly attached than on the high shore and similarly mussels from the

exposed high shore were more firmly attached than those from the sheltered high shore (Leeb 1995).

The force required to remove mussels from rocks increases as mussel size increases, but this relationship
varies between species (Harger 1970, Leeb 1995). Harger (1970) presents evidence that suggests that a
higher number of stronger byssal threads are produced in Mytilus galloprovincialis when exposed to
greater wave action. Hepburn et al. (1979) showed that Perna perna had stronger byssal threads under
conditions of greater wave exposure. Harger (1970), Price (1980, 1982) and Leeb (1995) determined the
strength of attachment by measuring the vertical force required to remove a mussel. This vertical force is a
measure of the amount of lift that the mussels can withstand and acts perpendicular to the direction of
water flow (Denny 1987). As lift is generated by the pressure difference caused by water velocity above and
within the mussel bed, the damaging effects of lift are more prevalent in dense, firmly packed beds than
loosely packed, sparse ones (Denny 1987). By virtue of their greater size, mussels at the exposed shores
would experience greater drag (see Sousa 1985). In addition, the presence of macroalgae, particularly at

Diaz Cross and Kwaai Hoek, would increase drag (Witman & Suchanek 1984).

Mean and maximum mussel lengths are frequently dependent on growth rates or vice versa (Seed 1969b,
Jergensen 1976, chapter 3). The availability of food may be the main factor’ determining the growth rate
and the maximum size a species or individual can attain (Jergensen 1976, Kautsky 1982, see Chapter 3
discussion). Size is not necessarily indicative of growth, for example, shell length of the bivalve, Geukensia
demissa did not decrease upshore although the growth rate did (Franz 1993). Size may also be determined
by predator selection (Seed & Brown 1978), man in particular favours larger mussels (Hockey & Brosman
1986). As the largest mussels are also the most fecund, too much harvesting pressure could be detrimental

to the supply of recruits in the long term (Branch 1975, Berry 1978, Dye ef al. 1994).
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Packing Density

Density in this study referred to the number of mussels in an area of approximately 100% mussel cover i.e.
packing density. Adult (>15 mm) densities were significantly higher on the exposed shores than the
sheltered shores (Table 2.25). However, this pattern was not as distinct at the level of site, where lowest
densities (2486-3409.m™) were shown for two exposed sites, intermediate densiiies (4148-4264.m™) for one
exposed and one sheltered site and highest densities for two sheltered sites (4630-5495.m™) (Figure 2.11).
A significant negative correlation was obtained between wave force and adult densities when data from
Fish River was excluded (Figure 2.13). This is in opposition to the findings of several authors who have
documented higher densities at exposed sites (Jones & Demetropoulos 1968, Beckley 1979, Crawford &
Bower 1983, Leeb 1995). The densities recorded fqr Perna permna were high (2486-5495.m™) in comparison
to those reported for Choromytilus meridionalis (1025.m>) (Griffiths 1977). Although mean densities of
Perna perna along the Tsitsikamma coast varied considerably between localities (480-1 9860.m'2), being
higher at more exposed sites, the overall mean density for the coast was 3819.m> (Crawford & Bower

1983).

Densities are related to the mean and maximum size of mussels present, as higher numbers of small
mussels can be packed into a given area than large ones (Griffiths 1981). The clam, Spisula soldissima
showed density dependent size from five years of age, whereupon length decreased as density increased
(Cerrato & Keith 1992). There was also a negative correlation between growth rate and density (Chapter 3).
This has also been documented for other species, such as Mercenaria mercenaria (Pegerson & Beal 1989).
In the ribbed mussel, Geukensia demissa occurring at high densities, individuals in the centre of a mussel
clump have been shown to grow slower than those at lower densities at the edge (Bertness & Grosholz
1985). Crowding may decrease the scope for growth due to seston depletion or food competition (Kautsky
1982, Newell & Shumway 1993). Predators, including man are aiso responsible for a decrease in densities
(Seed 1969b, Hockey & Bosman 1986) (see Chapter 4). For many species the supply of recruits is
independent of local adult populations, particularly where propagules disperse widely (Roughgarden et al.
1985 in Menge & Sutherland 1987). In species with localised dispersal, adult densities are dependent on
recruit density (Roughgarden et al. 1985 in Menge & Sutherland 1987). Connell (1985) noted that adult
density was positively correlated with recruit density when recruitment was light but was uncorrelated when

it was heavy.
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Mussel beds at Fish River were multi-layered which explains the higher densities relative to Kwaai Hoek
and Diaz Cross. In theory, if small mussels occur in a patch and mortality is low, the growth needs to go
somewhere. Outward expansion occurs to a degree, but not enough for the rapidly growing mussels and as
a resuit multi-layering occurs (Petraitis 1995). Multi-layering could also be a result of an event in the history
of the system, for example the occurrence of factors which promoted higher settlement, recruitment or
better post- settiement/recruitment survival (Sutherland 1974, Clarke & Warwick 1994 in Leeb 1995). This
could become self perpetuating as multi-layering allows greater retention and survival of juveniles

{Alvarado & Castilla 1996).

Biomass

There was no obvious relationship between exposure and biomass (Figure 2.14 & Table 2.28), although
indirectly due to its influence on densities and mean lengths, wave exposure would have an affect. Density
and length must affect biomass, but the relationship between these variables was not obvious (Figure 2.15
to 2.17). Off the Cape of Good Hope, filter-feeders camivores and omnivores all had significantly higher
biomass under exposed conditions (McQuaid & Branch 1985). Dickie et al. (1984) have reported “geno-
adaptation” i.e. genetic adaptation, which is the ability for Mytilus edulis which have been transplanted from
tough conditions to more favourable ones to obtain higher growth rates, survival rates and therefore
biomass than mussels originating from favourable conditions. Biomass is therefore a product of the
environment, the mussels’ genes, size, density and growth rate (gonadal and somatic) (Dickie et al. 1984).
An increase in water movement and seston supply has been shown to increase feeding, growth rate and
ultimately the biomass of the clam, Modiolus modiolus (Wildish & Kristmanson 1993). The average

2 considerably higher than the 790g.m™ reported for

biomass for Perna pemna in this study was 1177g.m ~
Choromytilus meridionalis (Griffiths 1977). As previously mentioned densities for Choromytilus meridionalis
were also lower than for Pema pema, which would directly affect biomass. Biomass within restricted areas

is higher than areas where exploitation occurs (Crawford & Bower 1983).

In conclusion, exposure has a true effect on the population dynamics of Perna perna. The influence of
wave action on recruitment, size and density has resulted in quite distinct populations on exposed and
sheltered shores. The populations may even be structured by different processes. Findings from chapters
1, 2 and 4 serve to support the shggestion and provide more justification for the division of mussel

populations on exposed and sheltered shores.
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SUMMARY

» Peak early recruitment occurred from January to April at both exposed and sheltered shores.

Sites Exposure  Algae Recruit density % Recruits (1-10 mm) on % Recruits (1-10mm) on
{(1-15 mm.m?) mussels using true densities  algae using true densities

DiazCross E Coralline 4 209.09 16.73 83.27

Kwaai Hoek E Coralline 10 986.36 16.52 83.48

Fish River E Coralline 2493.18 61.67 38.33

Mgwalana S - 1 490.91 100.00 0

Rufanes S Gelidium 522273 56.21 43.79

Riet River S - 2243.18 100.00 0

« During peak early recruitment months, there were significantly more recruits (1-5 & 6-10 mm) on algae than
on the mussel bed.

o During peak early recruitment months, there was no significant difference in recruit density (1-5 & 6-10 mm)
on adult mussels between sites.

« The density of recruits, 1-15 mm (on algae + mussel) was significantly higher on exposed shores, but this
pattemn was not evident at the level of site.

¢ There were significant adult-recruit regressions for both shore types, but I* values were very low.

« Mean adult lengths were higher on the exposed shores.

« Mean maximum lengths were higher on the exposed shores.

¢ Mean adult density was higher on the sheltered shores.

+ Adult density decreased with an increase in wave force (Fish River excluded).

e There was no significant difference in biomass between shore types.
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CHAPTER 3

USING THREE APPROACHES TO DETERMINE GROWTH
RATES OF PERNA PERNA ON WAVE EXPOSED AND WAVE

SHELTERED SHORES
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1. INTRODUCTION
Growth rate studies are essential when attempting to understand the complexities of a population, whether
it be purely for biological reasons or from a management point of view. These growth studies contribute to

the estimates of production, biomass, recruitment and monrtality of a population (Isaac 1990).

Intertidal organisms are renowned for their plasticity, particularly in growth, which enables them to adapt to
a wide range of environmental factors (Seed 1976, Von Erkom Schurink & Griffiths 1993). For example, the
mussel Mytilus edulis on the coast of Washington had fast growth which enabied it to act as an
opportunistic species by rapidly colonising an area and reaching reproductive size (Suchanek 1978).
Alternative growth patterns were observed in the clam, Spisula solidissima which had slower growth rates
and a shorter lifespan inshore than offshore (Cerrato & Keith 1992). The flexibility of growth rates enables
some populations to rapidly grow beyond a size selected by most predators (Griffiths & Hockey 1987).
Rapid growth can also enabie an organism to compete more successfully for a limited resource (Seed &
Brown 1978). In some cases a trade-off exists and energy is channelled into reproduction rather than into
somatic growth (Seed & Brown 1978). Despite this plasticity, environmental factors can constrain growth
rate, for example, old non-growing Mytilus edulis transplanted from unfavourable to favourable conditions,
quickly resumed growth (Seed 1968). Rates of growth are influenced by genetic and environmental factors,
including wave action (Jones & Demetropoulos 1968, Harger & Landenberger 1971, Raubenheimer & Cook
1990, Leeb 1995), currents (van Erkom Schurink & Griffiths 1993), tidal height (Griffiths 1981, Takada
1995), emergence time (Griffiths & Buffenstein>1981), temperature (Thiesen 1973, Ceccherelli & Rossie
1984, Pechenik et al. 1990), food quality and quantity (Griffiths 1980a & 1980b, Tsuchiya 1980, Newell &
Shumway 1993) and packing density (Cerrato & Keith 1992). Biological influences by parasites (Lasiak
1993, Calvo-Ugarteburu & McQuaid in press) and predators (Menge 19786) also affect growth rates directly
and indirectly respectively. Although it is difficult to isolate the effect of one particular factor in a naturally
occurring mussel population (Kautsky 1982), several authors have documented the effects of wave action
on growth rates (Jones & Demetropoulos 1968, Jergensen 1976, Raubenheimer & Cook 1990). Evidence
has shown that the effects are not uniform, as an increase in wave exposure may lead to increased (Van
Erkom Schurink & Griffiths 1993, Leeb 1995) or decreased growth rates (Seed 1968, Jargensen 1976). The
effects of wave action on the growth rate of Perna pema along the South African south Cape 6oast

therefore warrant further investigation.
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The growth rate of a population in a fishery can be estimated by the mark-recapture method (Peterson et al.
1983, Dickie et al. 1984, Mallet et al 1987a); growth band analysis from otoliths, bones or shells
(Yamaguchi 1975, Sukhotin & Kulakowski 1992); analysing length-frequency data (Pauly & David 1981)
and following a cohort after a heavy spatfall on a natural substratum (Griffiths & King 1979b, Griffiths 1981)
or on artificial settling ropes (Kautsky 1982). At the outset there is often uncertainty as to the suitability of
the method chosen for the species under investigation, and it is therefore advantageous to use more than
one method. This has a two-fold benefit: if one of the methods prove unsatisfactory, results can be obtained

from the other and if both methods are suitable, the results from two independent studies can be compared.

The use of several methods to determine the growth rate of a population is not a novel idea. Munday and
Keegan (1992) compared growth rates of an echinoderm, Amphiura chiajei which were obtained from
growth bands and length frequency distributions (Bhattacharya's approach, 1967). Defeo et al. (1992a &
1992b) used growth bands and length frequency distributions (Bhattacharya's approach and ELEFAN) to
compare the growth rates of the yellow clam, Mesodesma mactroides. However, the majority of studies
still rely on the use of only one method, which if inappropriate for the species concerned could be entirely
unsuccessful. A study by Kautsky (1982) on the blue mussel, Mytilus edulis would have revealed little on
growth rates if only length frequency distributions were utilised, as this method proved unsuitable. In this
case, growth bands and measurements of caged mussels were also used and growth rates could be

determined.

Mark-recapture (Takada 1995), growth band analysis (Richardson 1988, Anwar et al. 1990) and length
frequency distributions (Seed 1969b, Bayne & Worrall 1980, Tomalin 1995) are the most widely and

successfully employed methods.

Using these three methods independently, the growth rate of Perna perna in its natural environment along
the South African south coast was determined. The mark-recapture (A), growth band (B) and length
frequency distribution (C) analyses were used to obtain growth data for populations at 6 sites. The effect of
wave exposure was incorporated by having 3 exposed and 3 sheltered sites. Where possible growth at

length was established before growth curves of age at length were constructed as selection by mussel
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collectors, fecundity, predation and growth are often better correlated with size than with age (Seed 1968,

Jorgensen 1976, Kaufmann 1981).

2. MATERIALS AND METHODS

Using quantitative measures of exposure, Diaz Cross, Kwaai Hoek and Fish River were classified as
exposed shores and Mgwalana, Rufanes and Riet River as sheltered shores (Chapter 1). As discussed in
chapter 1 the sites were all sampled in the low shore mussel zone. At each site, sampling for all three
methods was undertaken in a + 20m stretch of mussel bed, with approximately the same aspect, tidal
height and local conditions. Throughout this chapter the term “site” will refer to the individual sites
i.e. Diaz Cross etc. and the term “shore type” will refer to the exposed or sheltered shores i.e.

pooled site data, where available.

Statistical analyses were all performed with Statgraphics version 7.0. Differences and relationships between
shore exposure and the growth rate of Perna pema were investigated by using ANCOVA's, ANOVA's, t-
tests and regression analysis. Where significant differences were found Tukey’s multiple range test was
used to identify the differences. Throughout this chapter normality of data was examined using

Kolmogorov-Smimov’s test and homogeneity of variance was established using Bartlett's test.

A. MARK-RECAPTURE METHOD

Marking procedures

The mark-recapture technique may be used in different ways, but basically involves obtaining an initial
measurement at marking and a final measurement at recapture. Growth estimates were made by
comparing growth increments of marked mussels. Mussels were marked in sifu at each of the six localities
by filing a smail v-shaped notch (1mm) (Figure 3.1-1) in the growing edge of the shell to produce a growth
check (Figure 3.1-3) (Ekaratne & Crisp 1982). Growth left the filed v-shaped notch clearly visible (Figure
3.1-1), and allowed the growth that had subsequently taken place to be measured. Only mussels >25 mm
were marked as smaller individuals were freguently tucked between larger mussels making them difficult to
file. At each site all mussels (>25 mm) in three 25x25 cm quadrats were marked. The following number of

mussels were marked on the 28/29 December 1995: Diaz Cross-247, Kwaai Hoek-264, Fish River-228,
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Mgwalana-300, Rufanes-245 and Riet River-330. The quadrat comers were marked with nail-in anchors
and cable ties. The quadrats were large enough to contain sufficient mussels for marking and to enable
the author to relocate the marked mussels after a few months. They were also small enough to cause
minimal damage when the mussels were removed. After an interval of 111 days, the remaining mussels
were removed and retumed to the laboratory. For each mussel the initial length (from the apex to the v-
check) and the final length (from the apex to the growing edge) were measured (Figure 3.1).
Measurements were taken with vemier callipers to the nearest 0.1 mm. The sex of each mussel was

determined by examination of the gonad colour, as males are white and females are orange (Lasiak 1986).

10 mm

Figure 3.1 (1) The v-shaped notch, (2) the apex, (3) the growth check caused by interruption of growth

when the notch was filed, and (4) growing edge.

