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DIET OF SARDINE SARDINOPS SAGAX IN THE SOUTHERN BENGUELA
UPWELLING ECOSYSTEM

C. D. VAN DER LINGEN*

The diet of sardine Sardinops sagax in the southern Benguela was investigated by microscopic examination of
stomach contents. The relative dietary importance of prey size and prey type was assessed by calculating the
carbon content of prey items. Sardine is an omnivorous clupeoid, ingesting both phytoplankton and zooplankton,
with the relative importance of these two food types varying both spatially and temporally. Stomach contents
were numerically dominated by small prey items, principally dinoflagellates, followed by crustacean eggs,
cyclopoid copepods, calanoid copepods and diatoms. Virtually all prey items ingested by sardine were <1.2 mm
maximum dimension, the particle size below which sardine only filter-feed. Despite the numerical dominance
by phytoplankton, zooplankton contributed the major portion to sardine dietary carbon, small calanoid and
cyclopoid copepods, anchovy eggs and crustacean eggs being the primary prey types. These results indicate
that, like anchovy Engraulis capensis, sardine in the southern Benguela are primarily zoophagous, and contrast
with earlier dietary studies on sardine in the region. However, the two species appear to partition their prey on
the basis of size; sardine consume small zooplankton, whereas anchovy consume large zooplankton. This difference
has been observed in other upwelling ecosystems where the two genera co-exist and is likely to contribute to the
regime shifts observed between sardine and anchovy.
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As is the case in most of the world’s upwelling eco-
systems, pelagic fish of the southern Benguela are
dominated by clupeoids, namely anchovy Engraulis
capensis, round herring Etrumeus whiteheadi and sar-
dine Sardinops sagax. These species have supported a
substantial pelagic fishery over the past 50 years, with
average annual landed catches over the past 10 years
of around 300 000 tons (Marine & Coastal Management,
unpublished data). In addition to their commercial
importance, clupeoids are an important component of
the pelagic foodweb, being the major prey item for
several species of fish, birds and marine mammals
(Beckley and van der Lingen 1999), thereby mediating
the transfer of energy from lower to upper trophic levels.
Occupancy of this mid-trophic level position by a small
number of species, termed wasp-waist ecosystems by
Cury et al. (2000), is a common characteristic of up-
welling systems.

The success of clupeoids in upwelling ecosystems
was initially attributed to their ability to feed directly
upon primary producers (Ryther 1969), and this two-
level food chain hypothesis was well-supported (Long-
hurst 1971, Durbin 1979, Walsh 1981). However, sub-
sequent studies have challenged this hypothesis and
have suggested that clupeoids are omnivorous (Cushing
1978, James 1988a, b), deriving the bulk of their en-
ergy from zooplankton, primarily through size-selective
particulate-feeding (Koslow 1981, James 1987). In

their review on the biology of clupeoid fish, Blaxter
and Hunter (1982) concluded that phytoplankton
dominated the diets of clupeoids in regions where
strong upwelling was a persistent oceanographic feature
(e.g. off Peru), whereas zooplankton was the domi-
nant food of clupeoids in regions where upwelling
was weaker and less persistent (e.g. off southern Cali-
fornia).

Previous studies on the diet of sardine in the Benguela
region indicated that the species was primarily phyto-
phagous, with a “preference” for diatoms (Davies
1957, King and Macleod 1976). Experimental studies
have confirmed that sardine are able to capture con-
siderable quantities of phytoplankton through filter-
feeding (van der Lingen 1994) and can assimilate
diatom carbon and nitrogen efficiently (van der Lingen
1998a). Field studies in the southern Benguela have
shown that adult sardine display no feeding periodicity
and appear to feed continuously through the diel
cycle (van der Lingen 1998b), suggesting that filter-
feeding is the dominant feeding mode used by this
species in its natural environment (Durbin 1979).

