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ABSTRACT: We investigated the grow th rate and egg  production of Calanus agulhensis, the dom i­
nant copepod on the w estern  Agulhas Bank region of the southern Benguela upwelling system 
(South Africa), and assessed the implications for the spaw ning of sardine Sardinops sagax. Daily 
w eight specific grow th rate (SGR) of copepod developm ental stages (N6 to female) was m easured 
monthly betw een Septem ber and M arch 1993/94 and 1994/95. Seasonally, SGRs of small stages (N6 
to C2) rem ained relatively constant. By contrast, SGRs of large stages (C3 to female) m irrored 
changes in chi a related  to seasonal w arm ing and wind patterns, w ith a m oderate peak in Septem ­
ber/O ctober and a larger peak  in January  to March. Superim posed on this seasonal cycle w ere fluc­
tuations in response to w inds on the event scale. At the onset of upwelling, m ean female SGR across 
the shelf was slow. During sustained upwelling, female SGR increased, w ith a peak associated with 
enhanced chi a in the upwelling front and slower rates inshore in newly upw elled w ater and offshore 
in oligotrophic water. Female SGR was fastest during prolonged quiescence w hen high chi a levels 
extended over most of the shelf. During downwelling, female SGRs decreased again, w ith fastest 
rates inshore. Overall, SGRs w ere not related  to tem perature, but w ere related  to chi a, w ith stronger 
relationships for larger stages. This suggested food limitation of larger stages, w hich may be a con­
sequence of their preference for larger phytoplankton cells that only occur at high concentrations in 
restricted locations in time and space in the southern Benguela upw elling system. The spaw ning of 
sardine varied seasonally and coincided with the maximum chi a concentration and production of 
C. agulhensis eggs (daily egg production x female density), both of w hich are a good source of food 
for fish larvae. Thus the timing of sardine spaw ning maximizes the food available to their larvae.
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INTRODUCTION

Copepod production is an im portant factor influenc­
ing fish recruitm ent (Cushing 1990, Pederson et al.
1990). Copepod eggs and nauplii are food items for 
larval fish (Turner 1984), especially first-feeding larvae 
w hich are particularly vulnerable to starvation (Blaxter

& H unter 1982). The spaw ning of m any fish coincides 
w ith the maximum food availability in term s of cope­
pod production for their larvae (Cushing 1990). Thus, 
copepod production may be of crucial im portance to 
understanding the recruitm ent variability of fish.

Davis (1987) argued that the only way to m easure 
Zooplankton production accurately is by estimation of
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species-specific growth rates. Research on copepod 
production in the field has focused on female egg pro­
duction (Durbin et al. 1992, Plourde & Runge 1993, 
Jónasdóttir et al. 1995, McKinnon & Ayukai 1996, Pond 
et al. 1996) rather than juvenile growth, because of its 
ease of m easurem ent by direct bottle incubation. Most 
research on juvenile growth has been conducted in 
tem perate and polar regions, w here the progression of 
cohorts after spring or fall phytoplankton blooms has 
been followed (McLaren & Corkett 1981, M iddlebrook 
& Roff 1986, McLaren et al. 1989). Few studies have 
m easured juvenile growth rate and female egg pro­
duction simultaneously in dynamic regions such as 
upwelling areas (however see W alker & Peterson 
1991), w here the use of distinct cohorts to estim ate 
juvenile growth is difficult because female egg pro­
duction is quasi-continuous.

In this study, juvenile growth rates of Calanus agul­
hensis (nauplius N6 to copepodite C5) w ere estim ated 
by the moulting ratio method, and female egg produc­
tion by the egg production m ethod (see Peterson et al.
1991). The study area was the w estern Agulhas Bank 
region of the southern Benguela upwelling system. In 
this region, C. agulhensis is the dom inant copepod 
(Huggett & Richardson 2000), constituting up to 85% 
of the biomass of copepods (Verheye et al. 1994). 
Importantly, the w estern Agulhas Bank is a major 
spaw ning area for pelagic fish such as sardine (Shelton 
1986, H uggett et al. 1998).

The hydrography of this region is highly dynamic 
(Largier et al. 1992). During winter, northerly and w est­
erly winds dom inate (Shannon 1985), mixing the w ater 
column to below 100 m (Boyd et al. 1985). Thereafter, 
south-easterly winds increase, favouring upwelling (Jury 
1988). Hydrographic conditions are most variable during 
late summer (Boyd et al. 1985, Largier et al. 1992, 
Richardson et al. 1998, M itchell-Innes et al. 1999), p a r­
ticularly January to M arch w hen event-scale variation in 
response to periodic wind events is greatest (Jury 1988). 
Based on cruises conducted during the dynamic January 
to M arch period, 4 phases of upwelling have been iden­
tified (Mitchell-Innes et al. 1999). The first phase is the 
onset of upwelling, w hen cold (< 12°C) w ater upwells in­
shore and a surface front em erges in response to south­
easterly winds. The second phase, sustained upwelling, 
occurs after prolonged south-easterly winds and is char­
acterized by the offshore m ovement of the upwelling 
and oceanic fronts, and warm ing and stabilization of the 
upw elled water. The third phase, quiescence, follows 
w eak and variable winds and is distinguished by the 
absence of an upwelling front, further warm ing and 
stratification of the w ater column, and the oceanic front 
located at the shelf-edge. The last phase, downwelling, 
follows north-westerly winds that cause onshore flow 
and relaxation of the oceanic front shoreward.