Analysis of growth rates

After logso(n+1) transformations were performed on all growth and initial length data (the covariate),

normality and homogeneity were achieved (p>0.05).
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The effect of sex on growth rate
The growth rates of males and females at each site were calcuiated separately to establish whether sex
affected growth rates. This was statistically analysed by performing a two-way ANCOVA with interactions

on growth data, using initial length as a covariate and site and sex as factors.

Site and initial length

As marked mussels were removed randomly from naturally occurring populations they reflected the
population size structure. To establish whether there was any significant difference in the initial lengths of
marked mussels at each site, a one-way ANOVA was performed. This assumes that the initial and final

length distribution were equal and that no differential loss of a particular size class occurred.

Growth rate, exposure and site
Growth rates were examined at the broader scale of exposure and the finer scale of site. Using initial length
as a covariate, two separate one-way ANCOVA’s were performed to determine whether there was a

relationship between growth rates and exposure, and growth rates and site.

Linear regressions of initial length versus growth

Initial length was plotted against growth over 111 days for each site using log transformed data. F-tests
were used to compare differences in slope as these slopes gave an indication of the rate at which growth
decreased as size (or age) increased. The F-tests used the pooled residual sum of squares (total of all the
residual sum of squares calculated from six separate ANOVA's) and the common residual sum of squares
(obtained from an ANOVA run on a multiple regression which encompassed the data from all six sites in

one calculation). Significance was checked at both the one and two-tailed levels (Zar 1996).

Growth parameters and Von Bertalanffy growth curves

The Gulland-Holt plot (Equation 3.1) which takes the time interval between marking and recapture into
account, was used to generate the parameters, growth coefficient (K) and L-infinity (L.,), required for input
into the Von Bertalanffy growth equation (see Sparre & Venema 1!993). L-infinity is defined as the
theoretical maximum length at which growth rate is zero. The Ford Walford plot was not used as it required

a time interval of a year and did not have a time coefficient in its equation. The Guilland-Holt plot (available
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in the program FiSAT, an FAO stock assessment tool (Gayanilo et al. 1994) was used on the growth

increment data for each site.

AL/At = a+blimean) Equation 3.1
where AL = L recapture = Lmarked
At =t-t; and
Limean = (Lrtlm)/2

therefore L.=-a/b and K= -b t(no gays)

The L, and K values were used to generate phi prime (@) values, which gave an index of overall growth
performance (Pauly and Munro 1984, Tomalin 1995). These were calculated for each site using the
following equation:

@’ = logK + 2 + logL,, Equation 3.2

These values allow quick comparisons of growth between sites or stocks without the need of graphs and/or
involved equations. T-tests were performed on @', L, and K data 1o ascertain whether there was a
relationship between exposure and each of the growth parameters. Normal distribution could not be tested

due to the small sample size (n=3 ) (Zar 1996).

To estimate maximum lengths, life span and growth rates at different ages, length data were converted to
age data using the Von Bertalanffy growth equation (Equation 3.3). The Von Bertalanffy growth curve was
chosen as it is known to describe the growth of ‘larger’ mussels (the size range which was being studied)
better than the Gompertz curve which is more suited to describing the growth of juveniles (Theisen 1973).
The Von Bertalanffy curve was subsequently used on the growth band and cohort data, so as to make

results comparable.

Lt =L, [1-e ™) Equation 3.3

Biologically tp is meaningless as growth begins at time of hatching. For the purposes of this study t;, was

considered to be zero as the growth rate of mussels smaller than 25 mm was not being considered. The
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parameters K and L., from the Gulland-Holt plot, were inserted into the Von Bertalanffy growth equation |
and growth curves for each site were constructed. Lengths at one year of age at the different sites were

compared.
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B. GROWTH BAND ANALYSIS METHOD

Growth band periodicity

This technique generally relies on the periodicity of growth bands (annual, tidal or daily) to calculate growth
and may use external or inner growth bands. The frequency with which the inner growth bands were laid
down was determined by counting the bands in marked mussels (chapter 3.2 A). As the marked mussels
were in the field for a known period of 111 days, all that remained was to count the number of bands laid
down from the file check mark to the growing edge, in that time. The ratio of the number of bands to days

gave an indication of the periodicity of bands.

Bivalve band validation was carried out following procedures of Pentilla ef. al. (1988) and Richardson
(1989). Marked mussels (30-90 mm) were used from Kwaai Hoek (exposed) and Mgwalana (sheltered).
The mussels were immersed for an hour in 3.5% Sodium Hypochlorite (full strength household bleach) to
remove organic debris. Shells were rinsed in water to remove bleach and embedded in casting resin. For
uniformity only the left valves were used. Shells were sectioned longitudinally along the anterior-posterior

axis using a diamond saw (Figure 3.2).

Figure 3.2 The shells were sectioned longitudinally aiong the (1) anterior (2) posterior axis.

An industrial rotating sander with different grades of sanding discs was used to smooth the cut surface
before polishing to a blemish-free surface with ‘Brasso’ household metal polish. Once the optimum etching

time had been determined by trial and error, shell surfaces were etched by immersion in 0.01M
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Hydrochloric acid for 40 minutes (see Richardson ef. al. 1979). Acetate peels, as used by Richardson
(1989) and Nakaoka & Matsui (1994), were used to produces replicas of the shells growth bands. Strips of
acetate peel were immersed in ethyl acetate for 20-25 seconds before applying to the cut surface. Once
dry, the acetate peel with the growth band impression was peeled off and sandwiched between two glass
slides. Mussels ranging from 34 to 82 mm were utilised and 10 acceptable slides (i.e. 10 mussels within this
size range for each site) were obtained from Kwaai Hoek and Mgwalana mussels. The growth bands were
later counted under a phase contrast light microscope. For each shell, growth bands were counted from the

growth check (caused by marking the shell) to the growing edge.

Exposure (site) and growth band formation
To determine the relationship between exposure (site) and band formation, a one-way ANOVA was
performed on the growth band count data. These data were normal (p>0.05) and homogeneous (p>0.05).

The mean number of bands laid down at each site over the 111 days was recorded.

Growth measured using growth bands

Once it was established that intemnal growth bands were laid down tidally (twice a day), the age and growth
of unmarked mussels could be determined. No annual, winter/summer or spring/neap tide bands were
observed. The initial objective was to establish the length at age directly. by counting the number of bands
in the entire shell. Dué to compression of bands, indistinct bands and shell erosion, growth bands could not
be counted over the entirety of the shell. As a result, measurements of growth over the last 30 day period
i.e. 60 bands, were used to establish growth rates and calculate age at length. The distance between
successive tidally induced bands has been shown to represent the actual linear increase in shell length

(Richardson et al. 1990).

A total of 54 unmarked mussels were collected in March 1997 from the same six sites (Diaz, Kwaai Hoek,
Fish River, Mgwalana, Rufanes and Riet River) used previously. 3 Mussels in each size class 20-25 mm,
40-45 mm and 70-75 mm, from each site, were embedded in resin as described earlier. In lieu of counting
bands through the light microscope, a video camera was used to transmit the slide image to a personal
computer. The band print images were then saved as tif files in Program X Image 4 and printed from Aldus

Photostyler 2.0. After enlarging the laser printed images on a photostat machine, growth was measured to
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the nearest 0.01 mm. The initial iengths were obtained by subtracting the growth increments i.e. over 30

days, from the lengths which were originally measured.

Failure in the acetate stage (62% failure rate) resulted in many indistinct slides, making it necessary to pool
the acceptable results from the three exposed sites (Diaz Cross, Kwaai Hoek and Fish River) and aiso to
pool those from the three sheltered sites (Mgwalana, Rufanes and Riet River). This meant that only

difference in exposure (shore type) and not site could be ascertained.

Analysis of growth rates

Initial length, exposure and growth rates

To determine whether there was a relationship between exposure and growth rate, an ANCOVA was
performed on the normal and homogeneous growth rate data (p>0.05) using initial length as a covariate.
The data from the exposed and sheltered sites were graphically presented in a plot of initial length against

growth in millimetres over the 30 day (60 bands) period.

Comparison of the linear regression slopes

The slopes, which gave an indication of the rate at which growth decreased as length (or age) increased,
were compared using a t-test for the comparison of slopes of two lines. However, before this could be
undertaken both the growth and initial length data were logged (base 10) to linearise the regression

equation.

Growth parameters and Von Bertalanffy growth curves

Statistical analysis of the effect of exposure on the growth parameters could not be undertaken as there
was no replication. In lieu of this, results were tabulated for comparison. Pauly’s growth performance index
- @' (Longhurst & Pauly 1987) (Equation 3.2) which gives an indication of overall growth performance, was
also calculated and compared for both shore types. Data were converted to age at iength by fitting the Von
Bertaianffy growth curve (Equation 3.3). L, and K were obtained from the Gulland-Hoit plot. The resuitant
Von Bertalanffy growth curves allowed visual comparison of the slopes and of the lengths attained at a year

between exposed and sheltered shores.
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C. LENGTH FREQUENCY DISTRIBUTION METHODS

Length frequencies were obtained by sampling mussel beds at approximately six weekly intervais at three
exposed sites, Diaz Cross, Kwaai Hoek, Fish River and three sheltered sites, Mgwalana, Rufanes and Riet
River (refer to chapter 1 for quantification of exposure). A minimum of 200 mussels was required from each
site at each sampling interval. To obtain this number, four to five quadrats of 10x10 cm were destructively
sampled at each site per sampling session. The quadrats were taken randomly in areas of approximately
100% mussel cover within the lower mussel zone. Sampling was undertaken over a 15 month period from
July 1995 to October 1996 and encompassed 11 sampling sessions. Ali mussels >1 mm were measured in
the laboratory, initially by hand using stainiess steel vernier callipers and later with the aid of an image
analysing program, PC Image. Lindsay (1998) showed that the PC Image program measured mussels with
a high degree of accuracy and a regression coefficient of 0.9996 (p<0.05) (size range 2-80 mm; n=63) was

obtained when hand measured mussels were plotted against those measured by PC Image.

Length frequency distributions were anaiysed in two ways; by modal progression analysis (MPGA) and
by direct length frequency methods. Modal progression analysis was undertaken using Bhattacharya's and
NORMSEPs (Gayanilo et al. 1994) approach . These approaches assign mean lengths to cohorts in a time
series which can then be linked up to form growth curves. The direct iength frequency methods used to
analyse distributions were Electronic Length Frequency Analysis (ELEFAN 1) and Shepherd’s Length
Composition Analysis (SLCA, Shepherd 1987). MPGA, ELEFAN 1 and SLCA were all undertaken using
the suite of programs presented in FiSAT (Fisheries Stock Assessment Tools) version 1.10 (Gayanilo et al.

1994).

MODAL PROGRESSION ANALYSIS METHOD

For modal progression analysis to succeed it was necessary to separate mixtures of normal frequency
distributions into their constituent parts. This was attempted with the use of Bhattacharya’s method which
identified the mode of each cohort, after which NORMSEP, which is a more powerful tool (Gayanilo et al.
1994), was used to refine the modes. Despite trials with various size classes, cohorts in this study were not
discreet or clearly defined and the composite curves fitted to the data by NORMSEP were significantly

different from the observed distribution (Chi-squared test, p<0.05). The degrees of freedom were often <10,
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which according to Gayanilo ef al. (1994) could lead to unreliable results. MPGA could therefore not be

utilised in estimating growth parameters for Perna perna in this study.

ELECTRONIC LENGTH FREQUENCY ANALYSIS (ELEFAN) METHOD

Both ELEFAN and SLCA are used to identify the growth curve that best fits a set of length-frequency data
arranged sequentially in time. The data are reconstructed to generate “peaks” and “troughs” (representing
high and low frequencies). The curves, which are generated from various combinations of L, and K, are
scored (goodness of fit index) by the number of peaks and troughs through which they pass, allowing the
most probable curve to be fitted to the data (Pauly & David 1981). ELEFAN takes seasonality of growth into
account and therefore in addition to estimating L, K , the starting length (SL) and the starting sample (SS),
the ampiitude (C) and the winter point (WP) (the rate at which growth changes from season to season),
had to be estimated. The estimation process, while easy for populations with distinct seasonal cohorts,

becomes very time consuming and a matter of trial and error for populations with less defined cohorts.

SHEPHERD’S LENGTH COMPOSITION ANALYSIS (SLCA) METHOD

Growth parameters and Von Bertalanffy growth curves

Shepherd’s length composition analysis was performed on length frequency data using 3 mm size classes.
Shepherd’s length composition analysis is analogous to the more commonly used ELEFAN with the
difference being that it does not allow for seasonal differences in growth and therefore only requires L, and
K as inputs. Shepherd’s length composition analysis offered two routines, scan of K values and response
surface analysis, which were used co-operatively, for estimating the best L, and K combinations for each
data set. The scan of K values plots goodness of fit values (Rn) for a range of K values (0.10 to 10) on a
log scale. The response surface analysis outputs an 11 by 11 matrix (of L, & K) showing Rn values and
highlights the best 10 values, enabling selection of the “best” combination of growth parameters (Gayanilo
et al. 1994). As Shepherd's length composition analysis works best when L, has been estimated using
another method (Gayanilo et al 1994), the Powell-Wetherall plot and the 10 largest mussels over the
sampling period at each site were used to estimate L.. For each Poweli-Wetherall plot, pooled length-

frequency data from each site were utilised (Equation 3.4) (Wetherall 1986).
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Lmean -L’=a + bl Equation 3.4
where L’ is the cut-off point,
Lmean is the mean length of all animals larger than L',

and a and b are parameters of the linear regression.

Initially, to prevent exclusion of ‘optimum’ values slightly out of the range of the L.'s estimated above, a
wider margin of L, values was used. The K-scan option enabled the identification of the optimum K value/s
for particular values of L, The K and L, values thus obtained, were used as minimum and maximum
inputs for the response surface routine. The different combinations of K and L were scored and sevefal of
the highest scoring pairs were used to produce growth curves over the length frequency time series data.
Growth curves were fitted using a graphical output in ELEFAN, and those curves which were obviously
unreasonable were excluded (Tomalin 1995). The combination of L, and K with the highest score, obtained
after exclusion of “obviously unreasonable” results, was inserted into the Von Bertalanffy equation for each
site. As in chapter 3.2A, the differences in growth rates of mussels tetween sites and exposures were

compared using @ (Equation 3.2), L, and K.

When studying growth rates it is customary to compare the resultant curves and/or phi prime values, both
of which describe L, and K (Almatar 1993, Tomalin 1995). However, it was also of interest to know how K
and more particularly L, compared at the different sites. The relationship between exposure and @', L, and
K was compared using three t-tests. Due to the small sample size (n=3) normality could not be tested for.

As there was no replication within sites, @', L, and K were tabulated to determine whether site had an effect

on growth parameters.

Von Bertalanffy growth curves of length at age for each site were constructed and compared. The length

attained at one year of age at the six sites was tabulated for comparison. The approximate age at L, was

also calculated.
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D. WAVE FORCE, DENSITY AND GROWTH RATES.

The mean maximum wave forces (N.m?) recorded for exposed and sheltered shores (chapter 1) were
correlated with the phi prime values (@) for each shore type determinec! by the mark-recapture method and
SLCA. A correlation of wave force and phi prime values for individual sites was also undertaken. Mean
densities of adults >15 mm (chapter 2) at each shore type (rather than sites) were correlated against mean
phi prime values obtained from each of the three methods (site data pooled). The mean densities obtained
at each site were correlated with phi prime values from each site (mark-recapture & SLCA). The
correlations were performed using the computer package, Statgraphics version 7.0. Data were all normally

distributed (p>0.05).
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3. RESULTS

A. MARK-RECAPTURE METHOD

After 111 days the remaining mussels were removed; Diaz Cross - 97, Kwaai Hoek - 116, Fish River - 92,
Mgwalana - 171, Rufanes - 113 and Riet River - 134. Mortality of marked mussels, caused by shell
damage during marking, fishing and natural causes, resulted in a mean survival rate of 41.09% at the
exposed shores and 47.91% at the sheltered shores. Initially, renewed growth in many of the mussels

occurred on the interior surface of the damaged edge, prior to an increase in length.

