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ABSTRACT. Environmental variables, and summer and winter particulate concentrations in the water 
column of a kelp bed in an upwelling region on the western Cape coast of South Africa, were measured 
daily to assess short-term fluctuations. There were significant differences between the summer and 
winter upwelling index, water temperature and wave height. Summer part~culate carbon and nitrogen 
concentrations of 533 11g 1-' and 66 pg 1-' respectively were lower than winter levels of 764 pg C 1-' and 
79 pg N 1-'. However, summer upwelling events did not reduce particulate carbon and nitrogen to the 
very low levels that might be expected from previous studies of chlorophyll concentrations in the kelp 
bed. Large waves resulted in C:N ratios that were significantly hlgher in winter than in summer @ 
< 0.01), and during continuous winter downwelling, a large proportion of the particulate material in the 
water column was of macrophyte rather than phytoplankton origin. In summer the carbon and nitrogen 
load was most highly correlated with temperature, while wind and wave size were the most important 
factors affecting particulate concentrations in winter. Mean particulate organic concentrations were 380 
big C I-' and 43 pg N I - '  and these compare weU with concentrations of 301 k~g C 1-' and 4 1  pg N 1-'  
estimated from previous primary production studies. The estimated carbon demands of Choromytilus 
meridjonalis and Aulacomya ater, 2 mussels that commonly occur in kelp beds on the west coast, could 
be met in winter and summer by the particulate organic component in the kelp bed water column. 
Particulate nitrogen resources probably meet most of the nitrogen requirements of the 2 mussels. 

INTRODUCTION 

The past decade has seen considerable research 
effort aimed at understanding the ecology of kelp bed 
systems, such as those on the west coast of South 
Africa. This work has been recently reviewed by 
Branch & Griffiths (1988). Many of the data describing 
kelp bed communities were compiled for Oudekraal 
(33O59'S. 18O21' E), a typical kelp bed system on the 
west coast of the Cape peninsula, South Africa, where 
an upwelling plume is a semi-permanent feature of the 
area dunng summer. 

Newel1 & Field (1983) concluded that the kelp bed 
consumer community depends on the utilization of 
carbon from phytoplankton and macrophyte detrital 
particles rather than via decomposer organisms, which 
could contribute only 9 % of the estimated carbon 
requirements. They calculated that kelp detrital 
material and phytoplankton could meet 87.6 O/O of the 
estimated nitrogen requirements of the consumer 
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organisms. Estimates of carbon and nitrogen resources 
available to the consumers were obtained indirectly 
from measurements of primary produchon and C :N 
ratios of macrophytes and phytoplankton in the system 
(Newel1 et  al. 1982, Newel1 & Field 1983). 

However, these may not be realistic estimates of the 
particulate food resources available to filter feeders. 
The system is subjected to pulses of upwelling gener- 
ated by strong southeasterly winds in the spring and 
summer, followed by periods of downwelling (Andrews 
& Cram 1969, Andrews & Hutchings 1980, Field et al. 
1980), which can result in rapid export and import of 
organic material and nutrients. Thus although phyto- 
plankton and macrophyte production in the kelp bed 
can be  measured, during conditions of upwelling and 
export, the particulate organic load in the water column 
may be  too low to sustain filter feeders, while during 
downwelling and the import of organic material from 
the offshore region, the particulate load may be much 
higher than would be expected from production 
studies. Since the upwelling season lasts ca 8 mo of the 
year (Wulff & Field 1983), it is possible that filter feed- 
ing organisms are nutritionally stressed by low levels of 
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particulate material in the water column, in spite of 
very high primary production rates recorded in the area 
(Dieckmann 1980. Borchers & Field 1981. Carter 1982). 
Furthermore, Carter (1982) expressed reservations 
about annual phytoplankton production estimates 
because of the accumulated errors in extrapolating 
daily and seasonal rates to annual rates in such a 
variable system. Brown & Field (1985) described large- 
scale die1 fluctuations in phytoplankton productivity 
over 4 d periods at different times of the year. 