The aims of this study w ere 2-fold. First, we wished to 
understand the variations in growth and egg produc­
tion of Calanus agulhensis (N6 to female) on the w est­
ern Agulhas Bank in term s of physical and biological 
forcing in this dynamic upwelling region. On a broad 
scale, C. agulhensis growth rates and egg production 
are in terpreted in term s of seasonal hydrographic 
variability. At the event scale, characteristic cross-shelf 
patterns w ere identified for the 4 phases of upwelling 
defined by M itchell-Innes et al. (1999). These patterns 
in growth and egg production were then related to tem ­
perature and chi a concentration. Our second aim was 
to relate the spaw ning of sardine to 2 m easures of a 
suitable food environm ent for sardine larvae. These 
m easures w ere chi a concentration and the production 
of C. agulhensis eggs, estim ated as the product of 
female density and daily egg production.

MATERIALS AND METHODS

Sampling was conducted monthly betw een August 
1993 and M arch 1994, and betw een Septem ber 1994 
and M arch 1995 (except January  1995), aboard the 
South African M arine and Coastal M anagem ent RVs 
'Algoa' and 'Africana', and the Norw egian RV 'Dr 
Fridtjof N ansen'. Two transects, each comprising 6 sta­
tions 10 nautical miles apart, w ere sam pled on the 
w estern Agulhas Bank (Fig. 1), South Africa, as part of 
the South African Sardine and Anchovy Recruitment 
Programme (SARP) (Painting 1993).

Hourly wind speed and direction during the study 
period w ere obtained from the Cape Point lighthouse.
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Fig. 1. Survey grid of the SARP program m e on the w estern 
Agulhas Bank
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Winds at C ape Point are representative of w inds on the 
w estern Agulhas Bank east to Walker Bay (L. Hutchings 
pers. comm.). Thus, only the hydrography on the Walker 
Bay Transect is directly related  to w inds in this study, 
and not of the Cape Agulhas Transect further east. 
Moreover, only winds prior to 2 d before the time that 
each transect was sam pled are shown, because there is 
a 2 d delay betw een winds and the hydrographic 
response on the w estern Agulhas Bank (Jury 1988).

Although m em bers of the genus Calanus are consid­
ered  to be largely herbivorous (Turner 1984, M auch- 
line 1998 and references therein), there has been 
increasing recognition of the role of omnivory in the 
diet of calanoid copepods (Gifford 1993, Kleppel 1993, 
Harris 1996). Unfortunately there is no information on 
the extent of omnivory in C. agulhensis (Huggett & 
Richardson 2000). However, there is some evidence, 
albeit indirect, concerning the dietary preference of C. 
agulhensis: protozoans constitute a relatively small 
proportion of the diet in the sibling species C. fin ­
marchicus (Gifford 1993), and picoplankton may be too 
small to be consum ed efficiently (Peterson & Bellantoni 
1987, W alker & Peterson 1991). Thus we have used the 
concentration of chi a as a m easure of am bient food 
availability for C. agulhensis.

At each station, 250 ml of seaw ater was filtered 
through GF/F filters, extracted in 90 % acetone for 24 h 
at -20°C, and analyzed fluorometrically using a Turner 
Designs M odel 10-000R fluorometer. The concentra­
tion of chi a was adjusted for phaeopigm ents by read ­
ing fluorescence before and after acidification with 
10% HC1 (Parsons et al. 1984). Fluorescence and tem ­
perature profiles w ere determ ined using a Chelsea In­
strum ents A quatracka and thermistor. Surface nitrate 
samples w ere also collected, and analyzed according 
to the m ethods of M ostert (1988).

At each station, egg production of female Calanus 
agulhensis and grow th rates of its juveniles w ere esti­
m ated using bottle incubation techniques (Hutchings 
et al. 1995). Copepods w ere collected using a 300 pm 
mesh drift-net fitted w ith a 2 1 plastic bottle as a cod- 
end. This net was low ered for 10 min to the depth  of 
maximum fluorescence determ ined previously from a 
fluorescence profile. Upon retrieval, the sample was 
diluted in a bucket containing 20 1 of seaw ater at am bi­
ent surface tem perature. Copepods w ere concentrated 
from this bucket using a sieve and w ashed into a petri 
dish. Specimens w ere selected using a w ide-m outhed 
dropper under a dissecting microscope. Females w ere 
placed individually in 1 1 bottles to estim ate egg  p ro ­
duction. Usually betw een 5 and 10 replicate experi­
ments w ere perform ed at each station. A lthough the 
bottles w ere not fitted w ith a screen to prevent females 
from ingesting their eggs, the low density of females 
(1 female F 1) and the constant movem ent of the bottles