The effect of sex on growth rates

The overall growth rate of males and females was the same, as shcwn by the results of the two-way
ANCOVA (p>0.05, Table 3.1). At Mgwalana there was a small significani. difference (0.04>p<0.05) between
the growth rate of males and females, as indicated by the results of the one-way ANOVA. This resulted in
the significant interaction between factors (Table 3.1). As sex did not have a significant effect on the
growth rates for the remaining sites, all further analyses were undertaken on combined male and female

data.

Table 3.1 Two-way ANCOVA on the effect of sex and site on growth rate. Growth & initial iength were
log+o transformed.

Source of variation df SS MS F P

Initial iength (covariant) 1 24 90 24.90 632.30 <0.0001
Site (factor) 1 4077 8.15 207.01 <0.0001
Sex (factor) 5 0.01 0.01 0.34 0.5656
Interaction of factors 5 0.64 0.13 3.25 0.0065
Residuat 710 27.96 0.04

The relationship between site and the initial length of marked mussels

The size range of the marked mussels (>25 mm) reflected lengths occurring naturally in the population (see
mean lengths - Chapter 2). The mean lengths of marked mussels were highest at Diaz Cross and lowest at
Riet River (Tabie 3.3). A one-way ANOVA showed that there was a significant difference (p<0.05) between
the initial lengths at the different sites (Table 3.2). The mean lengths at the exposed sites ranked above
the sheitered sites, with an overiap at Rufanes and Fish River, as shown by Tukey's multiple range test

(Table 3.3).
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Table 3.2 One-way ANOVA on the effect of site on the initial lengths of mussels.

Source of variation df SsS MS F P
Among 5 219 0.44 45.59 <0.0001
Within 717 6.88 0.01

Table 3.3 Tukey's multiple range analysis on initial length at site. Analysis was performed on logq
transformed data.

Site Exposure N initial length (mm) Homogenous groups

Ri s 134 4409 a
Mg s 171 48.08 b

Ru s 113 48.62 b

Fs E 92 52.34 c

Kw E 116 56.41 d
Dz E 97 67.06 e

The relationship between exposure, site, initial length and growth rates

The mean growth rate of mussels on the exposed shores (4.90 mm.111 days") was highér than that on the
sheltered shores (1.72 mm.111 days"). Mussels grew faster at Diaz Cross, Kwaai Hoek and Fish River
(exposed) than Rufanes, Mgwalana and Riet River (sheltered) (Figure 3.3). Smaller mussels had ‘higher
growth rates than larger ones (Figure 3.3). These findings were confirrmed by the results of the one-way
ANCOVA's which revealed that exposure, site and initial length had significant effects on growth rates of
Perna perna (p<0.05, Tables 3.4 & 3.5). Results from Tukey’s multiple range test showed that, aithough
there were significant differences in growth rates among all sites (p<0.05, Table 3.6), the sheltered sites

ranked well below the exposed sites.

The mean growth rates (Table 3.6) were not direcily comparable among sites due to the differences in the
initial lengths of marked mussels. As it has been shown that small mussels grow faster than large ones
(Figure 3.4), the mean growth rates of mussels at Diaz Cross and Kwaai Hoek (where mussels had higher
mean initial lengths than at the other sites) were lower than they would hzive been had mussels of the same
size (44.09 to 48.62 mm) as those at the sheltered sites been used. Therefore, the difference in growth

rates between exposed and sheltered shores was even greater than calculated.
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Figure 3.3 Growth of marked mussels using untransformed data. Cnly the regression lines of initial
length versus growth in millimetres for 111 days. are shown, data points have been excluded for simplicity,
but are presented in Figure 3.4 (a-f).

Table 3.4 One-way ANCOVA on the relationship between exposure, initial length and growth rates. Data

were logqg transformed.

Source of variation df SS MS F P
Exposure 1 35.74 35.74 748.66 <0.0001
Covariate: Initial 1 20.63 20.63 432.15 <0.0001
Residual 720 34.37 0.05 '

Table 3.5 One-way ANCOVA on the relationship between site, initial length and growth rate. Data were

log4o transformed.
Source of variation df SS MS F P
Site 5 41.45 8.29 207.13 <0.0000
Covariate: Initial 1 25.06 25.06 626.16 <0.0001
Residual 716 28.66 0.04
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Table 3.6 Tukey's multiple range analysis for the mean growth of all mussels at each site using logy
transformed growth data. The mean growth rate is expressed (untransforrmed) in mm.111 days™.

Site Exposure N Mean growth rate (mm.111 days™) Homogeneous groups
= 5 5 5 P
Mg S 171 1.79 b

Ru S 113 2.05 ¢

Fs E 92 4.16 d

Kw E 116 5.45 e

Dz E 97 5.09 f

Linear regressions of initial length versus growth

Growth rate and initial length were significantly correlated at each site, with smaller mussels growing faster
than larger ones (p<0.05 in all cases, Figure 3.4 & Tabie 3.7). The rate at which growth decreased as length
(age) increased was the same at all sites as the slopes were equal (p>0.05, 1 & 2-tailed level, Table 3.7). A
considerable variation in growth occurred amongst individuals, even within a site, as indicated by the low r

values (Figure 3.4 & Table 3.7).
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3. Growth rates

Figure 3.4 Linear regressions of initial length (log,o(n+1)) against growth rate (logg(n+1)) for marked

mussels at (a-c) three exposed sites.
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Figure 3.4 cont. Linear regressions of initial length (logs(n+1)) against growth rate (logo(n+1)) for marked
mussels at (d-f) three sheltered sites.
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3. Growth rates

Table 3.7 Results of the individual ANOVA's run on each site and the common ANOVA which gave the

residual sums of squares required to calculate the F-value used to compare slopes.

Site Source  df SS MS F P r

Dz Model 1 3.03 3.03 86.86 <0.0001  47.76
Residual 95 3.31 0.03

Kw Mode! 1 5.98 5.98 138.50 <0.0001 54 85
Residual 114 492 0.04

Fs Model 1 467 4.67 148.64 <0.0001 62.29
Residual 90 2.83 0.03

Mg Model 1 5.90 5.90 142.24 <0.0001 45.70
Residual 169 7.01 0.04

Ru Model 1 1.97 1.97 55.16 <0.0001 33.20
Residual 111 3.96 0.04

Ri Model 1 395 3.95 138.71 <0.0001 51.24
Residual 132 3.76 0.03

‘Common  Model 7 223.84 31.98 876.64  <0.0001 090

Residual 716 26.12 0.04

Growth parameters and growth curves

Exposure, site and growth parameters

The Guiland-Holt plots which were used to generate growth parameters are presented (Figure 3.5). Mean
estimates of all three growth parameters were higher on the exposed shores than on the sheltered shores
(Table 3.8). At the level of site, the growth parameters were higher at the three exposed sites than the three
sheltered sites (Table 3.9). Mussels from Kwaai Hoek had the highest growth performance (@' = 3.76) and
those from Riet River the lowest (®’ = 3.04). .The variation in @' values within the exposed sites was
similar to that within the sheltered sites. Mussels at each of the exposed sites reached their maximum
theoretical lengths (L.) faster than those from sheltered sites, as indicated by the higher K. However, the
results of the t-tests undertaken on growth parameter data revealed that, although there was a significant
relationship between exposure and K and @’ values (p<0.05), there was no significant relationship between
exposure and L., (p>0.05) (Table 3.10). This was suprising, but was possibly an effect of the small sample

size (n=3).
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Figure 3.5 The Gulland-Holt plots of growth rate against mean length for the exposed shores. The growth
parameters were obtained according to Equation 3.1.
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Figure 3.5 cont. The Gulland-Holt plots of growth rate against mean length for the sheltered shores. The
growth parameters were obtained according to Equation 3.1.
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Table 3.8 Mean values of @', L, and K at exposed and sheltered shores (site data pooled).

Exposure Mean ¢’ Mean L, Mean K
Sheltered 3.14 65.58 0.31
Exposed 3.70 85.85 0.64

Table 3.9 Growth parameters obtained from the Gulland-Holt (GH) plot.

Sites @’ L. K

Dz 3.74 98.66 0.56
Kw 3.76 83.34 0.73
Fs 3.56 75.54 0.64
Mg 3.14 66.70 0.31
Ru 3.23 72.43 0.29
Ri 3.04 57.62 0.33

Table 3.10 Three t-tests comparing growth parameters @', L, and K for exposed and sheltered shores.

N t-statistic Significance
@ 3 6.5849 0.0028
L, 3 2.5157 0.0660
K 3 6.6082 0.0027

Growth curves

Von Bertalanffy growth curves showed that growth rates at the exposed sites were faster than those at the
sheltered sites (Figure 3.6). At one year of age, the lengths reached at the exposed sites were more than
twice those at the sheltered sites (Table 3.11). At two years of age the mussels from the sheltered sites had
almost doubled in iength whereas those from the exposed sites had increased their lengths by about 50%.
At two years of age, exposed shore mussels were double the length of sheltered shore ones (Table 3.11).
Mussels of equivalent lengths will therefore be older at the sheltered sites than at the exposed sites. When
the Von Bertalanffy growth curves were extended until approximations of L, were reached, mussels could
in theory be reaching ages of 8-9 years on exposed shores and 14-18 years on sheltered shores,

Regardless of what these exact ages are, mussels reaching L on sheltered shores are almost twice the age

of those reaching L, on exposed shores.
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Figure 3.6 Von Bertalanffy growth curves at six sites using L, and K values generated from length
increment data. Estimates of L, and K were obtained from the Gulland-Holt piot. N values are given in
brackets.

Table 3.11 Mean lengths at one and two years at six sites, values calculated from Von Bertalanffy's
equation using marked mussels.

Site Exposure Length {mm) at 1 year Length {mm) at 2 years
Diaz Cross E 42.30 66.47
Kwaai Hoek E 43.18 63.99
Fish River E 35.71 54 .54
Mgwalana S 17.80 30.85
Rufanes S 18.23 31.88
Riet River s 16.20 27.84
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B. GROWTH BAND ANALYSIS

Growth band periodicity

Growth checks made by the filed notch were clearly visible in the acetate peel replicas of the shells (Figure
3.6). Many acetate peels had indistinct bands due to the compression of growth bands (particularly larger
shells), erosion, air bubbles and unknown factors. The mean number of bands recorded at Mgwalana over
the 111 days was 209.70 (+25.56) and at Kwaai Hoek 207.60 (+21.36). This gave similar frequencies of
1.87 and 1.89 bands per day, presumably reflecting a tidal pattern. The accuracy of these estimations were
determined by dividing the observed mean number of bands (208.65) by the expected number of bands
(i.e. 2 low tides per day = 222 tides), which gave a coefficient of estimation of 0.84 or 94%. The results of a
one-way ANOVA confirmed that there was no significant difference in the number of bands laid down at

Mgwalana and Kwaai Hoek (p<0.05, Table 3.12).

Table 3.12 One-way ANOVA on the effect of wave exposure on the periodicity of growth bands.

Source of variation df SS MS F P
Among 1 22.05 22.05 0.040 0.8463
Within 18 9986.50 554.81

Growth measured using growth bands
As growth bands were laid down at every low tide they were used to measure the growth of unmarked

shelis. The number of growth bands were counted from Laser printed images (Figure 3.7).
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Figure 3.6 The check mark made by the filed notch on an acetate peel replica of a shell.
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Figure 3.7 Laser print of growth bands from an unmarked mussel
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Exposure, initial length and growth rates

The mean growth rate for the combined length classes was higher at the exposed shores (2.42 mm/mnth)
than at the sheltered shores (1.32 mm/mnth). The growth rate of smaller mussels was greater than larger
mussels (Figure 3.8). The results of the ANCOVA confirmed these findings as both initial length and

exposure had a significant effect on mussel growth rate (p<0.05, Table 3.13).

5 - e Exposed  r=083 n=18
1 o Sheltered r2=062 n=16
1 e
49
=
=
o« ]
E 3!
£ |
E
=
% 2]
° 4
& ] y =-2.1056Ln(x) + 9.9724
1] [ J
] y =-1.4374Ln(x) * 6.5608
S S — Q s
20 30 40 50 60 70 80

Initial length (mm)

Figure 3.8 The growth rate over 60 bands (30 day period) at the exposed and sheltered shores (site data
pooled).

Table 3.13 ANCOVA on the relationship between exposure, initial length and growth rates.

Source of variation df S§S MS F P
Covariate: initial 1 23.74 23.74 107.92 <0.0001
Exposure 1 9.61 9.61 43.67 <0.0001
Residual 31 6.82 0.22

Comparison of the linear regression slopes

The decrease in growth as mussels increased in size (or age) occurred at the same rate on exposed and
sheltered sites. There was no significant difference between the slopes for the exposed and sheltered sites

(p>0.05) (calculated t (5 3 = 1.035 and from t-table, t o2 ), 30 = 1.310). Due to this equal rate and the lower
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growth rate at sheltered sites, the maximum length reached should also be lower than at exposed sites as
indicated in Figure 3.9.

e Exposed  n=18 r’=0.76
0.8 - o Sheltered pn=16  r=0.59

o
o
®

Q
'S

3
c
E
E 0.2 1 =-1.1156x +2.0599
g ]
S o] ¢
H
8 02 y =-1.4941x +2.3743
o
-0.4
-0.6 +— v Y ————— ey )
1.3 1.4 1.5 1.6 1.7 1.8 19

Initial length logqe (MmM)

Figure 3.9 A comparison of the regression slopes from growth data (log,s) against initial length (logg)

from the exposed and sheltered shores.

Growth parameters and growth curves

All three growth parameters, @', L and K, obtained from the Gulland-Hclt plot were higher at the exposed
shores than at the sheltered shores (Table 3.14). The higher @’ vaiues showed that mussels had an overall
higher growth performance on exposed shores ‘than sheltered shores. Due to a high failure rate in the
acetate stage, sample sizes were inadequate and results from the sites were pooled (into exposed or

sheltered shore).

The exposed shore mussels showed faster growth rates than those frorn sheltered shores and lengths of
41.62 mm and 27.40 mm respectively, were attained in a year (Figure 3.10 & Table 3.15). There was a
greater difference between the lengths of mussels from exposed and sheltered shores at one year than two
years of age (Table 3.15). Mussels of equal length taken from shores of different exposures would therefore
be older at the sheltered shores (Figure 3.10). L was reached sooner at exposed sites than at sheltered

sites as shown by the steeper slope and higher K vailue (Figure 3.10). Mussels at the exposed shores took 8
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years to reach lengths of 87.5 mm and those at sheitered shores theoretically took approximately 12 years

to reach lengths of 76.5 mm.

Table 3.14 The relationship between exposure and @', L, and K calculated from growth bands

Exposure @’ L., K

Exposed 3.70 88.05 0.64

Sheltered 3.42 76.98 0.44
100

Exposexi

Shelteredt

Length at age (mm)

O e e .
0 1 2 3 4 5

Age (years)

Figure 3.10 The Von Bertalanffy growth curve at the exposed and sheltered shores (sites pooled),
established from the growth measured over 60 growth bands (+ 30 days). Growth parameters generated
from the Gulland-Holt plot were used.

Table 3.15 Mean lengths at one and two years at exposed and sheltered shores, values caiculated from
Von Bertalanffy’s equation using growth band analysis.