Previous measurements of the concentrations of par- 
ticulate material present in the kelp bed water column 
(Field e t  al. 1980, Stuart 1982, Stuart & Klumpp 1984, 
Seiderer & Newel1 1985), which might provide a better 
indication of the food available to filter feeders in the 
system, have generally been carried out over short 
periods and at widely spaced intervals. In view of this, 
an  intensive sampling programme was carried out for 
2 mo in summer and 1 mo in winter, in order to 
characterize short-term fluctuations in a highly vari- 
able system. The object of this study was to determine 
the effect of physical parameters on particulate load in 
the water column, to assess the particulate carbon and 
nitrogen resources available to the filter feeding com- 
munity in a kelp bed system, and to determine whether 
these food resources balanced the requirements of 
2 mussel species that commonly occur in kelp beds on 
the western Cape coast. A comparison could then be 
made between food resources estimated from primary 
production studies and those actually measured in the 
water column. 

MATERIALS AND METHODS 

Sampling procedure: particulate carbon and nitro- 
gen. Water samples were collected daily a t  08:OO h 
from the shore at Oudekraal for 52 d in November/ 
December 1984, which is defined as the main spring/ 
summer upwelling season (Andrews & Hutchings 
1980), and 31 d in June/July 1985 (winter). The water 
was prefiltered with a 200 Km mesh, and a measured 
volume of between 100 and 900 ml, depending on 
particulate load, was immediately filtered through a 
pre-ashed (400 "C for 6 h) 25 mm Whatman GF/F filter 
by gentle hand-pump filtration. Filters were oven-dried 
at 50°C for 3 d and combusted in a Heraeus CHN- 
Mikro Universal combustion analyser calibrated with 
cyclohexanone (Monar 1972). Unused, pre-ashed filters 
were analysed as carbon and nitrogen blanks. The net 
carbon and nitrogen values for each filter paper were 
expressed as pg 1-' 

Environmental parameters. At the time of sample 
collection sea temperature was measured and a visual 
estimate made of swell height. Average daily wind 

speed and direction at a height 10 m above the sea 
surface were obtained from the Koeberg weather sta- 
tion about 10 km north of the sample site. The long- 
shore wind component was calculated according to the 
upwelling Index, Vt = U (Cos B - 160), where U = 

wind speed, 0 = wind direction, and 160 is the orienta- 
tion of the Cape west coast (Jury 1980). These were 
plotted on a scale of + l 0  to -10 where 0 represents the 
boundary between upwelling (+) and downwelling 
( - ) .  Multlple stepwise correlation analysis was per- 
formed using Statpro (Wadworths), to assess the influ- 
ence of temperature, wind and swell on particulate 
carbon and nitrogen levels in the water column. Analy- 
sis was terminated when no additional variable was 
correlated below the 0.05 significance level. 

C:N ratios. To calculate ambient C:N ratios for sus- 
pended particles, the material accumulating on the 
0.45 pm intake filter of the Sea Fisheries Research 
Institute aquarium pump, which draws water from the 
inshore edge at a point 5 km north of Oudekraal, was 
backwashed into a container, filtered through a 200 
pm mesh and the contents centrifuged (7000 X g for 
15 min) to precipitate organic matter. The precipitate 
was lyophilized and 3 weighed samples were com- 
busted in the CHN analyser. This procedure was repe- 
ated twice in summer and once in winter. This 
material was considered to be  a mixture of phyto- 
plankton and detritus. During the summer sampling, 
tips of mature kelp fronds were lyophilized, pooled, 
pulverized and 3 weighed samples were subjected to 
CHN analysis. 

RESULTS AND DISCUSSION 

Summer and winter means of all the variables meas- 
ured are summarized in Table 1. 