The objective of this study was to assess the diet
of sardine in the southern Benguela upwelling eco-
system by quantitatively determining the major con-
tributors to dietary carbon, and to thereby verify
whether phytoplankton is the primary component of
the diet of sardine. This knowledge will permit a
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Fig. 1: Size frequency distributions of identified prey from

the stomachs of ten individual sardine (a—j) collected

in November 1992. The number of prey items (n)
identified per fish is given

more accurate determination of the trophic position
of sardine in the southern Benguela, and will allow a
detailed comparison between their diet and that of
anchovy, the trophodynamics of which have been ex-
tensively studied (James 1987, 1988a, James and
Findlay 1989, James and Probyn 1989, James et al.
1989a, b). This comparison will allow a better under-
standing of trophic interactions between these two
species, which will be useful for ecosystem modelling
studies (e.g. Jarre-Teichmann et al. 1998, Shannon et
al. in press), and may also provide insight into possible
mechanisms underlying the alternating periods of domi-
nance observed between these two species, a sequence
known as regime shifts (Lluch-Belda er al. 1992,
Schwartzlose et al. 1999).
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MATERIAL AND METHODS

Sardine were collected during research cruises under-
taken in October and November 1992, November 1993
and November 1994. Samples were taken from shoals
captured using an Engels 308 midwater trawl net
with a 30-m sweep length and fitted with a codend
liner of 8-mm anchovy mesh. Ten fish per trawl were
randomly selected and immediately blast-frozen for
later laboratory analysis. In the laboratory the total
length (TL, mm) and wet body mass (WBM, g) of each
fish was determined, and their stomachs were re-
moved by dissection. Stomach contents were extracted
from the cardiac stomach and the fundulus of the
stomach, and food boluses were gently broken up
using fine dissection needles. The contents of the
oesophagus, pyloric stomach and intestine were not
extracted in order to avoid biases caused by differential
rates of prey digestion, gut passage times or codend
feeding (James 1987).

For samples collected in October and November
1992, the stomach contents of each fish were examined
individually. Stomach contents were diluted to 20-m/
using 0.2 um-filtered seawater, and a 10-m/ subsample
was examined under the microscope. Analysis showed
minimal differences between the stomach contents of
individual fish from the same shoal with respect to
the size frequency distributions of ingested prey, al-
though notable differences were found in the number
of identifiable prey (Fig. 1). Minimal differences be-
tween the stomach contents of individual fish from sar-
dine shoals have also been reported elsewhere (Davies
1957, Hand and Berner 1959, Louw et al. 1998); con-
sequently, the stomach contents of all ten fish from
each shoal were pooled prior to analysis of samples
taken during the November 1993 and 1994 surveys.

Pooled samples were diluted to 250 ml using 0.2 um-
filtered seawater, and 3-9 5-m/ subsamples (depending
on the density of prey items identified) were collected
using a wide-bore (3 mm) glass pipette. Subsamples
were then examined separately using a Leica light
microscope at 40 or 80X magnification; these magni-
fications permitted the detection and identification of
prey items down to 25 um in size. Zooplankton were
identified to the lowest possible taxon. Owing to the
difficulty in identifying Paracalanus spp., Ctenocalanus
spp., Clausocalanus spp. and Parvocalanus spp., these
calanoid genera were classified as “small copepods”.
Diatoms and dinoflagellates large enough to be seen
under the magnifications used were identified. The
total length (where possible) and prosome length of all
identified copepods was measured to the nearest 12.5
um using an ocular micrometer, as was the maximum
dimension (MD) of other zooplankton (length, diameter,
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etc). The maximum dimension, diameter and length
(where possible) of diatoms and dinoflagellates was
also measured. Phytoplankton species that were too
small for identification under the stereo microscope
were identified and measured under a Zeiss inverted
microscope. A 1-m/ aliquot from the pooled sample
was diluted in 99 ml of 0.2 um-filtered seawater, al-
lowed to settle overnight, and examined at 64—128x
magnification. Three strips, each constituting 0.75%
of the settled sample, were examined and phyto-
plankton cells were identified and measured.