Exposure Length (mm) at 1 year Length (mm) at 2 years
E 41.62 63.57
S 27.40 45.05

100




3. Growth rates

C. LENGTH FREQUENCY DISTRIBUTIONS
MODAL PROGRESSION ANALYSIS - the results could not be analysed by this technique (see materials &

methods).

ELECTRONIC LENGTH FREQUENCY ANALYSIS (ELLEFAN)

The results from the ELEFAN procedure have not been extensively expanded upon as the analysis was not
suitable for all sites (Table 3.16). The estimate of no growth over winter at Mgwalana was inaccurate (1=no
growth). A comparison of the average estimates of K obtained from the mark-recapture and growth band

method showed that the value of K appears to have been overestimated for both Mgwalana and Riet River.

Table 3.16 The growth parameters generated from the ELEFAN procedure. C = amplitude, WP = winter
point, SS = starting sample, SL = starting length and Rn = goodness of fit score. Estimates in bold were
considered inaccurate when compared to general estimates obtained from the mark-recapture and growth
band method.

Sites L. K Cc wP S8 SL Rn

Ru 99 0.48 0.3 0.8 4 1.5 0.120
Dz 135 0.77 0.6 0.4 5 1.5 0.117
Kw 121 0.73 0.7 0.8 4 1.5 0.130
Fs 117 0.66 0.8 0.6 4 2.5 0.123
Mg 114 0.70 1.0 1.0 5 4.5 0.150
Ri 120 1.45 0.6 0.3 5 3.0 0.118

SHEPHERD’S LENGTH COMPOSITION ANALYSIS (SLCA)

Exposure, site and growth parameters

The overall growth performance index (@), L-infinity (L.) and the growth coefficient (K) were all
significantly higher at the exposed shores (pooled) than at the sheltered shores (pooled) as shown by the
results of t-tests (p<0.05 in all cases, Table 3.17). The @', L, and K values were highest at Diaz Cross,

Kwaai Hoek and Fish River. Of all the sites, growth parameters from Rufanes, Riet River and Mgwalana
always ranked in the lowest three readings (Table 3.18). There was never any overlap in the ranking of

growth parameters from the exposed and sheltered sites.
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Table 3.17 Results of t-tests comparing growth parameters at exposed and sheltered sites.

N t-statistic Significance
(13 3 6.4181 0.0030
L. 3 3.5694 0.0230
K 3 8.6489 0.0010

Table 3.18 Estimates of @', L, and K from Shepherds length composition analysis (SLCA) at each site.

Site Exposure P’ L, K

Dz E 4.08 129.80 0.71
Kw E 3.98 114.90 0.73
Fs E 3.89 108.32 0.66
Mg S 3.26 86.06 0.27
Ru S 3.51 91.90 0.39
Ri s 3.42 97.86 0.27

Von Bertalanffy growth curves
Although cohorts were not easily identifiable there was one cohort at all sites which could be traced from
recruitment in November 1995/January 1996 through to August/September 1996 (marked as an arrow in

Figure 3.11).
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Figure 3.11 The best Von Bertalanffy growth curves which were generated by SLCA
using length frequency distributions for 11 sampling months. The arrows indicate the
cohorts that were followed. The upper size (mm) limits are presented. a) Diaz Cross
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3. Growth rates -

The growth parameters obtained from Shepherd's method were used to construct iength at age Von
Bertalanffy growth curves (Figure 3.12). A comparison of the mean length at one year of age at each site
showed that the lengths at the exposed sites (mean of 59.16 mm) were higher than those at the sheltered
sites (mean of 24.4 mm) (Table 3.18). Mussels of equal length are therefore older at sheltered shores than
exposed shores. Younger mussels grew faster than older ones at both shores (Figure 3.12). By extending
the ages represented in the Von Bertalanffy growth curves approximate ages at L, lengths were calculated.
Mussels at the sheltered sites took longer to reach L, (12-15 years) than those at the exposed sites (8-9

years). This was also shown by the more gradual slope and lower K values at the sheltered shores.
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Figure 3.12 Von Bertalanffy growth curves at six sites using SLCA to obtain growth parameters.

Table 3.19 Mean length at one and two years at six sites, values caiculated from Von Bertalanffy’s
equation.

Site Exposure Length (mm) at 1 year Length (mm) at 2 years
Diaz Cross E 65.99 98.43
Kwaai Hoek E 59.16 87.67
Fish River E 52.34 79.38
Mgwalana S 20.36 35.91
Rufanes S 29.68 49.77
Riet River S 23.16 40.83
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3. Growth rates

COMPARISON OF RESULTS OBTAINED FROM MARK-RECAPTURE, GROWTH BAND AND LENGTH

FREQUENCY DISTRIBUTIONS

Comparing growth rates obtained from mark-recapture and growth band methods.

Data from the mark-recapture method were converted to growth in a 30 day period, to be comparable
with growth band data. Homogeneity of variance was achieved by a ¥ (x+ 0.375) transformation of the data
(p>0.05, Zar 1996). Despite deviations from normality (p<0.05), to which the ANOVA is robust (Zar 1996),
ANOVA's were used in preference to less powerful non-parametric statistics. Growth rates of mussels were
higher at the exposed shores than the sheltered shores for both methods (Figure 3.13 & Table 3.20). The
growth band method resuited in higher growth rate estimates than the mark-recapture method for both the

exposed and the sheltered shores (Table 3.20). The ANCOVAs confirmed that initial length, exposure and

method had statistically significant effects (p<0.05, Table 3.21).

Growth (mm/mnth)

Initial length (mm)

Figure 3.13.Growth rates from mark-recapture and growth band analysis for 30 days. M = mark-recapture

method and B = growth band analysis at (S) sheltered shores (dashed lines) and (E) exposed shores (solid
lines).
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3. Growth rates

Table 3.20 Mean growth rate at exposed and sheltered shores using the mark-recapture and growth band
method to obtain growth rates.

Method Exposure N Mean growth rate mm, mnth™
mark-recapture Sheltered 418 0.82
growth band Sheltered 16 1.09
Mark-recapture Exposed 305 1.36
Growth band Exposed 18 1.44

Table 3.21 The ANCOVA on the relationship between initial length, exposure and methods and growth
rates. The methods being compared are the mark-recapture and the growth band method. Data were
V(x+0.375) transformed.

Source df SS MS F P
Covariate: initial length 1 27.86 27.86 536.22 <0.0001
Exposure (factor) 1 6.29 6.29 121.14 <0.0001
Method (factor) 1 0.88 0.88 16.91 <0.0001
Interaction: factors 1 0.29 0.29 5.63 0.0179
Residual 752 39.07 0.05

Comparing growth parameters and growth curves obtained by mark-recapture, growth band and

length frequency methods.

Exposure, method and growth parameters

The mean &', L, and K values were higher on the exposed shores than the sheltered shores (methods
pooled) (Table 3.22). This was the case irrespective of the method used (Table 3.23). T-tests confirmed
that the growth parameters were significantly higher on exposed shores than sheltered shores (p<0.05,
Table 3.24). The effect of method on the determination of each growth parameter could not be statistical
analysed due to small sample sizes (n=2, i.e. exposed & sheltered) (Zar 1996). Growth parameters for
mussels on exposed, but not sheltered shores, were highest when estimated by Shepherd’'s length
composition analysis (Table 3.23). Growth paraméters estimated by the mark-recapture method were

lowest at both the exposed and sheltered shores (Table 3.23).

Table 3.22 The mean values of the growth parameters, at exposed and sheltered shores (methods

pooled).
Exposure @’ L, K
Exposed 3.79 97.11 0.66
Sheltered 3.32 78.18 0.35
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3. Growth rates

Table 3.23 A comparison of the L, K and @’ values generated at the exposed and sheltered shores using
the mark-recapture (M), growth band analysis (B) and Shepherds length composition analysis (SLCA).
Means are presented for mark-recapture and Shepherd’s method as replication in sites was undertaken.

Method Exposure L. K @’

M E 85.85 0.64 369
B E 88.05 0.64 370
SLCA E 117.44 0.70 3.98
M S 65.61 0.31 3.14
B S 76.98 0.44 3.42
SLCA S 91.94 0.31 3.40

Table 3.24 Three t-tests on growth parameters meaned from results of all three methods, testing the

effect of exposure.

N T-statistic Significance
i} 3 56812 <0.0001
L. 3 2.3574 0.0362
K 3 10.0541 <0.0001

Exposure, method and growth curves

The growth curves showed mussels to have faster growth rates on the exposed shores than on sheltered
shores, irrespective of the method used to procure them (Figure 3.14). The growth curve obtained for
mussels on exposed shores using the SLCA method showed higher growth rates than growth rates obtained
from the other methods. The growth curves for the mark-recapture and growth band method at the
exposed shore were very similar, with growth rate dropping noticeably from approximately three years of
age. The growth curves for SLCA and the growth band method at the sheiltered shore initially followed a
similar line but diverged slightly after four years of age. Curves for the mark-recapture method were much
lower than the other two for the sheltered shores. Although there was considerable variation in the lengths
at one year obtained using the different methods, lengths at exposed shores were always higher than at the
sheltered shores (Table 3.25). There was greater variation in the estimated mean lengths at one year of
age for the exposed shores (40.40 to 59.16) than for the sheltered shores (17.41 to 27.40). SLCA yielded
the highest length at both exposures and similarly the mark-recapture method always produced the lowest

estimates. Mussels took 8-9 years to reach an approximation of L, on the exposed shores and 12-18 years

on the sheltered shores.
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Figure 3.14 A comparison of the Von Bertalanffy growth curves generated from growth rates obtained by
the mark-recapture (M), growth band (B) and SLCA. (E) = exposed shore and (S) = sheltered shore.

Table 3.25 A comparison of lengths at one year of age on exposed and sheltered shores obtained using
three different methods.

Exposure Method N Mean length at a year (mm)
E Mark-recapture 3 40.40
E Band 1 41.62
E SLCA 3 59.16
8 Mark-recapture 3 17.41
S Band 1 24.40
S SLCA 3 27.40

Site, method (mark-recapture and SLCA) growth parameters and growth curves

The overall ranking of L, K and @’ by both methods showed the exposed sites within the top three ranks
and the sheltered sites in the bottom three ranks, without any overiap (Table 3.26) . At the exposed sites
the L, values generated from SLCA were higher than those from the mark-recaptu‘re method but sites still
ranked in the same order; Diaz Cross always had the highest L, followed by Kwaai Hoek and Fish River.

Due to no within site replication statistical analysis could not be performed. In a comparison of the exposed
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sites, both methods ranked Diaz Cross mussels as having the fastest growth rates followed by Kwaai Hoek
and Fish River. In a similar comparison of the sheltered sites, it was apparent that there was less variation
in the growth rate of mussels amongst sheltered sites than exposed sites. Although both methods ranked
the mussels from Rufanes as the fastest growers from the sheltered sites, there was no agreement in the
ranking of the remaining two sites. SLCA gave consistently higher readings than the mark-recapture

method or vice versa.

The length at one year of age for both methods was considerably higher at the three exposed sites than at
the three sheltered sites (Table 3.27). Although the lengths varied according to the method used there was
less variation in lengths at the sheltered sites (16.20 - 29.68 mm) than at the exposed sites (35.71 - 65.99
mm). Diaz Cross was ranked by both mark-recapture and SLCA method as having mussels of the greatest
length at one year, followed by Kwaai Hoek and Fish River. At maximum lengths mussels would be older
on sheltered sites than on the exposed sites (this was observed by extending the growth curves till L was
reached) (Figure 3.15). As K, the growth coefficient, gives the rate at which L, is reached, a lower K value

(i.e. flatter slope) would indicate that L, is reached at a slower rate at sheltered sites (Figure 3.15).

Table 3.26 A comparison of the growth parameters generated from mark-recapture and Shepherds length
composition analysis (SLCA).

Site Exposure Marked L, SLCAL, Marked K SLCAK Marked @ SLCA @’

Dz E 98.66 129.80 0.56 0.71 3.74 4.08
Kw E 83.34 114.19 0.73 0.73 3.76 3.98
Fs E 75.54 108.32 0.64 0.66 3.56 3.89
Mg S 66.77 86.06 0.31 0.27 3.14 3.26
Ru S 72.43 91.90 0.29 0.38 3.23 3.51
Ri S 57.62 97.86 0.33 0.27 3.04 3.42
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Figure 3.15 A comparison of the Von Bertalanffy growth curves generated using the mark-recapture (M)
and SLCA method at the exposed and sheltered sites.
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Table 3.27 The lengths (mm) of mussels at six sites at one year of age (from Von Bertalanffy equation)
generated by two methods namely, mark-recapture and cohort analysis.

Site Exposure Mark-recapture SLCA
Dz E 42.30 65.99
Kw E 43.18 59.16
Fs E 35.71 52.34
Mg S 17.80 20.36
Ri S 16.20 29.68
Ru S 18.23 23.16

D. The relationship between wave force, density and growth rates

The three sheltered sites at which lower wave forces were recorded comrelated with lower overall growth
performance (phi prime values) and the three exposed sites where greater wave forces were recorded had
higher growth performance (Figure 3.16). The correlation of wave force against phi prime values at
individual sites (methods pooled) was significant (p<0.05) and showed a positive correlation coefficient of
0.71. The correlation of mean wave force (at both shore types) against mean phi prime values (mean
values for each shore type from all three methods ie. n=6) resulted in a significant (p<0.05) correlation

coefficient of 0.87 (Figure 3.17).

An overall pattern of higher growth performance in mussel beds of lower density and lower growth
performance in mussel beds of higher density was found (Figure 3.18). The correlation of density against
phi prime values (from 2 methods) at individual sites was significant (p<0.05) and showed a correlation
coefficient of -0.68. At the level of exposure (sites pooled), which used phi prime values from all three
methods, a significant (p<0.05) negative correlation coefficient of -0.87 was found. Although Mgwalana and
Fish River experienced extremely different wave action and had mussels with very different phi prime
values, both sites supported mussel beds of similar packing density (Figure 3.16 & 3.18). This couid imply
that the correlation between density and phi prime is simply a correlation and that the real effect on phi
prime is caused by wave action. This implies that growth is a response to the degree of wave action and

not density, although density generally decreases on exposed shores.
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Figure 3.16 Relationship between wave force (N.m™?) measured by the dynamometers at each site and

overall growth performance index (phi prime value) using results of each site from the mark-recapture and
SLCA.

oM r?=0.87 n=6
o SLCA p<0.05
42 - aB
4 °
° ]
E 384
[
Q 1 -3
‘E 36
a -
c
& 34 é
= ]
321
] [o]
1500 2000 2500 3000 3500 4000

Mean wave force (N.m'z)

Figure 3.17 Relationship between mean wave force (N.m-2) measured by the dynamometers at both shore
types and overall growth performance index (phi prime) using results of each shore type from the mark-
recapture, SLCA and growth band method.
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Figure 3.18 The correlation of mean density and phi prime values obtained at each of the six sites for the

mark-recapture and cohort method.
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4. DISCUSSION

Discussion of results obtained using different methods

Mark-recapture

Amongst the various techniques available for producing growth checks, such as immersion in
acetasolamide, cold treatment and ‘overfeeding’ in the laboratory, the file mafk method ranked as one of
the best in a study undertaken by Ekaratne & Crisp (1982). One of the disadvantages in using the file
check is that it could cause damage to the shell margin and possibly to the shell secreting mantie
epithelium (Richardson 1989). Of the 55% mortality observed in the marked mussels, some was due to
excessive damage caused when marking the shells. Another problem with this method was that in a few
cases after filing, growth was not continuous with the structure of the old shell but continued toward the
inside of the shell, a factor which wouid result in an underestimation of growth rate. Future growth studies
would benefit by investigating the use of tetracycline as a shell marker, as it is incorporated into the mussel
during filtration, does not damage the shell, and produces a distinctive mark which is visible for several

months (Dey & Bolton 1978).