during incubation minimized the effects of possible 
egg  cannibalism  (Laabir et al. 1995). In addition, many 
females produced high num bers of eggs (up to 
131 eggs in a 24 h period), so that cannibalism  w as not 
considered to be a major problem. To estim ate the 
m oulting rate of juveniles, at least 15 individuals 
(mean = 36) of a stage w ere incubated in 2 1 jars. All 
copepods w ere incubated in 63 pm filtered seaw ater 
collected at the depth  of maximum fluorescence. 
The entire pre-incubation procedure usually lasted 
< 30 min. Bottles w ere incubated in on deck darkened 
tubs, w hich w ere kept at am bient tem perature by 
pum ping seaw ater from a depth  of 6 m (as described 
by Hutchings et al. 1995). After 24 h the contents of the 
bottles w ere poured through a 63 pm m esh and the 
retained sample preserved with 5 % buffered formalin. 
This sample was later counted in the laboratory.

To aid comparison betw een  rates of female egg  pro­
duction and juvenile growth rates, female daily weight- 
specific grow th rate (SGRf, pgDW  pgDW -1 d-1, w here 
DW = dry weight) will be used to denote the 'growth' 
equivalent to egg  production, and was calculated 
(Peterson et al. 1991) by:

N  x W  24 SGRf = e e X  —
Wf T

w here N e = the num ber of eggs per bottle, We = average 
egg  w eight (pgDW), Wt = average w eight of female 
(pgDW), and T  = the duration of the incubation experi­
ment (h). This definition of SGR is synonomous with p re ­
vious work on copepod growth rates that have used units 
of d-1. Owing to the large num ber of females incubated 
(n = 876), an assum ption of average body mass of fe­
males (202 pgDW) and eggs (0.6 pgDW) has been used.

For m oulting ratio experim ents, the num ber of indi­
viduals that had  or had  not m oulted to the next stage 
w ere counted and the juvenile daily weight-specific 
grow th rate (SGRir pgDW  pgDW -1 d-1) calculated from 
the m oulting ratio (modified from Peterson et al. 1991):

SGR, = In/W i+i V ;
\ W i )  Ni  + N

24
X  —

N i+1 T

w here Wj = average w eight of an individual in stage i, 
W[+1 = average w eight of an individual in stage i+1, 
Nf = the num ber of individuals in stage i at the end  of 
the experim ent and N i+1= the num ber of individuals in 
stage i+1 at the end of the experim ent.

Exoskeletons w ere also counted and experim ents 
w ere excluded from the analysis if the difference 
betw een the m oulting ratio calculated from the exo­
skeletons and that from the animals them selves was 
greater than  10%. The assum ption of m ean m asses for 
Calanus agulhensis stages N6 (2 pgDW), C l (4 pgDW), 
C2 (9 pgDW), C3 (22 pgDW), C4 (46 pgDW) and C5 
(97 pg DW) was m ade because of the large num ber of
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individuals incubated (n = 10260), and the suggestion 
that grow th rates are more sensitive to changes in 
moulting ratios than grow th increm ents (Webber & 
Roff 1995). The issue of w hether the num ber of 
individuals in an incubation bottle affects the m ea­
sured SGR through food limitation is assessed in the 
'Results'.

Data on sea surface tem perature, surface nitrate, 
chi a and SGR w ere com bined for the 2 transects 
sam pled and contoured by the m ethod of kriging using 
SURFER® for Windows (Golden Software). Only 
female SGR was contoured because there w ere insuffi­
cient data for juvenile stages (Table 1). Hydrographic 
conditions betw een January  and M arch on the Cape 
Agulhas and W alker Bay Transects w ere categorized 
into the 4 upwelling phases defined by M itchell-Innes 
et al. (1999). This enabled characteristic cross-shelf 
patterns of female SGR to be determ ined for each 
phase of the upwelling cycle.

Not all stages w ere equally available during each 
cruise, so the num ber of experim ents perform ed varied 
considerably (Table 1). As the data collected for each 
stage w ere spatially and temporally unbalanced, SGRs 
w ere averaged so as to obtain unbiased station and 
monthly means. First, every station was given equal 
w eighting by averaging all replicate SGR estim ates 
m ade at that station and at that particular time. Then, 
the cross-shelf distribution of SGR for each m onth was 
averaged across all months, giving equal w eighting to 
all monthly cross-shelf distributions. Similarly, to cal­
culate an unbiased seasonal distribution of SGR, the 
seasonal distribution for each station was averaged 
across all stations, giving equal w eighting to all sea­
sonal distributions at each station.