Temperature and wind 

The upwelling index shows that during summer, the 
Oudekraal area was charactenzed by strong southeast- 
erly winds over periods of ca 5 d ,  whlch caused pulsed 
upwelling of cold water into the system (Fig. 1A. B, 
hatched areas). The drop in sea temperature generally 
lagged the wind factor by l d. When southerly winds 
relaxed or changed to onshore northerly/northwesterly 
wlnds, stabilization of the water column or downwelling 
occurred, accompanied by a rise in water temperature. 
In winter, onshore northerly winds prevailed, little 
upwelling occurred and sea temperatures remained 
fairly stable. This conforms with the findings of Andrews 
& Hutchings (1980), Dieckmann (1980), Field et al. 
(19801, Carter (1982), and Brown & Field (1985, 1986). 
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Table 1 Summary of summer and winter means of all vanables measured. Significant seasonal differences are also shown 

Variable Summer ( 2  SD) 

Temperature ("C) 12.1 ( 5  1.7) 
Wind (Upwelling Index) 2.45 (1- 3.76) 
Swell height (m) 0.49 (i 0.66) 
Carbon ({(g 1-') 533 ( r 242) 
Nitrogen (pg I-') 66 (+29)  
C : N rat10 8.14 ( +  1.6) 

Winter (_ t  SD) Significant 
difference (t-test) 

+ (piO.01) 
+ (piO.01) 
+ @<0.01) 
+ @<0.01) 
- (p >0.05) 
+ ( p < O . O l )  

The second pulse of upwelling (Days 11 to 16) was 
not strongly marked by a temperature drop because of 
solar heating of the water, but high nitrate concen- 
trations recorded in water samples taken during this 
period indicated that upwelling had occurred (Muir 
1986). Although the prevailing winds were northwest- 
erly in winter, on Days 6 to 8 strong southeasterly 
winds blew and a sharp drop in temperature occurred 
(Fig. lA, B). Thus during both study periods sea tem- 
peratures were closely associated with the wind 
regime. Mean sea temperatures were significantly 
lower in summer than in winter (Table 1, t-test, p < 0.01). 

Wave action 

Strong northwesterly winds generated large swells 
(Fig. lA, C)  producing considerable turbulence in the 
inshore area. The largest swells recorded during the 
sampling period were 3.5 m, although heights of 5 to 
7 m have been recorded by Velimirov et  al. (1977) and 
Field et  al. (1980). In summer wave action was much 
reduced, and long periods of calm seas occurred (Fig. 
lC) ,  although even in summer, northwesterly winds 
rapidly increased swell size (see Days 3 to 4, 25 to 26, 
34 to 37 and 49 to 53 in Fig. lA, C).  Mean winter swell 
height was significantly greater than that of summer 
(Table 1, t-test, p < 0.01). 

Particulate load 

Previous studies have shown that particulate and 
chlorophyll concentrations decline to very low levels 
during upwelling when offshore winds move surface 
waters away from the coast (Field et  al. 1980, Carter 
1982, Brown 1984, Brown & Field 1986). These data 
were calculated from water samples taken at the outer 
edge of the Oudekraal kelp beds. Fig. ID,  E shows that, 
at the inshore edge during the main upwelling season, 
even though strong southeasterly winds blew at regu- 
lar intervals (Fig. lA) ,  levels of particulate carbon and 
nitrogen in the water column, although lower in sum- 

mer than in winter (Table l), did not decline to the low 
levels reported slightly further offshore. Mean summer 
chlorophyll a concentration was 1.64 pg 1-' (Fielding 
1987) and was seldom reduced to the very low values 
recorded offshore in newly upwelled water (Andrews & 
Hutchings 1980, Barlow 1982, Brown & Field 1986, 
Lucas et  al. 1986). In the inshore region, because of the 
sheltering effect of the mountainous Cape Peninsula 
and increasing bottom drag, rates of upwelling are 
lower than further offshore (Andrews & Hutchings 
1980), and the southeasterly summer winds may there- 
fore not be  overridingly important in regulating the 
food available to inshore primary consumers. Field et  
al. (1980) have shown that during upwelling, currents 
in the water column were offshore at the surface and 
onshore on the bottom, and bottom currents reached 
speeds of 10 cm S- '  or more during active upwelling. 
These onshore bottom currents may resuspend enough 
material to maintain particulate carbon and nitrogen 
levels in the nearshore water column (Fig. ID, E). 