Growth band analysis

The considerably more tedious growth band method (pers. ob., Richardson ef. al. 1979) has seen
widespread use in ageing studies of bivalves (Lutz 1976 , Peterson ef. al. 1983, Ropes & Jearld 1987).
Whereas validation of the periodicity of growth bands is essential and has been well documented (see
review on validation by Beamish & McFarlane 1983), many studies do not seem to have progressed past
this to a stage where findings are used to construct age and growth curves. As in this study no broader
patterns such as annual rings (Ropes & Jearld 1987, Cerrato & Keith 1992), summer/winter checks
(Thiesen 1973) or spring tidal bands (Richardson 1989, Anwar et. al. 1990) were observed, micro bands
which were shown to be of tidal origin were used for comparing growth rates. Until fairly recently banding in
intertidal bivalves was assumed to be of daily origin (Pannella & MacClintock 1968). A considerable
amount of research has now shown that banding usually occurs twice daily, corresponding to low tide
(emmersion period) (Richardson et. al. 1979, Ekaratne & Crisp 1982, Richardson 1988). In this study, the
bands which were laid down twice daily were also assumed to be of low tide origin.- Clark (1968) suggested
the maximum band count as the most representative validation, as lower counts could indicate that bands

had been missed out. Stress bands which are laid down under unfavourable conditions could however
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result in counts higher than the number of tides experienced (Seed 1969b, Ekaratne & Crisp 1982).
Underestimation of bands, as observed in this study, may have been due to no or slow growth (Richardson
et.al. 1979). Even spawning has been observed to interrupt the daily increments in the clam, Mercenaria
mercenaris (Pannella & MacClintock 1968). The mean number of bands per tide were frequently under or
overestimated by other authors. A comparison of the mean number of observed growth lines divided by the
expected number of growth lines obtained by various authors revealed values of 0.97 for a study on
Cerastoderme edule (Richardson et. al. 1979), 0.89-0.96 for Spisula subiruncata (Richardson 1988) and

0.94 for Perna perna in this study.

Although not as susceptible to erosion or dissolution as surface bands (Lutz 1976, Anwar et. al. 1990) micro
growth bands were observed to be more distinct in younger shells than in older shells where bands had
become compressed. Banding was also clearer along the outer edge than the inner (also noted by
Ekaratne & Crisp 1982), toward the growing tip and at certain sites eg. Mgwalana and Riet River.
According to Richardson (1988 & 1989) the clarity of bands depended upon the preparation and the
strength of the band. Within intertidal mussels, he noted clear bands in some shells and not in others. As a
general pattern however, the more exposed a site to aerial exposure the stronger the banding (Richardson
1989). This could perhaps explain the more distinct bands at Mgwalana and Riet River, both of which are
sheltered sites and as a result of less wave action and splash, are more exposed to the air than the
exposed sites. The phenomenon of decreased emmersion time due to an increase in splash caused by

greater exposure to wave action has been documented by Underwood (1981).

Length frequency distributions

Many techniques are available for obtaining growth parameters from length frequency distributions. Of
these techniques, modal progression analysis (Bhattacharya and NORMSEP) and direct length frequency
techniques, such as Electronic Length Frequency Analysis (ELEFAN) and Shepherd’s Length Composition
Analysis (SLCA) have found success for a wide range of species. Examples of this success are evident in a
number of growth studies, for example, Shafee (1992) used NORMSEP for mussels, Tomalin (1995) used
ELEFAN & SLCA for Perna perna and Cretchley (1997) used NORMSEP for prawns. Prior to the 1880’s the
probability paper methods of Harding (1949) and Cassie (1954) were the most commonly used techniques

for analysing length frequency data (Robson 1986). Several studies from this time period did not even

126




3. Growth rates

make use of probability paper but traced cohorts by eye and then made educated ‘guesses’ when assigning |
ages to various cohorts (Berry 1978, Crawford & Bower 1983). All analyses are not equally suitable and
modal progression analysis proved unsatisfactory for determining growth parameters for Pema perna along
the south coast of South Africa in this study. Similarly, modal progression analysis was unsuitable for
determining the growth rate of the ribbed mussel Aulacomya ater (Griffiths & King 1979b) and Perma perna

on the Transkei coast (Lasiak & Dye 1989) as merging of cohorts occurred.

The lack of discreet, easily discemible cohorts is troublesome for all three length frequency analyses, but
particularly for modal progression anaiysis. In the words of Gulland (1987, p337) “Under favorable
circumstances, with good sampling and clear modes that progress from sample to sample in a consistent
manner, all methods work well. With poor data and poor differentiation between modes few work well.”
Some of the factors that are frequently responsible for unclear modes will now be examined. Narrow
discrete cohorts did not occur because of the prolonged settlement period of small mussels (0-5 mm)
observed in this study, which although highest from January to April (chapter 2), extended through most of
the year. A similar pattern of prolonged settiement was recorded in Perna perna by Philips (1994) at Diaz
Cross and Kwaai Hoek, sites which were common to both studies. In a study by Kautsky (1982) length
frequency distribution techniques were futile as peaks in juvenile blue mussels Mytilus edulis (0-2 mm)
were present throughout the year and the cohorts failed to carry through. As most length frequency
analyses assume regular spawning, settiement and recruitment, the occurrence of sporadic spawning or
settlement, particularly more than once per annum, can prove difficult. Three spawning events per annum
were reported in the ribbed mussel Aulacomya ater by Griffiths and King (1979b). Philips (1994) also
documented peaks of newly settied Perna pema (0-9mm) more than once annually, in October/November,
April/May and sometimes July (at certain sites). Several studies have highlighted the variability in spawning
and settlement, as well as the presence of chance events which lead to exceptionally good or poor
recruitment (Berry 1978, Griffiths 1981, Harris pers. com.). Differential g'rowth rate of a cohort due to
individual variability (discussed earlier), even from very seasonal spawning, can result in merging of
cohorts from different year classes (Munday & Keegan 1992). Cohort overlapping commonly occurs in
older slower growing individuals (Pauly & Caddy 1985). These factors could affect the clarity and hinder the

interpretation of cohorts and length frequency distributions.
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As growth for the mark-recapture and growth band method was measured over the summer period and
then extrapolated for the entire year, it is likely that growth was either under or overestimated due to
seasonal differences in growth. To enable growth parameters from all three methods to be compared,
length frequency distributions were analysed by SLCA, which does not take seasonality into account. In
addition data were only available for 15 months and did not show clear cohorts, making seasonal
interpretation difficult, if not impossible. Tomalin (1995) when studying growth rates of Perma perna in
KwaZulu-Natal did not take season into account at one site, Umdoni, as samples were taken for only 12
months. Isaac (1990) observed that despite this limitation of SLCA the existence of a seasonal growth
oscillation did not greatly influence the estimates of L, and K. Berry (1978) remarked that Pema pemna
showed no distinct seasonal fluctuation in growth along the Natal coast. In a later study on the brown
mussel at four sites along the KwaZulu-Natal coast, one population showed a high degree of growth
retardation, two showed slower growth rates and the fourth showed no effect during the winter period
(Tomalin 1995). Defeo et al. (1992a) noted that growth curves constructed from annual growth bands
could not account for seasonality, but with the use of ELEFAN a sinusoidal growth curve due to a seasonal

effect could be observed.

One of the drawbacks of the current versions of ELEFAN and Shepherd’s method is that no variance
around the mean is calculated. Tomalin (1995) solved this by dividing his monthly data set (in total 24
sampling periods) into three groups of eight quarterly samples and calculating growth parameters for each
group. Unfortunately, due to the shorter sampling period of 15 months (11 sampling periods) this method
of obtaining variation was inappropriate for the current study as it would result in many groups with too few

samples.

it has become common-place to compare values of L-infinity (L. ), phi prime (®") and length at a year
between sites and methods (Tomalin 1995). If the limitations of comparing these growth parameters are
recognised, the comparisons would benefit rather tﬁan hinder the study. The parameters of the Von
Bertalanffy equation are affected by the representation of large mussels (Yamaguchi 1975). For the present
study low numbers of large brown mussels possibly led to an underestimation of L., in the mark-recapture
and growth band method (Table 3.25). Takada (1995) showed that L éstimates for the gastropod

Monodonta labio from his mark-recapture method were lower than estimates from cohort analysis used in
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other studies. As these studies were undertaken at two different sites in Japan, this difference could have
been attributed to site or method. The small sample size for the growth band analysis could have caused a
bias in the growth parameters, particularly as Perna pema has considerable variation in individual growth
rates. As length frequency distributions were taken at six weekly intervals over a 15 month period the
population was adequately sampled and large mussels were well represented for SLCA. The L values from
the mark-recapture and growth band method were always lower than those estimated from SLCA (Table
3.4.5 & 3.4.7). This could be due to an overestimation of the theoretical maximum length using Shepherd's
length composition analysis. The same estimates of size (>*40 mm) at one year for the mussels on the
exposed shores was obtained by the mark-recapture and growth band techniques. However, the estimates
for mussels on the sheltered shores were much lower using the mark-recapture than the growth band

method.

The L, estimates obtained using ELEFAN were slightly higher than those from SLCA. Studies on the brown
mussel Perma perna (Tomalin 1995) and the yellow clam Mesodesma mactroides (Defeo et al. 1992a)
reported lower estimates of L, by ELEFAN than SLCA. In a comprehensive review on length-based
methods for studying populations, particularly of fish, Isaac (1990) concluded that the ELEFAN method was
more suitable for fast-growing short-lived organisms and the SLCA for slow-growing fong-lived organisms.
In Isaac’s investigation both these analyses had a tendency to overestimate L, and underestimate K.
When individual variability of growth parameters was high, ELEFAN was more accurate at predicting L,
than SLCA, but SLCA was more accurate for predictions of K (lsaac 1990). However, when long
recruitment periods occurred, estimates of L, by SLCA and Power-Wetherall were more accurate than
estimates from ELEFAN (Isaac 1990). SLCA is particularly suited to data that includes small lengths (i.e. in
preference to fishing catches of larger fish curtailed by mesh size) as older modes tend to overiap
(Shepherd 1987). As Perna pema showed high individual variability, long recruitment periods and included
smaller sizes, the use of Power-Wetherall to estimate L, and SLCA to estimate K probably gave the most

reliable results.

The SLCA program (in the FiSAT version 1.10 package) used in this study was reported by Pauly and
Arreguin-Sanchez (1995) to have limitations that often resulted in overestimation of K. However, this did

not always seem to occur as estimates of K from SLCA were higher than estimates from the mark-
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recapture method at three sites, equal at one site and lower at the remaining two sites. The K values
obtained for the exposed sites (this study) using ELEFAN and SLCA were aiso gquite comparable (Table
3.16 & 3.19). This contrasts with Tomalin's findings where ELEFAN gave lower K estimates than SLCA

(Tomalin 1995).

Phi prime values from SLCA were, with the exception of the estimate from the growth band method at the
sheltered shore, higher than estimates from the other two methods. As phi prime is a function of L_ and K ,
and SLCA's estimates of L, were always higher than those from the mark-recapture and growth band
method, this was to be expected. The growth parameters obtained for the yellow clam Mesodesma
mactroides from ELEFAN were slightly (though not significantly) higher than those obtained from growth
bands (Defeo et al. 1992a). The periodicity in the formation of the main rings in this clam was in
agreement with results obtained using modal progression analysis (Bhattacharya's method) (Defeo et al.

1992a).

Munday & Keegan (1992) concluded that resuits from growth bands compared favourably to those from
modal progression analysis (Bhattacharya's approach). Despite their conclusion, merging of juvenile
cohorts and slow growth in adults actually obscured some year classes and it was doubtful whether ages
could have been assigned to cohorts independently of the growth band results. Due to the paucity of
studies that have used more than one method to determine growth rates, it was difficult to ascertain
whether certain methods had a tendency to over/underestimate growth parameters. Even independent
research on the same species but using different methods is seldom comparable because of site or stock

specific variation.

Despite the few inconsistencies in the growth parameters derived from the different methods, all three

methods showed faster growth, higher @', L, and K values at the exposed shores than at the sheltered
shores. Within the exposed sites there was even agreement between mark-recapture and SLCA in the

ranking of sites according to growth parameters.
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General results and possible factors causing them

Despite variations in growth rates obtained using three different methods, the overall results showed higher
growth rates, at exposed shores than sheltered shores and, in smaller, younger mussels than larger, older
mussels. Considerable variation in growth rates between individuals of the same size at a site occurred, a
finding which has been observed by Seed (1968) and Griffiths (1981). In this stﬁdy variation in growth rates
between individuals was not attributed to the sex of the individual. References to sexual differences in
growth rates in mussels could not be found, either because sex does not have an effect on growth or
because this effect was not considered. Conch shells are one of the few shellfish for which the effect of sex
on growth has been recorded and here females grew faster than males (Reed 1993). Gage (1992) assigned
the variation in growth rates of individual urchins under the same conditions to genetic differences.
Although faster growth rate has been observed in more heterozygous mussels, this accounts for <16% of
individual variation in growth rate (Koehn & Gaffney 1984, Hawkins ef. al. 1986). The genetic homogeneity
of Perna pema over 1700 km of the Southern African coast would suggest that genetics is not an important
consideration for growth in Perna perna (Grant et al. 1992). However, small-scaie heterogeneity may occur
due to chance events which are common in invertebrates with pelagic larvae (Johnson & Black 1984).
Mallet et al. (1987a) showed that although both stock and site were important for shell growth in the blue
mussel Mytilus edulis, site accounted for most of the variation in tissue growth. Gage (1992) cautioned that
this variation should not be ignored when assessing differences in population size or age structure thought

to be related to environmental variations.

A higher mean growth rate (1.32 mm.mnth™) was observed for mussels at the exposed shores than at the
sheltered shores (0.46 mm.mnth™"). Using modal progression analysis (MULTIFAN) Leeb (1995) found
average growth for the Mediterranean mussel Mytilus galloprovincialis to be higher (though not statistically)

at the exposed low shore (0.82 mm.mnth™) than at the sheltered low shore (0.61 mm.mnth™).

There was a positive correlation betwéen wave force measured by dynamometers (chapter 1) and the
overall growth performance (@). Raubenheimer & Cook (1990) suggested that in areas of strong wave
action the increased calcium ions caused by abrasion of calcium-rich organisms could increase growth
rates. These calcium ions are necessary for the shell growth of marine invertebrates (Wilbur & Jodrey

1952). On heavily exposed shores, growth was more likely to result in an increase in shell thickness than
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length (Seed 1968, Raubenheimer & Cook 1990). A probable result of increased wave action is increased
water flow over the gills, a factor which has been shown to increase growth rates in mussels (van Erkom
Schurink & Griffiths 1993). An increase in wave exposure has also been shown to have negative effects on

growth rates in Mytilus edulis (Jergensen 1976).