Table 1. Calanus agulhensis. N um ber of grow th rate  and 
egg production experim ents for N6 to fem ale stages during 

each cruise

The relationship betw een the spaw ning of sardine 
and the food available to their larvae w as assessed by 
regressing sardine spaw ning intensity against an esti­
m ate of the amount of suitably-sized food for larvae. 
The index of sardine spaw ning intensity used was the 
total num ber of eggs on the w estern  Agulhas Bank 
each month. This was calculated by taking the geo­
metric m ean of the egg density at each station and the 
total proportion of the sam pling area in w hich eggs 
w ere found. The sardine egg  density at each station 
was obtained from a CALVET net tow to 70 m. M arch 
1994 and M arch 1995 w ere not included in the analy­
sis because sardine have generally finished spaw ning 
at this time (Shelton 1986, H uggett et al. 1998). Two 
m easures of food availability to sardine larvae w ere 
used. These w ere the surface chi a concentration and 
the num ber of Calanus agulhensis eggs produced. 
Phytoplankton containing chi a and copepod eggs are 
a suitably-sized food source for clupeoid larvae 
(Turner 1984), especially first-feeding larvae w hich are 
the most vulnerable to starvation (Blaxter & H unter 
1982), although no doubt other food sources are also 
utilized. The num ber of eggs produced on the w estern 
Agulhas Bank at the time of each survey was estim ated 
as the product of daily egg production (eggs female-1 
d-1) and female density (no. m-3). Female density was 
determ ined from samples collected using a bongo net 
fitted w ith a 200 pm m esh tow ed from 200 m depth 
(or from 5 m off the bottom, w here shallower) to the 
surface. Samples w ere collected at the same stations as 
those for SGR.

RESULTS 

Seasonal and cross-shelf variation

In A ugust/Septem ber of 1993/94 and 1994/95, sur­
face w ater w as isotherm al (15°C, Fig. 2a,e). Water 
tem perature w arm ed betw een October and Decem ber 
(16 to 19°C), but was still relatively isotherm al across 
the shelf. Thereafter, cross-shelf tem peratures w ere 
more variable. Cold (<13°C) w ater prevailed on the 
inner shelf during upwelling in January  1994, Febru­
ary 1994 and M arch 1995, w ith relatively w arm er 
w ater (15 to 18°C) inshore in M arch 1994 and February 
1995. Offshore there was very w arm  w ater (>21°C).

Nitrate concentrations w ere negatively related  to 
w ater tem perature (Fig. 2b,f). Elevated chi a concen­
trations generally corresponded to nitrate-rich w ater 
inshore (Fig. 2c,g) and very low concentrations coin­
cided with w arm  (18°C) oligotrophic w ater offshore. 
Seasonally, the chi a concentration was m oderate (2 to 
6 mg m-3) in Septem ber/O ctober, low (<2 mg m-3) over 
most of the shelf in Novem ber/D ecem ber and high

Cruise
N6 C l

No. of experiments 
C2 C3 C4 C5 Female

August 1993 0 0 0 0 0 0 18
Septem ber 1993 0 1 1 2 0 1 53
October 1993 1 2 2 3 5 4 80
N ovem ber 1993 1 9 15 13 8 8 39
Decem ber 1993 0 2 4 3 4 3 34
January  1994 0 0 0 0 1 4 92
February 1994 0 0 0 2 3 3 121
M arch 1994 0 2 2 2 5 3 76
Septem ber 1994 0 2 0 3 6 6 38
October 1994 1 0 5 5 3 4 53
N ovem ber 1994 7 15 14 14 12 12 97
Decem ber 1994 2 2 1 2 3 4 43
February 1995 1 3 4 5 4 4 71
M arch 1995 0 3 3 4 6 6 61

Total 13 41 51 58 60 62 876
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Fig. 2. Calanus agulhensis. M onthly and cross-shelf variation of 
(a and e) sea surface tem perature (SST, <15°C shaded), (b and f) 
surface nitrate (>4 mmol n r 3 shaded), (c and g) surface chi a 
(>4 m g n r 3 shaded), and (d and h) specific growth rate (SGR) of 
fem ales (>0.09 pgDW  pgDW-1 d-1 shaded), betw een  August 1993 
and M arch 1994 (left) and betw een  Septem ber 1994 and M arch 
1995 (right). Stations are num bered from inshore to offshore (see 
Fig. 1). D ata from both transects w ere combined. Dots represent 

stations w here data w ere collected

(>6 mg m-3) over a broad area betw een January  and 
M arch, especially in 1993/94 (Fig. 2c,g). During strong 
upwelling, such as in January  and February 1994, chi a 
concentration peaked  midshelf, offshore of the cold 
nitrate-rich, new ly-upw elled w ater (Fig. 2c,g).

SGRs of female Calanus agulhensis tracked the distri­
bution of surface chi a, m irroring the N ovem ber/ 
Decem ber and cross-shelf declines (Fig. 2d,h). Differ­
ences in the distribution of female SGR betw een the 
2 sam pling periods, such as an earlier initial peak  in 
1994/95, faster SGR in 1993/94, and a broader area of 
fast SGR from January  to M arch 1994, reflected changes 
in the pattern  of chi a in each sampling period. It is no te­
worthy that SGRs w ere slow in warm  (>18°C) water.