It has also been stated (Field et  al. 1980, Newel1 et  al. 
1982) that there is a large export of organic matter by 
wind-driven water currents in the upwelling season 
during rough weather, because of the fragmentation of 
kelp and the resuspension of bottom material. Fig. 1C 
demonstrates that in the 1984/1985 upwelling season, 
large waves were not a common phenomenon, and on 
only 3 d out of 54 was the swell height > 2 m. Thus the 
importance of resuspension and export of organic mat- 
ter by the combined action of waves and offshore winds 
should not be overestimated in the context of kelp bed 
dynamics. In winter, onshore winds may result in a net 
import of offshore detritus and phytoplankton to the 
inshore region but, more importantly, the large swells 
generated by these winds greatly increase kelp plant 
erosion and destruction, as  well as  the resuspension of 
particles that have sunk to the sea bed (Field et  al. 1980). 

Carbon 

With the import of detrital/phytoplankton particles 
by onshore winds and the increased erosion and des- 
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Fig. 1. Summer (M) and 
winter (+--A) variables in 
the kelp bed at Oudekraal 
Cape Peninsula, South Af- 
rica. Hatched areas indi- 
cate periods of southeaster- 
ly winds which cause up- 
welling of cold water. The 
upwelling index is the rela- 
tionship between wind 
speed, direction, and the 
orientation of the coastline 
(see 'Matenals and 
methods'). Limiting line is 
the particulate concen- 
tration above which kelp 
bed filter feeders are able 
to malntaln a positive ener- 

gy balance 

truction of kelp by strong wave action, higher particu- Newel1 (1985) (307 to 450 pg C 1-l). Stepwise multiple 
late carbon levels might be expected in winter than in correlation analysis showed that summer particulate 
summer, and this was shown to occur (Fig. ID).  The carbon concentrations were correlated with wind and 
seasonal difference in particulate carbon concen- temperature, whereas in winter, wind and swell were 
trations (Table 1) was significant (t-test, p < 0.01), and the most important factors affecting carbon levels 
these values are comparable with those reported by (Table 2). Carbon was negatively correlated with wind 
Stuart & Klumpp (1984) (416 k~g C 1-l) and Seiderer & in summer, since the prevailing offshore wind removed 
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Table 2. Independent parameters influencing water column 
particulate carbon and nitrogen loads as  determined by step- 

wise multiple correlation analyses @ < 0.05) 

Dependent Independent Sign Cumulative t2 

variable variable 

pg C I - '  summer Temperature + 0.197 
Wind 0.288 

pg N I-' summer Temperature + 0.079 
~ i g  C 1-' winter Wind + 0.205 

Swell + 0.292 
pg N 1-' winter Wind + 0.212 

Swell + 0.303 

particulates from the area. In winter the wind/carbon 
correlation was positive since the onshore northwest- 
erly winds imported particulates and generated strong 
wave action which increased kelp frond erosion. Field 
et al. (1980) also recorded increases in particulate mat- 
ter with increased swell height. 

Nitrogen 

Changes in particulate nitrogen levels in the water 
were very closely Linked with fluctuations in particulate 
carbon levels (Fig. ID, E).  Mean daily particulate nitro- 
gen concentration was lower in summer than in winter 
(Table 1) but the difference was not significant (C-test, 
p > 0.05). Particulate nitrogen was significantly corre- 
lated with temperature in summer, and with wind and 
swell in winter (Table 2). 