Maximum dimension measurements of all identifi-
able prey were grouped into 0.2-mm size-classes, and
size frequency histograms were constructed for each
shoal. After identification, prey items were grouped
into the following categories: calanoid copepods
(Acartia spp., Calanoides spp., Calanus spp., Centro-
pages spp., Metridia spp., Nanocalanus spp. and “small
copepods”); cyclopoid copepods (Qithona spp., Oncaea
spp., Copilia spp. and Corycaeus spp.); cladocerans and
ostracods (Evadne spp., Penillia spp., Podon spp. and
ostracods); other crustaceans (harpactacoid copepods,
euphausiids, and “pycnogonid-type 1”); crustacean eggs
(copepod and euphausiid eggs); cructacean nauplii
(copepod, euphausiid and barnacle nauplii); fish eggs;
tunicates (Thalia spp. and Oikopleura spp.); tintinids
(Favella spp.); diatoms and dinoflagellates (Table I).
The percentage frequency of occurrence of the major
prey categories was then calculated for each shoal.

Sardine stomachs typically contained appreciable
quantities (10—30% by volume) of unidentifiable mate-
rial. Some of the unidentifiable material would have
been partly digested remains of ingested zooplankton
and phytoplankton prey, but it is likely that the remain-
der consisted of particulate detritus that was sufficiently
large to be retained by the sardine’s gill rakers. Only
food items that could be identified were recorded;
therefore, the dietary contribution made by particulate
detritus was not considered in this study.

For crustacean zooplankton ingested prey (excluding
crustacean eggs), dry mass was calculated from length
measurements using the equations given in Table I.
Carbon content was estimated as 42.4% of the dry
mass (the mean carbon content for zooplankton re-
ported by van der Lingen 1998a). The dry mass of crus-
tacean eggs was estimated from egg diameter using a
linear regression from literature-derived values and
those from personal communications (equation given in
Table I; n =17, r2 = 0.90, p < 0.01; data from Checkley
1980, Hirche 1980, Hosie and Ritz 1983, Peterson 1986,
1989, Stuart and Nicol 1986, Pillar 1987, Verheye
1991, Huntley and Lopez 1992, Kleppel 1992, Peterson
and Hutchings 1995, J. A. Huggett, Marine & Coastal
Management, pers. comm.), and carbon content was
estimated as 40% of egg dry mass (Huntley and
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Fig. 2: Size frequency distributions of (a and c) the ambient
food environment as sampled using a Magnum
rosette (samples from three depths in the upper
water column combined) and (b and d) of identifiable
prey from sardine stomachs collected in October
and November 1992. Error bars denote 1 SD from

ten fish

Lopez 1992). Fish egg dry mass was estimated from
volume, and carbon content was estimated as 45.7%
dry mass (Napier 1993). The carbon content of tuni-
cates and tintinids was estimated using either length
or volume measurements (Table I). The carbon content
of phytoplankton was calculated from cell volume
using equations provided by Smayda (1978). For each
sardine shoal sampled, the relative contribution to
total ingested carbon was calculated for each of the
major prey categories and for each prey size-class.

Only a single trawl was sampled for sardine stomach
content analysis during the cruises in October and
November 1992, whereas 10 and 17 trawls respectively
were sampled during the November cruises of 1993 and
1994. Immediately after the trawls of October and
November 1992, water samples were collected using
a Magnum rosette from three depths covering the
depth at which the sardine shoal had been captured. A
4-¢ subsample from each depth was concentrated onto
a 37-um mesh, and retained plankton were identified
and measured (maximum dimension) under the micro-
scope. These samples allowed an assessment of the
ambient food environment as sampled with the Mag-
num rosette.
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Fig. 3: Mean percentage contribution to dietary carbon by
size-class of identifiable prey in the stomachs of sardine
collected in (a) October 1992 and (b) November 1992.