SGRs of smaller stages (N6 to C2) w ere generally con­
sistent across the shelf (1993/94 and 1994/95 data  aver­
aged, Fig. 3). By contrast, there was a strong cross-shelf 
decline in SGRs of larger copepodites (C3 to female, 
Fig. 3). The average cross-shelf distributions of chi a and 
tem perature are also shown, w ith tem perature increas­
ing offshore and chi a decreasing offshore. Thus, SGRs of 
large stages across the shelf are more similar to that of 
chi a than sea surface tem perature. It is also notable that 
small stages grow faster than larger ones.

Seasonally, there was no clearly discernible pattern  
in the SGR of smaller stages (N6 to C2) for the sam ­
pling period (Fig. 4). By contrast, SGRs of large cope­
podites (C3 to female) exhibited a bimodal pattern, 
being moderate in September/October, slow in Novem­
ber/D ecem ber and fast in January  to M arch (Fig. 4). 
This seasonal pattern  was less distinct for C5s, mainly 
because of the data  for December, although this esti­
m ate had  very low precision. The seasonal pattern  of 
sea surface tem perature shows a generally increasing 
trend  from August to M arch, w ith little correspon­
dence w ith the SGR of any stages. However, the sea­
sonal distribution of chi a is bimodal, w ith high con­
centrations generally in August to October, lower 
concentrations in Novem ber and December, and larger 
concentrations in January  to March. SGRs of large 
stages (C3 to female) generally followed the chi a 
concentration, although smaller stages did not.

Event-scale variation

The com prehensive data set for female Calanus agul­
hensis  enabled  investigation of event-scale changes in 
its SGR in term s of the 4 phases of the upwelling cycle. 
The classification of the W alker Bay and C ape Agulhas 
Transects from the January  to M arch period into 4 
phases of upwelling is shown in Table 2. SGRs of 
female C. agulhensis from these transects (Fig. 5) 
w ere slow at the onset of upwelling (0.035 pgDW  
pgDW -1 d-1), increased during sustained upwelling
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(0.080 pgDW  pgDW -1 d-1), w ere fastest during quies­
cence (0.137 pgDW  pgDW -1 d-1) and decreased during 
downwelling (0.049 pgDW  pgDW -1 d-1).

The cross-shelf pattern  of female SGR was depen ­
dent upon the phase of the upwelling cycle (Fig. 5) 
which, in turn, was influenced by prior wind events. At 
the onset of upwelling, SGR was faster inshore than off­
shore (Fig. 5a), although there w ere insufficient data to 
draw general conclusions. During sustained upwelling, 
there was a mid-shelf peak  in SGR (Fig. 5b). The hy­
drography of the January  1994 W alker Bay Transect, 
which was preceded by 2 d of strong southerly and 
south-easterly wind, is a typical exam ple of this phase 
(Fig. 6). Inshore of the upwelling front, SGR was slow in
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Fig. 3. Calanus agulhensis. Cross-shelf distributions of m ean spe­
cific growth rate (SGR ± SE) of N6 to female, as well as the overall 
cross-shelf distribution of sea surface tem perature (SST) and sur­
face chi a (bottom right) averaged over the entire sampling period. 
Stations are num bered from inshore to offshore (see Fig. 1). Note 

the different y-axis scales

chlorophyll-poor, newly-upw elled water. Both chi a 
concentration and female SGR w ere enhanced in the 
frontal region around Station 5. Female SGRs slowed 
beyond the front w here phytoplankton biomass was 
reduced and sub-surface.

Under quiescent conditions, female SGR was ele­
vated over most of the shelf (Fig. 5c). The hydrography 
of the W alker Bay Transect in M arch 1994 was typical 
of this phase (Fig. 7). W eak and variable winds p re ­
ceded the cruise, allowing the w ater column to stratify, 
prom oting growth of phytoplankton in the upper 
mixed layer. The offshore subsurface peak  in chi a, 
which was apparen t during sustained upwelling, was 
absent. Female SGR was fast over most of the shelf and 
only decreased in the very warm, chlorophyll-poor 
w ater at the furthest station offshore.
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Table 2. Calanus agulhensis. Specific growth rates (SGR, m ean ± SE and 
range) of females for the 4 phases of the upwelling cycle. The num ber of 
stations from which each m ean was calculated is shown in brackets. 
Transects that w ere categorized into each upwelling phase are also shown 
(after M itchell-Innes et al. 1999). DW: dry weight; WB: W alker Bay;

CA: Cape Agulhas

Upwelling M ean fem ale SGR Range (mgDW Transect
phase (mgDW m g D W 1 d“1) mgDW“1 d“1)