C:N ratio 

Although both carbon and nitrogen concentrations 
fluctuated synchronously, Fig. 1F shows that C:N ratios 
of the particulate load in the water column were signifi- 
cantly higher (t-test, p < 0.01) in winter (9.90 k 2.08 
SD) than in summer (8.14 f 1.6 SD). The mean C:N 
ratio of 3 samples of Laminaria pallida frond tips was 
17.28 (f 0.01 SD) while that of the phytoplankton/ 
detritus from the aquarium pump filter was 7.80 (+ 
0.67 SD). A seasonal increase in particulate C:N ratios 
was therefore probably a result of increased input of 
kelp fragments resulting from strong wave action in 
winter (Fig. l C ) ,  rather than phytoplankton/detritus, or 
phytoplankton, which has a C:N ratio of between 5.80 
and 7.30 (Bishop et al. 1978, Seiderer et al. 1984, 
Seiderer & Newel1 1985, Branch & Griffiths 1988). 

The model proposed by Wulff & Field (1983) of 
trophic relationships in the kelp bed at Oudekraal 
predicts that, under continuous downwelling condi- 
tions, phytoplankton from the pelagic zone enters the 

kelp bed and may form up to 93 % of the food available 
to filter feeders. In winter, onshore winds and down- 
welling occurred most of the time (Fig. lA) ,  and on the 
basis of the model, a high proportion of phytoplankton 
would therefore have been expected in the particulates 
in the water column. A C : N  ratio of 9.90 in winter 
implies that during continuous downwelling, a large 
proportion of the particulate matter is of macrophyte 
origin, particularly as Laminaria frond C:N ratios are 
only 11.70 in winter (Dieckmann 1978). Table 2 shows 
that swell size was significantly correlated with par- 
ticulate carbon and nitrogen levels in winter, and 
therefore should not be  disregarded as  a parameter in a 
model of kelp bed nutrient fluxes. 

Comparison of measured particulate concentration 
with estimates of primary production 

Although the kelp bed system is not closed and there 
is considerable water turnover, particularly during 
times of strong upwelling and downwelling, a compari- 
son can be  made between the resources available for 
filter feeder consumption estimated from primary pro- 
duction, and those actually measured in the system. 
Energy balance in the various trophic levels of the kelp 
bed community at Oudekraal has been reviewed by 
Newel1 C? Field (1983). They calculated that production 
of particulate organic matter by macrophytes and phy- 
toplankton amounted to 1100 g C m-' yr-l while par- 
ticulate nitrogen production was 150 g N mP2 yr-'. The 
average depth of the kelp bed is 10 m (Field et  al. 
1980). Thus production would be  110 mg C 1-' yr-' and 
15 mg N 1-' yr-l. Although particulate carbon and 
nitrogen concentrations fluctuate somewhat, it can 
reasonably be assumed for the purposes of this com- 
parison that macrophyte-derived particulates and phy- 
toplankton production enter the water column at a 
regular rate throughout the year. Therefore, according 
to their estimates, 301 pg C 1-' and 41 pg N 1-' would 
enter the system every day. 

The present study showed that particulate carbon in 
the water column averaged 533 pg C 1-' in summer and 
764 pg C 1-' in winter, but this comprises some inor- 
ganic component. This was examined in detail by Field 
et  al. (1980), who sampled the particulate fraction at 
Oudekraal over 24 d that included calm and very rough 
weather. From their study the percentage organic mat- 
ter present in water samples taken during periods of 
different swell heights may be  calculated. At < 1 m and 
1 to 2 m swell height, the organic fraction was 62 O/O and 
64 % respectively of the particulate load, while at > 2 m 
swell height there was a decline to 53 % organic mat- 
ter. Thus a mean value of 63 O/O organic matter for swell 
conditions of 2 m or less and 53 % for > 2 m swell 
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conditions was used. Mean daily summer particulate 
organic carbon and nitrogen levels were therefore 335 
kg C 1-' and 41 pg N I- ' ,  and mean winter levels were 
469 pg C 1-' and 48 pg N 1-' Since the upwelling 
season (summer) prevails for 8 mo of the year and the 
winter season for 4 mo (Wulff & Field 1983), the daily 
average over a year would be  380 pg C 1-' and 43 yg N 
1- ' .  These values agree well with those calculated from 
production studies. 