Error bars denote 1 SD from 10 fish

RESULTS

Sardine sampled for stomach content analyses ranged
in size from 144.0 to 230.4 mm 7L and from 20.9 to
103.2 g WBM. Eleven of the 29 sardine shoals examined
consisted of subadult, sexually immature fish (50%
sexual maturity is attained at + 180 mm 7L, Akkers
and Melo 1996), seven of which were sampled during
the 1993 survey. By contrast, all but two of the shoals
sampled during the 1994 survey consisted of adult
fish. All sardine sampled were captured in surface or
near-surface waters; no samples were collected deeper
than 50 m. More shoals were collected at night than
during the day, although samples were collected from
fish captured throughout the diurnal cycle. Sardine were
captured off the south-western and southern coasts of
South Africa in a region bounded by Cape Columbine
(33°S, 18°E) and Port Elizabeth (34°S, 26°E). Samples
collected during the November 1993 survey were pri-
marily taken from midshelf waters over the central
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(from Cape Agulhas to Mossel Bay) and eastern (east
of Mossel Bay) Agulhas Banks, whereas the majority
of those from the 1994 survey were taken from in-
shore waters of the western Agulhas Bank (from Cape
Point to Cape Agulhas) and off the south-western
coast (north of Cape Point).

October and November 1992

Size frequency distributions of identifiable prey from
the stomachs of fish taken from the same shoal in
November 1992 showed a high degree of similarity
(Fig. 1) indicating comparable feeding behaviour.
Considerable variation in the number of prey in indi-
vidual stomachs indicated variable feeding intensity
within a shoal.

In October 1992, the size frequency distribution and
the species composition of sardine stomach contents
corresponded to that of the food environment as as-
sessed using Magnum samples (Fig. 2a, b). The food
environment was dominated by particles <0.2 mm,
consisting primarily of the dinoflagellate Peridinium
spp., crustacean eggs and nauplii, and the cyclopoid
copepod Oithona spp. Whereas sardine stomachs were
also numerically dominated by these prey items, crus-
tacean eggs, cyclopoid copepods and anchovy eggs
were the dominant prey in terms of dietary carbon.
Because of the small size of Peridinium spp., its nu-
merical dominance did not translate into an appreciable
portion of the ingested carbon, whereas the opposite
was found for anchovy eggs. The relative contribution
to dietary carbon showed a decreasing trend with in-
creasing prey size (Fig. 3a), the smallest size-class
(<0.2 mm) accounting for approximately 36% of dietary
carbon. The exception to this trend was the 1.2—1.4 mm
size-class, which represented anchovy eggs and large
calanoid copepods, and accounted for 17% of the
carbon of ingested prey.

In November 1992, Magnum samples were domi-
nated by crustacean nauplii and the cyclopoid copepods
Oithona spp. and Oncaea spp., 95% of prey being
<0.6 mm. Sardine stomach contents were numerically
dominated by prey 0.4-0.5 mm (Fig. 2d), Oithona spp.,
Oncaea spp. and fish eggs being the dominant prey
types. Although copepod nauplii dominated the food
environment, they were only present at low frequencies
in sardine stomachs. Whereas Oithona spp. and Oncaea
spp. accounted for 84% by number of ingested prey,
they only contributed 52% of the ingested carbon,
whereas fish (primarily anchovy) eggs contributed 36%
to ingested carbon. There were two peaks in the relative
contribution by size-class to ingested carbon (Fig. 3b),
from prey organisms 0.4—0.6 mm (i.e. the cyclopoid
copepods) and 1.0—1.4 mm (anchovy eggs and calanoid
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Table II: Numerical prey composition (%) of sardine sampled during November 1993
Prey composition (%)
Trawl : . 1| Cladocerans| Other | Crusta- .
EZCLO%(Z;S CCOalgngiici and crusta-| cean Cl;lu;ltlaclei:ian (I:ls}; Tunicates | Tintinids | Diatoms | Dinoflagellates
pep: pep Ostracods | ceans eggs P e