Wave action and tidal currents maintain detritus, faeces and plankton in suspension and could make more
food available in areas of greater wave action (Griffiths 1980a & 1980b, Bayne 1993). Wave action also
assists in breaking up macroalgae which can be digested by Perna pema (Simon 1997). The individual
growth in bivalve populations may be phytoplankton-limited due to their tremendous filtration capacity
(Fréchette & Bourget 1985a & 1985b, Bricelj ef. al, 1984). In such instances the benefits of homogenisation
and resuspension of the seston due to rough seas becomes apparent (Fréchette & Grant 1991). Differential
digestion rates of various carbohydrates by Perma perna suggest that this species relies more on plankton
than detritus (Simon 1997). On ORI reef, near Durban in Natal (South Africa), Pema pema fed
predominantly on detrital material from macroalgae, perhaps due to its abundance (Berry & Schieyer 1983).
The components of the seston that are utilised by bivalves depends primarily on what the species can
digest and the quantities available (Asmus & Asmus 1993). The black mussel Choromytilus meridionalis
utilises small quantities of phytoplankton as well as macroalgae (Griffiths 1980a), whereas the sea scallop
Placopecten magellanicus digests phytoplankton, macroalgae, detritus and resuspended sediments (Grant
& Cranford 1991). Changes in suspended food may occur seasonally, tidally or randomly (Fielding & Davis
1989) and due to their plasticity mussels can adapt morphologically and physiologically. Some adaptations,
for instance altering the size of gills may take months, whereas others, like changing the clearance rate
take a matter of minutes (Bayne 1993). The absorption efficiency and ultimately the amount of energy
available for growth are dependent on the proportion of inorganic matter to organic matter in the ingested
food (Bayne & Worrall 1980). Even when there is a large amount of organic material in the water column,
ingestion and absorption rates can be limited by particle size, concentration and quality, water flow and

assimiiation efficiency (Newell et al 1989, Asmus & Asmus 1993, Fréchette et al. 1993, Grant et al. 1993).
Possible adverse effects of exposure to air on growth rates (Seed 1968, van Erkom Schurink & Griffiths
1993) couid have been moderated at the exposed sites in this study due to an increase in splash

(Underwood 1881). Increased wave action effectively resuits in an elevation of the littoral (Jones &
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Demetropoulos 1968). Splash and greater wave action, which increase immersion time, would effectively
increase the time available for feeding. Food supply appears to be the single most important factor in
determining growth rate (Seed 1969b). If food is limited, the number of individuals competing for this
resource will determine the food supply which in turn will affect the growth rate, and ultimately the size

structure of the population.

In this study there was a negative correlation between the phi prime values (index of overall growth
performance) and the density of adults (=15 mm). This may indicate one of the following scenarios; the
increase in the densities of mussels resuited in a decrease in growth (Kautsky 1982, Peterson & Beal 1989,
Defeo et al. 1992b, van Erkom Schurink & Griffiths 1993); the effect of decreased growth resulted in
smalier mussels which could reach higher packing densities (Seed 1968, Griffiths 1981) or both density and
growth reacted independently to other influences, for example, wave action, food availability and
recruitment (Jones & Demetropoulos 1968, Berry 1978, Griffiths 1980a, van Erkom Schurink & Griffiths
1993, Phillips 1994). The resuits supported the last scenario as despite huge differences in wave force and
@’ values at Mgwalana and Fish River, densities were similar (Figure 3.16 & 3.18). This impiied that
although densities were greater on exposed shores, growth was a response to wave action and was
independent of density. Kautsky (1982) noted that, due to competition for food and space, large blue
mussels Mytilus edulis suppressed the growth of small mussels. Predation could maintain a population at
lower densities, creating more space for growth (Menge 1976). Higher packing densities occurred on
sheltered than exposed shores (chapter 2). Underwood (1981), noted greater densities of sessile organisms
at the sheltered than at the exposed shore type. For further discussion on factors affecting density refer to

chapter 2.

Growth rate of mussels (<30 mm) has been shown to be negatively affected by some species of parasites,
for example the trematode, Proctoeces which infects Perna pema (Calvo-Ugarteburu & McQuaid in press).
Two of the methods in this investigation did not examine mussels <25 mm and therefore the presence of

Proctoeces was not considered.

All three methods showed both smaller and younger mussels to have faster growth rates than larger and

older ones, a result frequently encountered in other studies (Griffiths & King 1979a, Kautsky 1982, Kennish
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ot al. 1994, Sukhotin & Maximovich 1994). A relatively slower flow rate occurs in larger mussels, which
results in decreased food uptake and may determine the maximum size a species or individual attains
(Jergensen 1976). The assimilation efficiency of mussels has been shown to be only slightly dependent

(Widdows 1978) or independent of size (Griffiths & King 1979a).

The variation in individual growth rates can result in mussels from the same age class falling into different
length classes (Griffiths 1981). When age at length or length at age information is obtained from the Von
Bertalanffy growth curve the individual variability should be bome in mind. The growth curve should be
used as a guideline for ascertaining the most probable age class to which a length belongs or vice versa
(Kaufmann 1981). According to Sainsbury (1980) this is particularly important when an age-length
relationship is derived from growth increment data rather than age data. This, in addition to the fact that
each Von Bertalanffy curve is relevant to the limit of length data from which it was constructed, possibly
prompted Thiesen (1973) to state that extrapolations should not be made and estimated parameters should

not be used to compare popuiations.

Despite Thiesen’s warning studies have compared growth rates of populations using growth parameter
estimates (Leeb 1995, Tomalin 1995). Growth coefficient values (K) were higher on exposed shores than
sheltered shores a finding in agreement with that of Leeb (1995) who found slightly higher K values for the
Mediterranean mussei Mytilus galloprovincialis on the exposed low shore than on the sheltered low shore.
However, this is where the similarities ended. @’ values for Mytilus galloprovincialis (not given by Leeb, but
calculated using her L, and K vaiues) were lower at the exposed shore than at the sheltered shore.
Maximum lengths obtained from the iength frequency distributions were higher at the exposed shore than
at the sheltered shore for both the current study (chapter 2) and that of Leeb (1995). Jones and
Demetropoulos (1968) found that the average length of blue mussels Mytilus edulis increased as exposure
increased. As predation on mussels has been shown to decrease with an increase in wave exposure, the
maximum size attained by mussels on sheltered shores may be constrained or regulated by predators
(Menge 1976). In striking contrast to these findings, some authors have noted that maximum sizes were
negatively correlated with wave action (Jergensen 1976). On exposed shores larger individuals may be

dislodged by wave action and never attain their potential maximum length (Griffiths 1981).

134




3. Growth rates

The growth rates of Perna pema obtained in this study are compared with those of other studies (Table
3.30). The lengths attained at one year of age at the three sheltered sites, Mgwalana, Rufanes and Riet
River were considerably lower than those attained in all the other studies. These lengths were the most
comparable to those obtained in a study at Dwesa (Lasiak & Dye 1988). Mussels from Diaz Cross, Kwaai
Hoek and Fish River attained lengths at a year of age that were quite similar to those recorded in previous

studies (Table 3.30).

in comparison to Perna pema’s high growth rate (Table 3.30), the black mussel Choromytilus meridionalis
reached an average of only 20 mm in a year in False Bay (Griffiths 1981). When four different species
were grown under submerged culture conditions at Algoa Bay the average lengths attained in a year were
as follows; Mytilus galloprovincialis - 70 mm, Perna pema - 60 mm, Choromytilus meridionalis - 55 mm and
Aulacomya ater - 35 mm (van Erkom Shurink & Griffiths 1993). Perna permna favours warmer waters and
higher growth rates occur in the warmer Algoa Bay than cooler Saldanha Bay. In contrast, the black mussel
Choromytilus meridionalis and the ribbed mussel Aulacomya ater had higher growth rates in Saldanha Bay
than Algoa Bay (van Erkom Schurink & Griffiths 1993). Although temperature does affect the growth rate of
Perna perna, it's effect within naturally occurring populations is perhaps not as exaggerated as suggested
by van Erkom Schurink and Griffiths (1993), as growth rate tends to fluctuate considerably even at a local
level (Table 3.30). A general growth curve for mussels (Perna perna and Choromytilus meridionalis) along
the South African south coast showed that a one year old musse! attained a length of approximately 32 mm
(Phillips 1994). An important outcome that emérged from all these studies was that growth rates differed
considerably even on a local scale and were strongly influenced by local conditions (Seed 1969b, Amold et

al. 1991).

Mussels on sheltered shores took twice as long as those on exposed shores to reach L. Increased life
expectancy where growth was slower, has also been reported in the blue mussel Mytilus edulis (Jergensen

1976).
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Table 3.30 A comparison of growth rates for Perna perna obtained in this and other studies in South
Africa. All studies used wild populations, with the exception of van Erkom Schurink & Griffiths (1993) who
used mussels from suspended culture. This table was modified from Tomalin (1995).

Author Location Length at 1 year (mm) Method

Van Erkom Schurink & Port Elizabeth 60 Increments

Griffiths (1993)* Saldanha Bay 45-60 Increments

Crawford & Bower (1983)  Storms River 40 Eye

Lasiak & Dye (1989) Dwesa 30-40 Eye

Berry (1978) Peace Cottage 65 ?
Pennington 50 ?

Culverwell (1992) South Ledges 52 Cohort separation
Cape Vidali 46 Cohort separation
Black Rock 51 Cohort separation
Island Rock 49 Cohort separation

Tomalin (1995) Peace Cottage 57.5 ELEFAN |
West Street Peer 57.7 ELEFAN |
Umdoni 46.1 ELEFAN |
Pennington 52.1 ELEFAN |

This study Diaz Cross 42.3&65.9 Mark-recapture & SLCA
Kwaai Hoek 43.28&59.2 Mark-recapture & SLCA
Fish River 357&523 Mark-recapture & SLCA
Mgwalana 17.8 & 20.4 Mark-recapture & SLCA
Rufanes 16.2 & 28.7 Mark-recapture & SLCA
Riet River 182 & 232 Mark-recapture & SLCA
Dz, Kw, Fs (pooled) 41.62 Growth band
Mg, Ru, Ri (pooled) 244 Growth band

* This study was undertaken on subtidal cultured mussels.
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SUMMARY

Growth rates were faster for mussels at the exposed than the sheltered shores.

Growth estimates varied between methods.

The highest estimates of length at one year were made using the SLCA method, followed by growth
band analysis, and the lowest estimates were from the mark-recapture method.

Mussels on exposed shores reached L faster than on sheltered shores.

Longevity of mussels was higher on sheltered shores than on exposed shores.

Wave force had a significant positive correlation with @'

Adult density had a significant negative correlation with @', but this was simply a correlation.

137



4. Mortality

CHAPTER 4

MORTALITY RATES OF PERNA PERNA ON WAVE EXPOSED

AND WAVE SHELTERED SHORES
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1. INTRODUCTION

It has been suggested that mortality is at least as important as growth in the overall dynamics of mussel
production (Dickie et al. 1984). Greater emphasis, however, is usually placed on growth rates than
mortality rates as precise estimates of montality are difficult to obtain. As a resuit, mortality is assumed to
be consistent, irrespective of size, age, and fishing pressure. This could have serious ramifications as the
utilisation of a resource, particularly when size-selective, would change the size and age structure of
breeding stocks and affect the biomass yield (Dickie et al. 1984). This occurs when humans select iarger
mussels (Crawford & Bower 1983, Lasiak & Dye 1989). Mortality has also been shown to vary with size, for
example, in the Danish Wadden Sea mortality of Mytilus edulis decreases as size increases (Theisen 1968

in Theisen 1973) and if ignored age dependent variation could lead to gross miscalculations of monality.

Mortality is regulated by biotic and abiotic factors, including predation, disturbance, competition, settlement
and recruitment (Dayton 1971, Berry 1978, Griffiths & Seiderer 1980, Griffiths & Hockey 1987). Growth
rate and recruitment success will affect these interactions by altering the popuiation size structure. The
most important factors that can limit the survival of settlers and recruits are suitable environmental
conditions, adequate food, ingestion by filter feeders, predation, grazing by herbivores and suitable settling
substrata (Seed 1969b, Bayne 1976, Andre et al. 1993, Branch & Moreno 1994). The extent to which
mortality influences a population is highly variable and depends on the interaction of the above-mentioned
factors. At times the influence of a particular factor may prevail over the influence of all others. On Malgas
Island, off the west coast of South Africa, for example, intense predation by rock lobsters prevents
Choromytilus meridionalis from establishing itself despite suitable physical environmental conditions (Barkai
& Branch 1989). Regulation by predators has been well documented (Lubchenco & Menge 1978, Barkai &
Branch 1989), but is not always the dominant cause of mortality. Storms and wave impact have been
shown to result in extensive mortality, particularly in dense mussel beds (Harger 1970, Harger &
Landenberger 1971). Some populations are capabie of withstanding considerable mortality pressure by
having fast grth rates and high recruitment, for example, Mytilus edulis, where a 60% mortality rate had

no effect on the percentage of mussel cover (Petraitis 1991).

The ability to maintain spatial dominance is the main reason that rnussel beds persist. Intraspecific

competition, although a cause of mortality, is less important in terms of overall bed survival than
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interspecific competition (Griffiths 1981, Bertness & Grosholz 1985). Along the Western Cape, the
Mediterranean mussel, Mytilus galloprovincialis has dominated beds of the ribbed mussel, Aulacomya ater,
by having faster growth and lower mortality rates and it seems also capable of out competing the brown

mussel Perna pema (Griffiths ef al. 1992, Van Erkom Schurink & Griffiths 1993, Phillips 1994).

Mortality can be determined firstly by counting the number of dead organisms, an unsuitable technique in
the intertidal, as wave action rapidly removes dead shells; secondly by using length frequency data, which
becomes difficult as older cohorts merge and thirdly by marking mussels (Seed 1969b, Krebs 1989). The

last two techniques were used to determine mortality in Perna pema in this study.

2 MATERIALS AND METHODS

Mussels sampled for growth analysis over the entire fifteen month period were used to determine annual
total mortality rates (Z). The rate of decrease of relative abundance with age is a reflection of the annual
rate of mortality (Munro 1984). A Von Bertalanffy growth curve of length at age was constructed from
growth at length data (see chapter 3). Overall size distributions at Diaz Cross, Kwaai Hoek, Fish River,
Mgwalana, Rufanes and Riet River were used to generate catch curves for each site (see Pauly 1990). This
was undertaken using FiSAT version 1.10 (Fisheries Stock Assessment Tools) (Gayanilo ef al. 1994) and
required the input of L, and K. These growth parameters were obtained from analyses performed on length
frequency data (Chapter 3). An estimate of mortality (Z) was obtained from the gradient of the catch curve
after excluding the first size class, as it appeared to be under sampled (see Pauly 1990, Pauly et al. 1995)

(Equation 4.1).

Loge (N/AL) = a + bt; Equation 4.1
N = number of organisms in length class i

t = age corresponding to mid-length of each length class

At = the time needed to grow through the length class

b = slope = -Z

a = estimated through regression analysis
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Mortality of the entire size range i.e. total mortality, mortality of juveniles (0.6 month to 6 months) and
mortality of aduits (12 months to mortality) was caiculated for mussels at each site. Three t-tests were
undertaken to determine whether exposure had an effect on total, juvenile and adult mortalities. Total
mortality (Z£) = natural mortality (M) + fishing mortality (C). Using total mortality, the percentage survival
rate per annum was calculated for each site (Equation 4.2). The percentage survivai rates from 18 days to
6 months and from 12 months to mortaiity were also calculated for each site. Estimates of longevity were
obtained for each site (Equation 4.3). Although mussel collecting does occur at some of the sites under
investigation, it is still very light (pers. obs.) and an estimate of longevity was obtained by letting total
mortality (Z) equal natural mortality (M). Lifespan is the age at which 99% of the cohort has died (Alagaraja

1984 in Siegel 1991).
survival rate (%) = e x100 Equation 4.2

Tm = -In(0.01)/My, Equation 4.3

where Tm = longevity and M = natural mortality.

To determine whether a relationship existed between wave force and mortality, a linear correlation was
undertaken using force data from the dynamometers (chapter 1) and total annual mortality rates. A
regression was undertaken to establish whether the juvenile survival rate (0.6 to 6 mnths) was dependent on
adult density (>15 mm). A correlation of the juveﬁile survival rate (%) at each site against the mean aigal
cover (%) at each site was undertaken to determine whether a relationship existed between algal cover and
the survival rate. A linear correlation was also undertaken between the overall growth index (phi prime - @)

(from Chapter 3) at each site and total mortality (Z) at each site.