Potential yield of particulates for consumers 

Between 80 and 99% of particles in the water col- 
umn have been shown to be  in the size range 5 to 20 pm 
during upwelling and downwelling (Field et  al. 1980, 
Stuart & Klumpp 1984), and are therefore available to 
the kelp bed filter feeders as food. Thus data on par- 
ticulate carbon and nitrogen levels in the water column 
may be  used to compare potential yield from particu- 
late resources with the estimated carbon and nitrogen 
requirements of Choromytilus meridionalis and Aula- 
comya ater, 2 mussel species that occur in kelp beds on 
the Cape west coast, although such estimations are 
relatively crude. Many factors such as changes in 
ingestion rates and gut residence times with season or 
particulate load, environmental factors, varying rates of 
protein synthesis and rhythms of digestion, absorption 
and excretion may play a part in regulating mussel 
nutrient acquisition (Bayne & Newel1 1983, Hawkins et  
al. 1983, Hawkins & Bayne 1984, 1985, Widdows et  al. 
1984, Hawkins 1985). Processes that occur at the 

benthic boundary layer may also at times modify the 
availability of particulate material to suspension feed- 
ers (Wildish & Kristmanson 1984, Frechette & Bourget 
1985). The calculation of the potential yield of par- 
ticulates to consumers is shown in Tables 3 and 4. 

There are numerous data on clearance rates, absorp- 
tion efficiencies and respiration rates of the mussels 
Choromytilus meridionalis and Aulacomya ater (Grif- 
fiths 1980a, b ,  Stuart 1982, Stuart et al. 1982, Stuart & 
Klumpp 1984). Values given in Tables 3 and 4 for 
clearance and respiration rates are for feeding speci- 
mens at  particulate loads approximating those of the 
kelp beds (Griffiths 1980a, Stuart & Klumpp 1984). 
Winter respiration rates have been calculated assuming 
that a Q i o  of 1.69 (Griffiths 1980a) applies to both species 
of mussel. Clearance rates of mussels such as C. 
meridionalis and Mytilus edulis do not change with 
seasonal changes in temperature (Widdows 1978, Wid- 
dows et  al. 1979, Griffiths 1980a), thus clearance rates 
for summer and winter are the same. Griffiths (1980a) 
reported that respiration comprises 74 % of the 
absorbed ration in C. meridionalis, thus the carbon 
equivalent of the absorbed ration can be calculated from 
Respiration X 1.35. Potential yield was obtained from 
the product of the concentration of the resource, which 
appears to be always available, and the clearance rate. 

The absorbed ration has been calculated from Litera- 
ture estimates of absorption efficiencies. Stuart et al. 
(1982) have shown that kelp debris is absorbed with an  
efficiency of 0.50 by the mussel Aulacomya ater, w h l e  
Choromytilus meridionalis had an absorption efficiency 
of 0.40 cvhenfeedingon natural detritus (Griffiths 1980b). 

Table 3. Aulacornya ater and Choromytilus meridionalis. Carbon requirements of mussels compared with potential carbon 
absorbed from the organic particulate fraction in the water column. Carbon requirements are calculated from respiration rates 
(Griffiths 1980a, Stuart & Klumpp 1984) X 1.35, using a conversion of 1 m1 O2 = 530 pg C (Hawluns & Bayne 1985). Potential yield 
is obtained by multiplying clearance rate by organic carbon available. Carbon absorbed is the product of absorption efficiency and 
potential yield Clearance rates and oxygen consumption values are for feeding individuals at 12 OC (summer) and 15 "C (winter), 

assumlng a Qlo of 1.69 (Griffiths 1980a) for respiration 

Parameter Season A. ater C. rneridionalis 

Oxygen consumption Summer 300 430 
(p1 O2 h- '  g-l) Winter 362 519 
Carbon required Summer 215 308 
(pg h-' g-1) Winter 259 371 
Clearance rate 1.82 5.37 
(I h-]  g-l) 
Organic carbon available Summer 335 335 
(PS ].-'I Winter 469 4 69 
Potent~al yleld Summer 610 1799 
(PS h-l g-') Winter 854 2519 
Absorption efficiency 0.50 0.40 
Carbon absorbed Summer 305 720 
(Pg h-' g-'1 Winter 427 1008 
9'0 of requ~rements Summer 142 % 234 a!" 