06-07A 32.8 3.1 1.3 2.7 52 0.7 0.2 0 0 14.4 39.6
09-05A 27.0 0.5 1.4 0.6 11.6 2.0 0 0 0 4.7 52.4
21-01A 12.9 2.5 2.9 0.7 10.3 1.2 0 0 0 12.3 56.7
21-09A 38.9 7.0 13.6 7.3 6.6 3.7 0.3 0 0 1.3 21.3
22-07A 493 8.4 0.9 1.0 10.2 1.9 0 2.8 0 0.9 24.7
23-15A 15.6 8.4 1.3 2.3 21.2 5.6 0.6 0.2 0 4.1 40.7
24-03A 26.6 9.5 29 1.0 38.9 5.1 7.0 0.3 0 22 6.3
25-13A 3.9 2.1 0 0.5 62.7 17.3 54 0 0 0.3 7.9
29-05A 6.3 74.8 2.8 0.5 1.5 0 4.7 0 0 0 9.3
33-01B 2.1 95.7 0.5 0.5 0 0.5 0.5 0 0 0 0
Mean 21.5 21.2 2.8 1.7 16.8 3.8 1.9 0.3 0 4.0 25.9
SD 15.9 343 3.9 2.1 19.7 5.1 2.7 0.9 0 52 20.4
CV(%) 74 162 139 124 117 134 142 300 - 130 79
copepods). countered, numerically dominating four of the ten

The close correspondence between the size fre-
quency distributions of available and ingested prey,
and between the composition of the ambient food en-
vironment and ingested prey, suggest that sardine were
feeding non-selectively at both stations. The low oc-
currence of prey items >1.2 mm indicated that fish
were filter-feeding only.

November 1993

More than 50% by number of stomach contents of sar-
dine collected during November 1993 were <0.4 mm
MD. The modal size of ingested prey was <0.6 mm
MD for eight of the ten shoals examined (Fig. 4).
Prey size increased eastwards, with broader size fre-
quency histograms and modal sizes of 1.4-1.6 and
1.0-1.2 mm for fish captured in the two easternmost
trawls (29-05A and 33-01B) respectively. Small
particles were not only numerically dominant in sar-
dine stomachs, but their relative occurrence was the
least variable. The coefficients of variation (CV) asso-
ciated with the mean occurrence per size-class for all
shoals combined was <100% for the four smallest prey
size-classes. Therefore small particles were common in
all samples. The CVs for larger prey size-classes
ranged from 103 to 225%, indicating the infrequent
occurrence of these prey items in sardine stomachs.
The major prey items found in the stomachs of sar-
dine sampled in November 1993 included dinoflagel-
lates, cyclopoid copepods, calanoid copepods and
crustacean eggs (Table II). Ceratium spp. and Peri-
dinium spp. were the principal dinoflagellates en-

samples examined, primarily those collected in the
western part of the survey area. Commonly encoun-
tered Ceratium species included C. furca, C. lineatum,
C. tripos and C. macroceros, whereas Peridinium
species included P. excentricum and P. depressum.
Diatoms were much less common than dinoflagel-
lates and accounted for only 4.0% of prey items in-
gested in 1993. The most commonly ingested diatom
was Coscinodiscus gigas.

Cyclopoid copepods, principally Oithona spp., were
encountered in all samples and were numerically the
dominant or second dominant prey item in six of the
ten samples examined. Calanoid copepods were also
encountered in all samples; in samples from the western
region of the survey calanoids were primarily “small
copepods” and on occasion Centropages brachiatus.
Calanus agulhensis was the dominant calanoid in
sardine stomachs from the eastern region, numerically
dominating stomachs of fish from the two eastern-
most trawls. Cyclopoid copepods and dinoflagellates
showed the least variability in their relative mean oc-
currence, with CVs of 74 and 79% respectively, where-
as the other prey categories all showed CVs of >100%
(Table II).