Attempts to determine survival by marking mussels were unsuccessful. Some mortality, which cannot
assumed to be equal on exposed and sheltered shores, occurred when file-marking mussels. A variety of
paints, dyes and waxes were used to mark mussels at all sites. However, most substances required either
a d& surface on which to adhere to or needed several minutes drying time, conditions which could not
easily be met, particularly on the exposed low shore. Whole dead mussels found in the six weekiy sarﬁples

were examined for holes to determine whether any predation from whelks occurred. Shells are rapidly
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washed away, presumably at varying rates at the different sites, preventing any further comparisons from

being made.

3. RESULTS

The overall length frequencies for the entire sampling period showed that the high juvenile densities at Diaz
Cross and Kwaai Hoek were not reflected in the adult densities at these two sites, indicating mortality of
recruits rather than secondary settliement onto mussels was occurring. Adult densities at Rufanes were high
(5495.m?, chapter 2), possibly as a result of high recruitment and/or low mortality. Figure 4.1 illustrates the
overall size distributions and Figure 4.2 shows the corresponding abundance (In (N; / t-t;)) at age. The
catch curves fitted better at Fish River, Rufanes, Mgwalana and Riet River (mean r° = 94.5 %) than Diaz

Cross and Kwaai Hoek (mean =850 %) (Table 4.1) (Figure 4.2).

Total, juvenile (0.6 to 6 months) and aduit (12 months +) mortality rates were significantly higher at the
exposed shores than at the sheltered shores (Figure 4.3, p<0.05, Table 4.2). Kwaai Hoek had the highest
total and adult mortality rates and Mgwalana had the lowest total, juvenile and adult mortality rates (Figure
4.3 & Table 4.1). The greatest differences in mortality rates between the exposed and sheltered sites
occurred in the juveniles (Figure 4.3). The sites ranked in the same order for the total, juvenile and adult
mortality, with the exception of juvenile mortality at Diaz Cross or Kwaai Hoek which ranked higher or lower
respectively (Figure 4.3). Juvenile mortality was 2-3 times higher than adult mortality at all sites, but the
difference was particularly high at Diaz Cross, Kwaai Hoek and Fish River. A considerably lower mean
total survival rate (16.99 % p.a.) was obtained at the exposed shores than at the sheltered shores (49.94 %

p.a.) (Table 4.3).
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Figure 4.1 Total length frequency distributions for the entire 15 month sampling périod at each site.
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Figure 4.2 Catch curves for each site generated from iength frequency data for the entire 15 month
sampling period. L, and K were obtained from Shepherd’s Length Composition Analysis (chapter 3).
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Table 4.1

4. Mortality

Annual total mortality (all age classes), juvenile mortality (0.6 to 6 months) and adult mortality

rates (12 months +), calculated from total length frequency data obtained over 15 months. The correlation

coefficient for each respective catch curve for each site is included (Equation 4.1).

Site Total mortality (2) r° Juvenile mortality (2) r* Adult mortality (Z) r*
per year per year per year
Dz 1.82 0.91 6.39 0.87 2.31 0.97
Kw 2.12 0.94 6.15 0.83 2.72 0.98
Fs 148 0.98 4.04 0.85 1.67 0.99
Mg 0.51 0.96 2.14 0.97 0.55 0.97
Ru 0.94 0.94 2.52 1.00 0.89 0.99
Ri 074 0.97 2.52 0.99 0.79 0.97
8 - —a—Juwvenile Z
—— Adult Z
‘:— 6- '—.“‘Totalz
3 ]
1]
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N 1
o 4
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Figure 4.3 Juvenile (0.6 to 6 months), adult (12 months to death) and total (all age classes) mortality

rates caiculated from length frequency data for the entire 15 months, using L., and K values generated from

Shepherd’s LLength Composition Analysis (SLCA - chapter 3).

Table 4.2 Three t-tests comparing juvenile, adult and total annual mortality rates at exposed and

sheltered shores.

N t-statistic Significance
Juvenile Z 3 41379 0.0144
Adult Z 3 4.6309 0.0098
Total 2 3 4.8338 0.0084
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Table 4.3 Annual survival and mortality rates of the total population (all age classes). Survival and
mortality rates from 18 days to 6 months and from 12 months to mortality.

Sites Survival (%) Mortality (%)  Survival (%) Mortality (%) Survival (%) Mortality (%)
Total Total Juvenile Juvenile Adult Adult

Dz 16.20 83.80 0.17 99.83 9.93 90.07

Kw 12.00 88.00 0.21 99.79 6.59 93.41

Fs 22.76 77.24 1.76 98.24 18.82 81.18

Mg 60.05 39.95 11.77 88.23 57.69 42.31

Ru 39.06 60.94 8.05 91.95 41.07 58.93

Ri 47.71 52.29 8.05 91.95 45.38 56.62

Mean longevity was higher on the sheltered shores (6.7 years) than the exposed shores (2.6 years) (Table
4 4). Mussels at Diaz Cross and Kwaai Hoek had the shortest lifespan (+ 2 years), followed by Fish River
(x 3 years), Rufanes (+ 5 years), Riet River (+ 6 years) and Mgwalana (+ 9 years). These values are
approximate as individual mussels often have different growth and mortality rates from the mean for the

population and total mortality, not natural mortality was utilised.

Table 4.4 Longevity calculated at six sites using Equation 4.3. Note that the natural mortality (M) inserted
into the equation has been replaced with total mortality (Z) (Z= natural mortality + fishing mortality) as
collecting pressure at these sites was low.

Sites Exposure Longevity (years)
Dz E 2.53
Kw E 217
Fs E 3.1
Mg s 9.03
Ru 8 4.90
Ri S 6.22

No significant correlation existed between total mortality (Z) and wave force (N) (p>0.05, Figure 4.4). The
regression of juvenile survival rate (%) against adult density showed a significant exponential regression (¥ =
74.37%, p<0.05, Figure 4.5). The was a significant negative comelation (© = -0.92, p<0.05) between the
percentage cover of algae and juvenile survival rate (Figure 4.6). There was a significant linear relationship
between the estimates of the growth index (®") and corresponding estimates of total mortality (Z) (p<0.05,

= 0.92) (Figure 4.7).
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Of 96 whole dead mussel shells ranging in size from 5 to 87 mm, drilled holes were found in 26 % (i.e. 25)
of them. Data were sparse and fewer dead shells were found at Diaz Cross and Kwaai Hoek than the other

sites (presumably due to removal by wave action) making any further comparisons unreliable.

25 n=6
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Figure 4.4 Correlation of total mortality (all age classes) against wave force (N).
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Figure 4.5 An exponential regression of the mean adult density (for 11 sampling months) at each site
against the juvenile survival rate (%) at each site.
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12 Mg n=6
10 y=8.9457¢ 00711
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Figure 4.6 Correlation of the mean algal cover (%) on 1m? of mussel bed against juvenile survival rate
(%) at each site.
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Figure 4.7 Linear correlation between total mortality (all age classes) and the growth index, phi prime
from Shepherd’s Length Composition Analysis (SLCA - chapter 3).
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4. DISCUSSION

The most widely used technique to calculate mortality is to use catch curves. These may be constructed
from age data (i.e. directly from bands or rings) or from length-converted catch curves, which may or may
not take seasonality of growth into account. Length-converted catch curves that ignore seasonality, as in
this study, have been shown to overestimate total mortality (Z) (Pauly et. al. 1995), particularly in short-
lived animals with strong seasonal growth (Pauly 1990). Total mortality estimates are dependent on the
accuracy of the method used to obtain L, and K. In this study, estimates of Z ranged from 0.51 to 2.12, and
compared favourably to the estimates (0.42 to 3.70) obtained for Pema perna on the KwaZulu-Natal coast
(South Africa) (Tomalin 1995). A factor which improved the accuracy of estimates of total mortality was that
size-dependent selection did not occur during sampling (i.e. all mussels > 1mm were included) (see Iéaac

1990).

Total (juvenile + adult), juvenile and adult mortalities were significantly higher on the exposed than the
sheltered shores (Figure 4.3 & Table 4.2). Despite this distinct separation, there was no significant
correlation between mortality and wave force. When sites with extremely different wave action were
examined, for example Diaz Cross and Mgwaiana, the trend of higher mortality at higher wave exposures

was more obvious.

Juvenile mortality can be important in influencing mussel population abundance (Gosselin & Qian 1997).
Mortality between 18 days and 6 months of age was high, with a mean mortality rate of 98.29% at the
exposed sites and 90.71% at the sheltered sites (Table 4.2). In a review of juvenile mortality in benthic
marine invertebrates, the pooled survivorship data of 32 species showed an exponential decrease in the
total percentage of survivors from the first days until by four months virtually all cohorts were reduced to <
20% of their initial numbers (Gosselin & Qian 1997). Mortality of juvenile marine invertebrates may exceed
98.6% (Bayne 1976, Thorson 1966 in Gosselin & Qian 1997). After the first year, the mean annual mortality
of Mytilus edulis in Morecambe Bay (Wales) was 96.6% (Dare 1976). In the present study on Pema pemna,
juvenile mortality rates would have been even higher had séttlers <1 mm been included, as juvenile

mortalities have been shown to exceed 30% on the first day (Gosselin & Qian 1997).

Petersen (1984) suggested that the holes and crevices in both algae and the mussel bed protect juveniles
from wave action to some extent. This implies that wave action can be detrimental to juveniles, and may be

the reason for higher juvenile mortality on the wave exposed shores. Higher juvenile survival rate was also
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evident at sites with higher adult densities, possibly due to increased refuge (Figure 4.5). Once juveniles
are amongst byssal threads, mortality can still occur as the small mussels are unable to successfully
compete with the adults (Seed 1969b). The low juvenile mortality rate at Fish River compared to the other
two exposed sites (Figure 4.3), could be a result of increased protection of recruits due to the multi-layering
of mussels noted at this site (see Alvarado & Castilla 1996). The strong negative correlation between algal
cover and juvenile survival rate (Figure 4.6), indicated that algae may have a detrimental effect on recruit
survival. Algal cover and exposure are confounded (i.e. algal cover varies with exposure) and their effects
cannot be separated in this study. Mortality couid not be calculated separately for juveniles on the mussel
bed and on algae, making it impossible to establish whether the recruits on these substrata had differing
mortality rates. As the species of algae at Rufanes (Gelidium) differed from that found at the three exposed sites
(coralline), it was difficult to ascertain whether the higher juvenile survival rate at Rufanes was a reflection of
decreased wave exposure, substratum or some other factor. Gelfidium has a very different structure from foliose
coralline algae (Branch ef al. 1994) and this combined with decreased wave impact may have increased chances
of recruit survival. Theisen (1973) has proposed that spat settling on algae may loosen as they grow. This
provides support for the theory that recruits on algae grow until they are swept off by wave action (see

Chapter 2).

Very high settlement/recruitment is uncommon for Perna perna in South Africa (Berry 1978), but when it
does occur the adult mussel beds can be negatively affected. Mass settlement of juveniles can choke
underlying mussels causing them to loosen and be removed by wave action as recorded for Mytilus edulis

in Filey bay by Seed (1969b).

Mean adult mortality (12 mnths to mortality) was higher for exposed shore mussels (88.22%.) than
sheltered shore mussels (52.62%) (Figure 4.3 & Table 4.2). Griffiths (1981) suggested that groups of larger
Choromytilus meridionalis individuals may be dislodged by wave action. Drag, according to Jones and
Demetropoulos (1968) probably represents one of the greatest hazards to life on shore. Fouling by aigae
may increase the drag and therefore increase the chance of mussels being removed by wave action
(Dayton 1973, Witman & Suchanek 1984). As the maximum mussel lengths at the exposed sites were
significantly higher than at the sheltered sites (Figure 2.10), dislodgement by wave action may be

responsible for the higher adult mortality rate at the exposed sites, paniculaﬂy at Diaz Cross and Kwaai
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Hoek, where mussels.had a high cover of foliose coralline algae. According to Griffiths (1981) density may

then be expected to decline with increasing shell iength, as was indeed the case in this study (Figure 2.12).

The mean total (juvenile + adult) mortality rate of mussels was higher on the exposed shore (83.01% p.a.)
than the sheltered shore (51.06% p.a.) (Figure 4.3 & Table 4.2). Phillips (1994), by following the density of
a cohort over time, showed that for Perna perna higher up the shore on the east Cape coast, only 17-29%
of the cohort survived to maturity (i.e. 71-83% mortality). An annual mortality rate of 74% was calculated
for Permna picta on the Moroccan coast (Shafee 1992). Considerably higher annual mortality rates (95-
100%) than those in the present study have been observed for Mytilus edulis at Morecambe Bay (Wales),
where few mussels survive to their third year (Dare 1976). In contrast, mortality rates of cultured Mytilus

edulis in Scottish sea lochs were as low as 6 to 7% a year (Stirling & Okumus 1994).

On both shore types, juvenile mortality was higher than adult mortality (Figure 4.3, Table 4.1). This has also
been noted for Mytilus edulis cultured in the White sea, where maximum mortality occurred during the first
year of settiement (Sukhotin & Kulakowski 1992). This decrease in mortality rate as size increases is known
as Lee’s phenomenon (Lee 1912, in Theisen 1973). Although the mortality rate can dramatically increase in
older mussels (Ceccherelli & Rossi 1984, Mallet ef.al. 1987b), this was not evident in Pema pema in this

study.

The significant positive correlation between the estimate of mortality and the growth index (Figure 4.7) has
also been noted for Perna pema in KwaZulu-Natal (Tomalin 1995). This relationship may be real or an
artefact of the estimation method (Tomalin 1995). Mortality rates proportional to growth rates were
documen.ted for Choromytilus meridionalis occurring off the south west coast of South Africa (Griffiths &
Hockey 1987). This pattern is not reflected among species. A study by Van Erkom Schurink and Griffiths
(1993) showed that Mytilus galloprovincialis had both the highest growth and survival rates, followed by

Pemna perna, Choromytilus meridionalis and Aulacomya ater.

Growth may offset the effects of mortality, as small mussels (Mytilus edulis) can double their length in a
year, which is sufficient to withstand 60% monrtality per year without an increase in free space (Petraitis
1995). This appears to be the pattern in this study, where mussels with higher mortality rates had faster

growth rates and maintained 100% cover despite differences in size and density (Chapters 2 & 3). As both
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growth and mortality are size-specific, a point will be reached at which growth no longer offsets mortality
(Petraitis 1995).

Where brown mussels form part of subsistence utilisation, for example along the former Transkei coast,
South Africa, collection pressure is considerably higher than in other areas (Lasiak 1991). Lasiak (1991) has
shown that, for subsistence use, harvesting is indiscriminate and mussels are only sorted after removal
from the rocks. In contrast, montality caused by casual collecting is usually size selective as larger mussels
are favoured (Siegfried et. al. 1985, Hockey & Bosman 1986). Removing individual mussels as opposed to
clearing patches is less damaging, because natural mortality caused by intra-specific competition for space
is high anyway as mussels undergo “self-thinning” (Griffiths & Hockey 1987, Hughes & Griffiths 1988). The
disadvantage of size selection, is that the larger mussels are also the most fecund (Berry 1978, Dye et al.
1994). Spatial competition particularly due to fast growth leads to loss of mussels (Seed 1969b).
Hummocking of mussels may occur as a result of space limitation and mussels in the middie of the clump
become detached and torm away by wave action (Seed 1969b, Harger & Landenberger 1971, Seed 1976,
Griffiths 1981, Paine & Levin 1981). In some regions of the worid the removal of a clump of mussels sets
in motion a ripple process whereby surrounding mussels are removed as a mat. This results in high
mortality and patch formation (Dayton 1971). In dense beds where mussels are attached to each other
rather than the substratum, mortality from storms is high (Harger & Landenberger 1971). As mussel beds
along the south coast of South Africa are rarely dense and multi-layered, mortality at this scale is unlikely to
occur (pers. obs.). Intraspecific competition can also result in overcrowding and a resultant decrease in

food availability and growth (Bertness & Grosholz 1985, Kautsky 1982).