Winter 165 '/U 272 'F, 
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Table 4 .  Aulacomya ater and Choromytilus meridionahs. Nitrogen requirements of mussels compared with potential nitrogen 
absorbed from the organic particulate fraction in the water column. Nitrogen requirements are calculated from absorbed ration = 
1.35 X Respiration (Griffiths 1980a) recalculated as pg h-' and an 0 : N  ratio of 11 (Hawkins 1983). Potential yield is obtained by 
multiplying clearance rate by organic nitrogen available. Nitrogen absorbed is the product of absorption efficiency and potential 
yield. Clearance rates and oxygen consumption values are for feeding individuals at  12 "C (summer) and 15 "C (winter), assuming 

a Qlo  of 1.69 (Gnffiths 1980a) for respiration 

Parameter Season A. ater C. rneridionalis 

Oxygen consumption 
(p1 o2 h-' g-l)  
Nitrogen required 
(p9 h-' 9-l)  
Clearance rate 
(l h-' g-l)  
Organic nitrogen available 

1-'1 
Potential yield 
( ~ 9  h-' g-l)  
Absorption efficiency 
Nitrogen absorbed 
(p9 h- '  g- l )  
% of requirements 

Summer 
Winter 
Summer 
Winter 

Summer 
Winter 
Summer 
Winter 

Summer 
Winter 
Summer 
Winter 

Table 3 shows that the carbon demands of Choromy- 
tilus mendionalis and Aulacomya ater could easily be 
met in summer and winter by the organic particulate 
component in the water column, despite summer 
upwelling events which reduce chlorophyll concen- 
trations to low levels (Field et al. 1980, Carter 1982, 
Brown 1984, Brown & Field 1986). Thus there is consid- 
erable scope for growth and reproduction, particularly 
for C. meridionalis. A. ater grows very much more 
slowly than C, meridionalis (Griffiths 1977, Griffiths & 
I n g  1979) and it is of interest that more than twice the 
carbon requirements of C. meridionalis can be met by 
the particulate fraction compared with 1.42 to 1.65 
times the requirements of A. ater. It is possible that the 
concentration of particulate material close inshore does 
not represent the true particulate concentration avail- 
able to filter feeders in deeper waters, since these 
animals are continually removing particles from the 
water column. Field et al. (1980) recorded lower con- 
centrations of particulate organic material inshore than 
in the deeper waters overlying the kelp bed filter feed- 
ing population. However, differences were small 
(< 10 %), and there was no difference between surface 
and bottom particulate concentrations either inshore or 
further offshore. Stuart & Klumpp (1984) recorded aver- 
age annual concentrations of 4 16 pg C 1-' and 62 pg N 
1-l in the water adjacent to a bed of suspension feeders 
at Oudekraal. These values compare favourably with 
mean values of 380 yg C 1-' and 43 yg N 1-' estimated 
m this study. Table 3 therefore probably provides a 
reasonable estimate of the carbon resource available to 
the mussels. 

Little is known about the nitrogen requirements of 
South African mussels. Nitrogen requirements of 
Mytilus edulis vary with season, growth and reproduc- 
tive condition (Bayne & Widdows 1978, Hawkins 1985, 
Hawkins & Bayne 1985), and caution must be exercised 
when considering nitrogen requirements that have not 
been experimentally determined. However, an esti- 
mate of the maximum nitrogen requirements of these 
animals can be made. Hawkins (1983) showed that for 
M, edulis, seasonally varying nitrogen losses resulted 
in 0 : N  ratios of between 11 and 108. Maximum nitro- 
gen ingestion requirements would result from an 0 : N  
ratio of 1 l (see also Bayne 1973, Widdows et al. 1984). 
Calculation of the nitrogen requirements of Choromy- 
tilus meridionalis and Aulacomya ater from respiration 
rates and an 0 : N  ratio of 11 is shown in Table 4. It  is 
likely that the nitrogen available from the particulate 
component in the kelp bed water column can meet 
much of the nitrogen ingestion requirements of both 
species of mussel, since nitrogen demand estimated in 
Table 4 is probably close to the maximum. Average 
0 : N  ratios for M. edulis were between 20 and 46 
(Hawkins 1983, Widdows et al. 1984) and a ratio of 22 
would reduce the nitrogen requirements calculated in 
Table 4 by 50 %. 