Small food particles dominated the dietary carbon
of sardine sampled in 1993 with 70.4% being derived
from prey of <1.2 mm MD (Fig. 5a). The ingestion of
dietary carbon was therefore primarily by filter-feeding,
because sardine switch from filter-feeding to particulate-
feeding at a prey size of approximately 1.2 mm (van
der Lingen 1994). In general, the 0.4—0.6 mm size-
class was the largest contributor to dietary carbon
and was the modal size-class in terms of average carbon
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Fig. 4: Size frequency distributions of identified prey in the stomachs of sardine collected from various trawls in
November 1993. The x-axes of the graphs are scaled in 0.2-mm size-classes, from 0—0.2 to 2.8—3.0 mm;
the y-axes are scaled in 25% intervals, from 0 to 75%. The number of prey items (n) identified per sample

contribution. Larger size-classes were more important
for fish in the eastern part of the survey area. Coefficient
of variation (CV) values for the mean carbon contri-
bution per size-class were low for small prey items
(<100%), whereas higher CVs were associated with
larger prey sizes, indicating that small prey were
more consistent contributors to dietary carbon.
Zooplankton contributed on average 98.2% of the
dietary carbon ingested by the sardine sampled in
November 1993 (Fig. 5b). Phytoplankton accounted
for >1% of ingested carbon at only three of the ten

is given

samples, all of which originated from the western re-
gion of the survey area. Of the zooplankton component,
calanoid copepods were the dominant prey category,
accounting for 40.2 = 35.9% of the ingested carbon.
Cyclopoid copepods were the secondmost important
prey category, accounting for 24.8 + 24.3% of the in-
gested carbon. Despite their relatively low occur-
rence, fish (primarily anchovy) eggs were the third
largest contributor to ingested carbon (16.5 + 27.7%).
None of the other major zooplankton prey categories
accounted for more than 6% of ingested carbon.
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Fig. 5: Percentage contribution to dietary carbon by (a) size-class and (b) prey category in the stomachs of sardine

collected in November 1993. Error bars denote 1

November 1994

Small particles dominated stomach contents of sardine
collected during November 1994, to an even greater
extent than in 1993. More than 60% by number of
prey items identified were <0.2 mm, and the modal
size of ingested prey was <0.6 mm in all 17 samples

SD

examined (Fig. 6). In addition to the higher proportion
of small prey, the stomach contents of sardine collected
in 1994 also showed a narrower size range than in the
1993 collections. More than 99% of prey items were
<1.2 mm in 1994, compared to 86% for fish sampled
in 1993. Small prey items ingested by fish sampled
in 1994 showed low variability in their relative oc-
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Fig. 6: Size frequency distributions of identified prey in the stomachs of sardine collected from various trawls in November
1994. The x-axes of the graphs are scaled in 0.2 mm size-classes, from 0—-0.2 to 2.8—3.0 mm; the y-axes are scaled in
25% intervals, from 0 to 100%. The number of prey items (n) identified per sample is given
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Table Ill: Numerical prey composition (%) of sardine sampled during November 1994
Prey composition (%)
Trawl : . . | Cladocerans| Other | Crusta- .
(C:gdeol:) (leg g)alzeingzi(i and crusta-| cean C;u;ltla(i?fn SIS}; Tunicates | Tintinids | Diatoms | Dinoflagellates
pep pep Ostracods | ceans eggs P 88