O nset 0.035 ± 0.025 (3) 0.001-0.083 Jan  1994 C A
Sustained 0.080 ±0.013 (22) 0.013-0.241 Jan  1994 WB, 

Feb 1994 CA, 
M ar 1994 CA, 
M ar 1995 WB, 
M ar 1995 C A

Q uiescence 0.137 ± 0.022 (11) 0.015-0.234 Feb 1994 WB, 
Mar 1994 WB

Downwelling 0.049 ±0.014 (11) 0.004-0.162 Feb 1995 WB, 
Feb 1995 C A

Relationship between sardine spawning 
and food available to larvae

The spaw ning of sardine exhibited 2 
major spaw ning peaks over the 2 spawning 
seasons: one in Septem ber/O ctober and the 
other in January/February  (Fig. 9a). These 
peaks w ere coincident with peaks in chi a 
concentration (Fig. 9a) and the maximum 
production of eggs by Calanus agulhensis 
(Fig. 9b). Thus, there w ere significant posi­
tive relationships betw een the total num ber 
of sardine eggs and both chi a concentra­
tion (Fig. 9c, r2 = 0.71, p < 0.001) and the 
num ber of C. agulhensis eggs available 
(Fig. 9d, r2 = 0.34, p < 0.05).

During downwelling, female SGRs w ere generally 
slow (Fig. 5d). The W alker Bay Transect in February 
1995, after a day of north-westerly winds prior to 
the cruise (Fig. 8), was representative of this phase. 
There was doming of the isotherms near the coast, 
coincident with enhanced chi a concentrations and 
elevated copepod SGRs. Further offshore, SGRs w ere 
depressed as chi a concentrations decreased and 
becam e subsurface.

Relationship of specific growth rate to temperature 
and chi a

Relationships betw een SGR of Calanus agulhensis 
stages and chi a (range: 0.3 to 22.2 mg n r 3), tem pera­
ture (9.8 to 22.5°C), and the num ber of individuals incu­
bated (20 to 70 ind.) w ere summarized by multiple lin­
ear regression analysis (Table 3). There was no 
significant effect on SGRs of the num ber of individuals 
that w ere incubated in a bottle for any stages, implying 
that food limitation in the bottles did not substantially 
affect SGRs. SGR was not significantly related to tem ­
perature for any stages except C l, although the n eg a­
tive relationship with tem perature for this stage is 
counterintuitive and is probably a result of the re la­
tively small sample size (Table 1). By contrast, SGR was 
significantly related to chi a for all stages, except N6. 
Scatterplots of SGR and chi a suggested saturation of 
SGR at high chi a levels, so Ivlev curves w ere fitted for 
each stage (Table 3). These generally provided superior 
fits to the data, as the proportion of variance explained 
by the model was greater. There w ere stronger re la­
tionships betw een SGRs and chi a concentration for 
larger than for smaller stages, although this did not hold 
for C5s.

DISCUSSION

This study highlights the im portance of hydrography 
to variation in copepod growth and egg production in a 
dynamic upwelling system. On the w estern Agulhas 
Bank, SGRs of large Calanus agulhensis stages vary 
seasonally, cross-shelf and at the event-scale, reflect­
ing changes in their food environm ent in response to 
physical processes.
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Fig. 5. Calanus agulhensis. Cross-shelf distribution of specific growth 
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sects betw een January  and March, categorized into 4 phases of the 
upwelling cycle (see Table 2): (a) the onset of upwelling, (b) sustained 
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included in each phase of upwelling are shown in Table 2. Dots 
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and direction prior to sampling, vertical sections of (b) tem ­
perature and (c) chi a, and (d) specific growth rate (SGR ± SE) 

of females

Cross-shelf and seasonal variation

SGRs of large copepodites declined across the shelf 
as chi a concentrations decreased. A reduction in chi a 
concentration from relatively nutrient-rich w aters 
inshore to oligotrophic oceanic w aters further offshore 
is typical of many regions, including the w estern A gul­
has Bank (Pitcher et al. 1992). Slower growth rates and 
reduced egg production in response to declining food 
concentrations offshore have also been observed in 
female Paracalanus parvus  in southern California 
(Checkley 1980) and in larger copepodites of a tropical 
copepod community (Webber & Roff 1995).

SGRs of large copepodites varied seasonally in re ­
sponse to changes in phytoplankton biomass, which in 
turn  was a consequence of seasonal changes in hydro­
graphy. In Septem ber/October, conditions w ere favour­
able for m oderate chi a concentrations to develop as the
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Fig. 7. Calanus agulhensis. W alker Bay Transect in M arch 
1994 during quiescence, (a) to (d) as in Fig. 6

w ater column stabilized after w inter (Mitchell-Innes et 
al. 1999), following increased insolation and abatem ent 
of w esterly winds (Boyd et al. 1985). A second period of 
higher chi a concentration occurred from January  to 
M arch during periodic surface upwelling. Although up- 
welling-favourable winds are common from Septem ber 
to M arch (Shannon 1985, Shillington 1998), it is not u n ­
til January  that the cold bottom w ater on the w estern 
Agulhas Bank is sufficiently shallow to perm it sur­
face upwelling of w ater from below the pycnocline 
(Mitchell-Innes et al. 1999). This delayed m ovement of 
bottom w ater onto the shelf is a consequence of the 
broad shelf of the western Bank and the slow transport of 
bottom w ater to the region (Chapm an & Largier 1989).