Bacteria may further contribute to the nitrogen 
budget of Choromytilus meridionalis and Aulacomya 
ater, although the importance of nitrogen-rich bacteria 
in mussel nutrition is not clear. Bacteria in the kelp bed 
water column contribute a total of 99 g N m-2 yr-' 
(Newel1 & Field 1983). Muir et al. (1986) have shown that 
bacteria can be filtered from the water column by C. 
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meridionalis. However,  Stuart & Klumpp (1984) a n d  
Lucas e t  al.  (1987) showed that  a l though mussels c a n  
remove bacteria from the  water ,  the  filtration is not 
efficient. T h e  crystalline style of C. meridionalis con- 
tains enzymes  capable  of lysing water  column bacteria 
(Seiderer  e t  al.  1984, Muir  e t  al. 1986), a n d  bacteria may  
therefore assist to a limited extent  in  contributing to the  
nitrogen b u d g e t  of this species. It would b e  of interest to 
determine whether  A. ater can  produce bacteriolytic 
enzymes  to a greater  extent  t h a n  C. meridionalis. 

Energy balances for various kelp b e d  filter feeders  
a n d  for t h e  ke lp  b e d  a s  a whole h a v e  b e e n  described 
before (Newell  e t  al. 1982, Stuart 1982, Newel1 & Field 
1983, Klumpp 1984, Stuart  & Klumpp 1984, Seiderer  & 
Newel1 1985). In all cases  t h e  animals described have  
b e e n  s h o w n  to maintain a positive energy  balance 
using t h e  particulate resources available. Kelp b e d  
filter feeder  requirements  a r e  1297 g C m-2 yr-' a n d  
160 g N m-' yr-l (Newel1 & Field 1983). O n  a daily 
basis this amounts  to 3.55 g C m-' d - '  a n d  0.44 g N m-' 
d- l .  Since t h e  average  d e p t h  of t h e  ke lp  b e d  is 10 m 
(Field e t  al.  1980), this represents  355 pg C 1-' d- '  a n d  
44 pg N I-' d-'. If t h e  organic fraction comprises c a  
60 % of t h e  particulate load then  fllter feeders  require a 
daily m e a n  of 592 pg C 1-l a n d  7 3  pg N 1-I to maintain a 
positive energy balance.  This is shown a s  the  limiting 
line i n  Fig. I D ,  E. Assuming that  consumers a r e  feeding 
on water  of m e a n  particle concentration (Widdotvs e t  
al. 1979, Field e t  al.  1980), it c a n  b e  s e e n  that  periodi- 
cally, particularly in  summer ,  t h e  filter feeder  carbon 
a n d  nitrogen requirements  m a y  b e  undersupplied.  It is 
of interest that  for the  common kelp b e d  filter feeders  
such  as Chorom ytilus meridionalis, Aulacom ya ater 
a n d  Pyura stolonifera, clearance a n d  respiration rates  
a n d  assimilation efficiencies a r e  independent  of food 
concentration (Griffiths 1980b. Stuart 1982, Klumpp 
1984). Ingested a n d  a s s i m ~ l a t e d  ration cont inues to rise 
with particulate concentration a n d  t h e  animals  a r e  
therefore a d a p t e d  to maximise energet ic  gain during 
times of h igh  particulate concentrations in order  to 
store reserves for the  times w h e n  food may b e  limited. 
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