Mortality by predation can markedly influence the population structure. Predation pressure early in life may
determine whether energy is channelled into somatic growth, as occurs in juvenile horse mussels, Modiolus
modiolus (Seed & Brown 1978), or into reproduction, as occurs in the cockle, Cerastoderma edule (Seed &
Brown 1978). In New Zealand, once Perna canaliculus has reached a size large enough to escape
consumption by the sea star, they may persist for 30 years (Paine ef. al. 1985). in Mytilus edulis and Mytilus
californianus the combination of sheitered conditions and the absence of predation resulted in mussels
reaching lengths of 150 and 300 mm respectively (Harger 1970). Low shore populations of marked Mytilus
edulis had particularly heavy mortality due to predation and rarely reached 3 years of age. However, on the

higher shore, mussels reached 17-20 years of age (Seed 1969b). In this study 26% of the dead Pema
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pema shells, found on exposed and sheltered shores had been drilled by whelks, which possibly led to their
death or a decrease in condition resulting in an inability to remain firmly attached to the substratum. Whelks
Nucella cingulatai have been shown to cause a greater number of fatalities in small (mean of 44 mm) than
in large mussels (mean of 60.5 mm) (Griffiths & Blaine 1994). If no vital organs are damaged in the
attacks, mussels are able to repair the nacreous material (Griffiths & Blaine 1994). Drilling whelks, Thais
lapillus are important predators of Mytilus edulis and are most abundant on the low shore (Seed 1969b,
Edwards ef. al. 1982, Seed 1993). Low shores exposed to heavy wave action, in contrast, have fewer
predators and as a result predators seldom constrain mussel size on these shores (Lubchenco & Menge
1978, Seed 1993). In theory this would mean that the higher mortality rates noted at the exposed shores

(Figure 4.3) were not a result of increased predation.

Most studies on mussel mortality in South Africa have been undertaken on Choromytilus meridionalis and
Aulacomya ater on the west coast (Pollock 1979, Griffiths & Seiderer 1980, Griffiths 1981). Potential
predators identified for mussels include, rock lobsters (Jasus lalandii), gastropods (Natica tecta & Nucella
cingulata), kelp gulls (Larus dominicanusl) oystercatchers (Haematopus moquini), musselcrackers
(Sparadon durbanensis) (Griffiths 1981, Meire 1993) and the octopus, Octopus vulgaris (Smale & Buchan
1981, McQuaid 1994). The blue-green alga, Mastigocoleus sp. which burrows into and weakens shells has
been recorded in Perna perna, Choromytilus meridionalis and Mytilus galloprovincialis (Webb & Korriibel
1994). Once weakened by borers, shells are more susceptible to wave action and predation (Baxter 1984).
Along the south coast of South Africa, mussels higher up the shore tended to show more damage by borers
than low shore mussels (Kaehler pers. comm., pers. obs.). Boring sponges Cliona celata and polychaetes,
Polydora sp. have been found to cause minor damage on abalone, Haliotis tuberculata and potentially may

damage mussels (Clavier 1992).

Mortality may occur by silting or recruit smothering, both factors which would aiso prevent feeding (Seed
1976, Daly & Mathieson 1977, Suchanek 1985, Van Erkom Schurink & Griffiths i993). Sand deposition did
not readily occur on exposed shores in this study. Sand movement was only noted at two of the sheltered
sites, namely, Rufanes and Mgwalana. Perna perna appears able to tolerate sand -inundation for at least a
month without mortality occurring (Harris pers. com.). However, mass mortality due to sand burial has been
observed and may in fact limit the distribution of mussels in sheltered areas prone to sand inundation

(Marshall & McQuaid 1993, pers. obs.).
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Mussels at the exposed sites had lower lifespans than those at the sheltered sites, but they were of a larger
mean size because of higher growth rates (see chapter 2 & 3). Longevity may decrease with an increase in
growth rate as mussels attain their size limit faster (Seed 1969b, Bayne 1976). Mytilus edulis higher up the
shore can live to 17-20 years, whereas low shore (sheltered) predators prevent long-lived populations
(Seed 1969b). Faster growing Mytilus edulis (35 mm at one year) are frequently short-lived (3 years) (Dare
1976) whereas those with slower growth rates may reach 15-20 years (Seed 1969b). Berry (1978) also
suggests that under unfavourable conditions with slow growth, longevity of Perna perna may be longer than

three years.

Due to variability in individual growth and mortality rates, marking mussels wouid probably give a more
accurate measure of mortality than length-converted catch curves. Over-exploitation is a real problem in

parts of South Africa and utilisation is likely to increase along the south coast.

In conclusion, higher total, juvenile and adult mortalities were observed at the exposed shores than at the
sheltered shores. At the exposed shores this could have been a result of increased physical removal of
juveniles and adults by wave action and/or increased juvenile mortality due to lower adult densities (less
protection). Furthermore, the presence of algae, which is affected by wave action, may decrease juvenile

survival rate. Wave exposure therefore has an important effect on the monrtality rate of Perna perna.

SUMMARY

+ Mortality rates were significantly higher for total, juvenile and adult mussels on the exposed than the shelterec

shores.
e There was no significant correlation between total mortality (Z) and wave force (N).
o There was a significant exponential regression for juvenile survival rate against adult density.
+ There was a significant linear relationship between the estimates of the growth index (@’) and total mortality (Z).

s The lifespan for mussels on the exposed shores was shorter (2 to 3 years) than for those on the sheltered shore:
(5 to 9 years).
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CHAPTER 5

GENERAL DISCUSSION AND SYNTHESIS
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GENERAL. DISCUSSION AND SYNTHESIS

Space is a potentially limiting resource (Dayton 1971), central to the survival of mussels specifically, and sessile
organisms in general. Unlike some mussel species, eg. Mytilus californianus (Dayton 1971), Pema perna is not a
competitive dominant and when removed may be replaced by coralline algae which could dominate for several
years (Lambert & Steinke 1986). The way in which space is utilised by mussels is determined by the balance
between recruitment, size, density, growth and mortality (Petraitis 1995). It is usually assumed that high
recruitment and low mortality enable individuals of a single species to occupy large areas (Dayton 1971, Paine
1976), however as will later be established these are not the only ways. As mussel beds form part of the larger
intertidal community in which energy pathways are the lifeblood, biomass becomes important both as a source
(prey) and sink (filter feeder). Within the individual, energy may be channelied into either reproductive or somatic

growth (Seed & Brown 1978).

Connell (1985) noted that certain sites showed consistent ranking in recruitment over time and ascribed this to the
interaction of local physical conditions at a site, such as, cumrents, wave action, substratum and tidal height. If
applied to this study, the higher adult densities at Rufanes may be explained by local conditions regularly resuiting
in high recruitment and higher juvenile and adult survival rates. However, even where settlement and
recruitment have shown predictable annual trends, occasional massive settlements have occurred (Berry 1978,

Suchanek 1978).

Early recruitment occumred at the exposed and sheltered sites throughout the year, peaking significantly from
January to May (Table 5.1). There was no apparent relationship between the percentage cover of algae and the
density of recruits. When algal cover was standardised to 100% cover, it was revealed that recruit density was
significantly higher on algae than on mussels (Table 5.1). Recruit density (1-15 mm) at the exposed shores, which
had greater algal cover, was significantly higher than at the sheltered shores (Table 5.1). However, high juvenile
mortality appeared to override the advantages of high recruit density, particularly on the exposed shores. Mean
survival rate of juvenile musseis (from 0.6 to 6 months).was higher at the sheltered shores (9.29%) than the
exposed shores (0.71%). Due to this high mortality rate, the density of juveniles entering into the adult population
was actually less on the exposed than the sheitered shores, despite the initial higher density of recruits in the
former. The number of juveniles adding to spatial occupation therefore seems to be more dependent on juvenile

mortality than on initial recruit density (Figure 5.1).
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Early juvenile mortality has been shown to influence population abundance in a number of marine invertebrates

(Gosselin & Qian 1997).

The different environmental conditions under which the populations on the exposed and sheltered shores exist
means that energy is partitioned in different ways (McQuaid & Branch 1985). Mussels on the sheltered shores
put less energy into growth than those at the exposed shores, and therefore had slower growth rates. Whether
there was a trade-off between growth and reproduction as has been noted in the cockle, Cerastoderma edule
(Seed & Brown 1978). More likely, the lower growth rate was a result of less food availability, decreased feeding
times or greater aerial exposure (Jargensen 1976), and a reflection of an induced condition rather than
partitioning of energy. The high growth rates on the exposed shores enable individuals to procure space rapidly.
Within the first year of growth, mussels on the exposed shores attained lengths twice those obtained on the
sheltered shores. Despite the higher adult mortality rate at the exposed sites in the present study, approximately
100% spatial cover was maintained by faster growth and larger individuals (Table 5.1, Figure 5.1). An increase in
growth rates also resulted in an increase in biomass (Figure 5.1). Similarly, Mytilus edulis has been known to use

growth to offset the effects of mortality (Petraitis 1995).

Growth was negatively comrelated with density (p<0.05), a finding previously noted for Choromytilus meridionalis
(Hughes & Giriffiths 1988) and for the clam, Mercenaria mercenaria (Peterson & Beal 1989). Adult density was
significantly higher at the sheltered sites than the exposed sites (Table 5.1 & Figure 5.1). The covariation of body
size and density is important for maintaining spatial dominance by sessile invertebrates (Petraitis 1995). The
same space occupancy can be achieved by having higher packing densities and smaller individuals, as was
found at the sheltered shore; or lower packing density and larger individuals, as occurred on the exposed shore
(Table 5.1 & Figure 5.1). In terms of biomass, a trade-off between density and size occurs (Figure 5.1). Larger
mussels are in tum associated with higher gonadal output which may/may not have a feedback effect depending

on whether larval dispersal is local or further afield (Figure 5.1) (Branch 1975, Benry 1978).

Mortality causes loss of biomass and freeing of space. Space created by mortality may be filled by mussels
leaning over and lateral movement of surrounding mussels, growth of smaller individuals, or settiement (Connell
& Slatyer 1977, Suchanek 1978, Paine & lLevin 1981, Tokeshi & Romero 1995). If the latter is the case, juvénile

survival and growth rate will determine how rapidly the space is filled. Available space may be utilised by other
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organisms eg. limpets and chitons which, through continual grazing, keep patches free of sessile organisms
(Dayton 1971, Suchanek 1978). The removal of individual mussels or small rather than large patches, resulted in
faster recovery rate of the mussel bed (pers. obs.), a finding which has been widely documented (Paine & Levin
1981, Sousa 1984 in Sousa 1985, Lambert & Steinke 1986). Griffiths & Hockey (1987) have suggested that, as
natural mortality caused by intraspecific competition for space is high, predatory losses (or limited exploitation by
humans) would simply reduce the intensity of competition. Over-exploitation leads to a decrease in the adult
reproductive stock and a decline in suitable habitats for settlement and subsequent refuge for recruits (Branch
1975, Bertness ef. al. 1991, Miron ef. al. 1995) . A multitude of other factors contribute to the rate of mussel bed
recovery: the type of disturbance, size of disturbed patch, disturbance season, height on shore, thickness of
mussel bed and larval recruitment (Suchanek 1978, Paine & Levin 1981, Sousa 1985, Tokeshi & Romero 1995).
Intervals between successive disturbances have been shown to be longer at less exposed sites (Paine & Levin
1981). Exposed sites have been shown to exhibit faster recovery after disturbance than sheitered sites (Suchanek
1985). The stable points of exposed and sheltered mussel communities may differ in their resistance and
response to perturbations (Connell & Slatyer 1977) . As a resuilt, the same disturbance may, for example, drive

one population to extinction whereas the other may find an altemative stable state (Sutherland 1974).

Due to greater longevity, the slower tumover rate on sheltered shores probably means that space availability
occurs less frequently than on exposed shores where longevity is shorter (Table 5.1). A faster tumover rate of
individuals within a productive mussel bed where growth is rapid and critical size is reached quickly, has been
predicted by Petraitis (1995). The slower growth rate coupled with high longevity and low mortality of sheltered
mussels produced populations which exhibit characteristics typical of a K population. In contrast, mussels on the
exposed shores had higher growth rate, lower longevity and higher mortality, resembling an r population. These
characteristics are perhaps better termed “induced r and K" life histories as they are a product of physical and
biological conditions of the environment (see Widdows et. al. 1984). The important influence of site has been
clearly shown by the increased growth rates achieved by Mytilus edulis when transplanted from less to more

favourable habitats (Seed 1968, Mallet et. al. 1987a).
Taking lengths (mean and maximum), density, growth rates and mortality into account, the six sites selected for
this study have clearly separated into two broad categories, namely Diaz Cross, Kwaai Hoek and Fish River; and

Mgwalana, Rufanes and Riet River. This separation was likely a direct or indirect reflection of wave exposure. it is
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acknowledged that this alone is not sufficient evidence to prove that the characteristics noted were a result of
wave exposure, as another factor may produce the same effects. In conclusion, wave action may affect mussels
indirectly or directly in every stage of the life-cycle, from larval distribution, settlement intensity, post-settiement
mortality, recruitment, growth, densities, biomass, mean and maximum lengths to adult mortality, recovery after
disturbance and longevity. The effects of wave exposure can shape a population and thereby indirectly influence

the entire community of grazers, algae, invertebrates and predators.

Table 5.1  Synthesis of results for the exposed and sheltered shores. nsa = not statistically analysed.

FACTORS EXPOSED SHELTERED P
Recruitment timing (1-5 mm) Same January-April Same January-April p>0.05
Recruit density (1-15 mm) Higher  5896.m> Lower 2986.m™ p<0.05
Juvenile mortality Higher 99.29% Lower 90.71% nsa
Aduit density (>15 mm) Lower 3348.m” Higher 4796.m" p<0.05
Adult mean length Higher 52.94 mm Lower 41.59 mm p<0.05
Adult maximum length Higher 93.62 mm Lower 75.48 mm p<0.05
Biomass Similar 1156 g.m> Similar 1199 g.m? p>0.05

Growth rate -mark recapture  Faster 40.40 mm at 1 year Slower 14.41 mm at 1 year p<0.05

-bands Faster 41.62 mm at 1 year Slower 2440 mm at 1 year p<0.05

-SLCA Faster 59.16 mm at 1 year Slower 27.40 mm at 1 year p<0.05
Adult mortality Higher 88.22% Lower 51.95% p<0.05
Total mortality Higher 83.01% Lower 51.06% p<0.05
Longevity Shorter 2.6 years Longer 6.7 years nsa
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Explanation of the diagrammatic synthesis (Figure 5.1)

In a mussel bed, space is a limiting resource without which mussels cannot survive. Various aspects of
popﬁlation dynamics serve to increase and decrease the biomass that is present in this space. Beginning at
the top of Figure 5.1, recruitment is higher on exposed than sheltered shores, possibly due to wave
exposure and an interaction with algae. However, juvenile mortality on the exposed shores is considerably
higher than on the sheltered shores, resuiting in fewer juveniles being available to enter the aduit
population. These surviving juveniles will increase space usage and biomass. Working in a clock-wise
direction, adult mortality results in a loss of biomass from the system and at the same time space becomes
available. Density increases biomass and takes up space, while interacting with size and growth. Growth,
which is higher on the exposed shores, increases biomass and increases space occupancy (i.e. decreases
free space), and interacts with size and density. The size of a mussel will determine how much space
occupancy will be increased. Finally, the maximum sized mussels will also lead to an increase in biomass
and spatial dominance, as well as being more fecund. Mortality rates may also be influenced by the size

and density of the mussels.
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Figure 5.1 Synthesis of results showing the interaction of various factors and how they ultimately affect

space and biomass.
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