Event-scale variation

SGRs of Calanus agulhensis females w ere more 
variable from January  onwards, w hen hydrographic
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changes at the event scale w ere greatest. During late 
summer, rapid cycles of upwelling and relaxation are 
superim posed on seasonal hydrographic changes 
(Pitcher et al. 1992). Variation in female SGR across 
the shelf during different phases of upwelling mir­
rored changes in chi a, which increased from the 
onset of upwelling to reach a maximum under quies­
cent conditions and then declined during dow n­
welling (Mitchell-Innes et al. 1999). This is a conse­
quence of phytoplankton bloom developm ent and 
subsequent successional changes in the assem blage 
as upw elled w ater m atures (Brown & Field 1986, 
Pitcher et al. 1991). At the onset of upwelling, SGR 
is slow inshore because phytoplankton is virtually 
absent from newly-upw elled w ater (Brown & Field 
1986, Pitcher 1990). During sustained upwelling, 
diatoms dom inate m aturing upw elled w ater inshore of 
the frontal region (Pitcher et al. 1992), and dinoflagel- 
lates dom inate within the front (Pitcher et al. 1996).

These taxa enhance chi a concentrations, providing a 
good food environm ent for copepods (Armstrong et al. 
1991, M itchell-Innes & Pitcher 1992). During quies­
cent periods, the broad band of high chi a over most 
of the shelf that is characteristic of aged-upw elled 
w ater (Shannon 1985) supports fast SGRs of large 
copepods. Maximum egg production of Calanus chi­
lensis, a closely related species from the Humboldt 
C urrent upwelling region, was observed during relax­
ation events (Peterson et al. 1988). Therefore, not only 
is the duration of upwelling wind events im portant for 
enhancing chi a concentrations (and hence elevating 
female egg production) by injecting nutrients into the 
upper mixed layer, but also the duration of relaxation 
(Pitcher et al. 1992).

Relationship of specific growth rate to chi a, temper­
ature and size
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Fig. 8. Calanus agulhensis. W alker Bay Transect in February 
1995 during downwelling, (a) to (d) as in Fig. 6

The reason for the observed patterns in SGR is its 
link to food in term s of chi a. M any field studies have 
found such a relationship (Checkley 1980, Armstrong 
et al. 1991, Peterson et al. 1991, Durbin et al. 1992, 
McKinnon & Thorrold 1993, Plourde & Runge 1993, 
Hutchings et al. 1995, Jónasdóttir et al. 1995). It is 
noteworthy, however, that tem perature was not an 
im portant factor controlling SGR. This has been found 
previously for egg production and growth rate of 
several copepod species throughout the southern 
Benguela region (Armstrong et al. 1991, Richardson 
& Verheye 1998). This is probably because low chi a 
concentrations are generally associated with warm 
w aters in this system (Mitchell-Innes & Pitcher 1992, 
Pitcher et al. 1996), so that copepods cannot grow at 
tem perature-dependent rates (Richardson & Verheye 
1998). Thus, the assertion by H untley & Lopez (1992), 
that copepod growth and egg production in nature are 
not food limited and are primarily dependent on tem ­
perature, is not applicable to an upwelling system such 
as the southern Benguela. Moreover, control of growth 
and egg production by food rather than tem perature 
has also been found in many other systems such as 
freshw ater lakes (Ban 1994), tropical seas (McKinnon 
& Thorrold 1993, W ebber & Roff 1995) and tem perate 
coastal regions (Peterson & Bellantoni 1987, Pond et al. 
1996).

Another interesting observation is that the SGRs of 
Calanus agulhensis stages decreased with age, from 
an asymptotic SGR of -0 .6  pgDW  pgDW -1 d-1 for 
young stages to -0.2 pgDW  pgDW -1 d-1 for females. 
This decline has also been observed in the laboratory 
for a num ber of species (Paffenhöfer 1976, Vidal 1980). 
Part of the reason for this is undoubtedly allometric 
considerations (Peters 1983), w here larger organisms
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Table 3. Calanus agulhensis. Results of multiple linear regression analyses and 
fitting of Ivlev curves. For the regression models, the dependent variable in each 
case is specific growth rate (SGR, pgDW pgDW-1 d“1) and the independent vari­
ables are tem perature (range: 9.8 to 22.5°C), chi a concentration (range: 0.3 to 
22.2 mg m-3), and no. of individuals incubated. S tandardized partial regression 
coefficients and the proportion of variance explained (r2) are given, together 
with their respective significance level: ns: not significant; *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001. For the Ivlev curves [SGR = ga ( l - e “¿xc)] relating 
copepod SGR to chi a concentration (c), values for the asymptotic grow th rate 
(ga) and the rate at which SGR approaches this asym ptote (k ) are given. The 

num ber of samples for each stage is given in Table 1

Stage M ultiple linear regression 
Tempe- Chi a No. ind. r2 
rature incubated

f fa

Ivlev curve 
k r2

N6 ns ns ns 0.584 6.63 0.14
C l -0.315 0.421 ns 0.34*** 0.635 3.72 0.17
C2 ns 0.372 ns 0.14* 0.567 2.93 0.24
C3 ns 0.402 ns 0.16** 0.325 2.37 0.22
C4 ns 0.524 ns 0.27**** 0.402 1.24 0.40
C5 ns 0.277 ns 0.08* 0.166 1.58 0.19
Female ns 0.645 - 0.42**** 0.191 0.217 0.47

generally grow more slowly relative to body weight 
than smaller ones.

It is likely, however, that increased food limitation 
of larger species is also responsible for the decline in 
SGR with body size. The evidence supporting this 
assertion comes from the increased strength of the

SGR vs chi a relationships as body 
size increased. Thus, SGRs of larger 
stages (r2 > 0.4) w ere more strongly 
related to chi a than smaller stages 
(r2 ~ 0.2), although this did not hold 
for Calanus agulhensis C5s, possibly 
because they often store lipids in 
preparation for their final moult 
(Borchers & H utchings 1986). This 
decrease in strength of the relation­
ships with chi a as body size in ­
creases implies greater food lim ita­
tion of larger stages. This has been 
docum ented before in the labora­
tory for C. pacificus and Pseudo­
calanus spp. (Vidal 1980), and in the 
field for species in the southern 
Benguela system (Peterson et al. 
1991, H utchings et al. 1995, R ichard­
son & Verheye 1999) and in a 
tropical neritic system (Webber & 
Roff 1995).

The reason for the increased food limitation of larger 
species is probably because of 3 considerations. First, 
the optimal cell size to feed upon is related  to body 
size: smaller copepods generally ingest nano- and 
picoplankton more efficiently than do larger copepods 
(Berggreen et al. 1988, W ebber & Roff 1995) and larger
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concentration (logy = -0.00674 + 
0.20347 logX, r2 = 0.71, p < 0.001) 
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0.37, p < 0.05) are shown
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copepods prefer larger cells (e.g. Frost 1972). Second, 
smaller cells are ubiquitous in the m arine environ­
ment, and large cells are found only relatively occa­
sionally. This is even the case in a productive u p ­
welling system such as the Benguela, w here over large 
spatial and tem poral scales small cells are at a re la ­
tively constant background density and large cells are 
relatively infrequent (Painting et al. 1993, Richardson 
& Verheye 1999). Last, there is insufficient food for 
larger copepods at the typical concentrations of small 
cells in an upwelling system such as the Benguela 
(Mitchell-Innes & Pitcher 1992), but it is sufficient for 
the lower metabolic requirem ents of small copepods. 
This w as evident offshore of the upwelling front, 
w here pico- and nanoplankton such as small flagel­
lates (Armstrong et al. 1987, Pitcher et al. 1992) dom i­
nate the reduced phytoplankton biomass, and these 
small cells do not provide enough food for large 
copepods.

Implications for the spawning of sardine

Starvation of fish larvae may be an im portant factor 
affecting recruitm ent (Miller et al. 1988, Pedersen et al. 
1990). In tem perate regions, fish such as herring, 
plaice and cod spaw n during spring or autum n blooms 
(Cushing 1967, 1990). At these times, female copepods 
are spaw ning rapidly, providing eggs and nauplii that 
are ingested by fish larvae. In the present study, the 
strong, positive relationship identified betw een  the 
spaw ning of sardine and the food available to first- 
feeding larvae (in term s of chi a and the num ber of 
eggs produced by Calanus agulhensis) suggest that 
the South African sardine may also follow this rep ro ­
ductive strategy, tim ing its spaw ning to the period of 
maximum larval food availability. Moreover, the high 
chi a concentration also provides food for adult sardine 
that may aid spawning, as sardine obtain a substantial 
portion of their diet from phytoplankton (Van der 
Lingen 1994).

There is an additional benefit of sardine spawning 
w here and w hen they do. In the southern Benguela 
system, a jet-like current transports pelagic eggs and 
larvae from spaw ning grounds on the w estern 
Agulhas Bank to recruitm ent grounds on the west 
coast of South Africa (Shelton & Hutchings 1982). 
The surface front associated w ith this current has 
high concentrations of copepod eggs and nauplii 
(Armstrong et al. 1987), a consequence of the high 
chi a concentrations, large cell sizes and rapid female 
egg production in these zones. This would reduce 
starvation-related mortality of sardine larvae during 
the transport from the spaw ning to recruitm ent 
grounds.
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