02-02A 322 6.2 0.7 3.1 25.0 6.9 0.3 0.3 0 0 25.0
04-02A 0 0 0 0 0 0 0 0 0 99.9 0.1
04-05A 0.8 0 0.6 0.1 74.2 0.5 0.1 0 0 11.6 12.3
05-02A 0.6 34 0 0 18.3 140 0 0 0 6.2 70.0
09-02A 33 1.1 2.1 0.1 26.3 2.0 0 0 0 10.0 55.0
09-05A 43 3.1 1.3 0.3 14.7 1.7 0.1 0 22.3 10.6 414
11-01A 34 1.7 14 0.1 13.8 29 0.3 0 0 324 44.1
13-03A 14.3 1.6 0.6 0.1 10.8 0.5 0 0 0.1 37.7 342
14-01A 1.4 1.7 2.5 0 7.4 9 0 0 69.3 24 6.0
16-02A 0.7 0.4 0.6 0.2 8.1 0.6 0.1 0.1 0.1 52.8 36.4
16-04A 6.2 1.1 0.4 0.3 6.4 0.3 0.1 0 0 39 81.4
17-01A 6.2 2.4 1.2 0.7 10.5 6.5 0.1 0.2 14 8.6 62.1
19-01A 23.9 9.5 6.5 1.0 4.6 2.7 0.5 0.1 7.4 26.2 17.7
24-05A 20.3 3.9 1.2 0 355 23 0.4 0.4 0 5.8 30.1
25-03A 0.4 0.1 0.6 0.2 1.1 0.1 0.4 0 0 23 94.8
27-01A 1.7 0.4 1.8 0 5.7 0.3 0.4 0.2 0 4.0 85.6
28-05A 29.0 245 0.2 0 18.9 20.0 0.7 0 0 0 6.7
Mean 8.8 3.6 1.3 0.4 16.6 34 0.2 0.1 5.9 18.5 414
SD 10.9 5.9 1.5 0.8 17.6 5.0 0.2 0.1 17.3 25.8 29.5
CV(%) 124 164 115 200 106 147 100 100 293 140 71

currence; CVs for the four smallest size-classes were
<100%, whereas the mean abundance of the larger
prey items was associated with higher variability.

As in 1993, dinoflagellates were the major prey
category, numerically dominating eight of the 17
samples examined (Table III), and accounting for an
average of 41.4% by number of all identified prey.
Ceratium and Peridinium were again the dominant
dinoflagellate genera encountered. Diatoms were, on
average, the second most frequently ingested prey
item (18.5%), but were the dominant prey of fish
from four of the trawls examined. The stomach con-
tents of sardine from one of the trawls (04—-02A)
consisted almost entirely of the diatoms Pleurosigma
spp. and Thallassiosira subtilis. Other diatoms in the
diet included Asterionella spp., Biddulphia spp.,
Chaetoceros spp., Coscinodiscus spp., Rhizosolenia spp.
and Skeletonema spp. Whereas dinoflagellates oc-
curred in high numbers in almost all samples, diatoms
were encountered more frequently in samples from
the western part of the survey area than from the east.

Small prey items captured by filter-feeding were the
largest contributors to ingested carbon by sardine in
1994, 81% being derived from prey <1.2 mm (Fig. 7a).
There were two peaks in carbon contribution by size-
class, for prey <0.2 mm, consisting primarily of dia-
toms, some dinoflagellates, and crustacean eggs and
nauplii, and for prey 1.0—1.2 mm, consisting of large
calanoid copepods and fish eggs. CV values for the

mean carbon contribution by size-class were again
lower for small prey items than for large ones.

Zooplankton contributed 89.9% and phytoplankton
10.1% of the ingested carbon for sardine sampled in
1994 (Fig. 7b). Of the phytoplankton-derived carbon,
4.1% on average was obtained from dinoflagellates
and 6.0% from diatoms. This high mean carbon con-
tribution from diatoms was a consequence of a single
trawl sample (04—02A), where 92.9% of the ingested
carbon was derived from diatoms. Calanoid copepods
were the major source of zooplankton-derived carbon,
providing an average of 36.7% of dietary carbon for
fish sampled in 1994. Fish (primarily anchovy) eggs
accounted for the second largest proportion of dietary
carbon (13.5%), followed by cyclopoid copepods
(13.1%) and crustacean eggs (11.1%).

DISCUSSION

S. sagax is an omnivorous clupeoid, ingesting both
phytoplankton and zooplankton. Stomach contents of
sardine collected off the south-western and southern
coasts of South Africa during the early summer of
1992, 1993 and 1994 were numerically dominated by
small prey items, principally dinoflagellates. Cyclopoid
and calanoid copepods and crustacean eggs were the
dominant zooplankton in the sardine stomachs exam-
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Fig. 7: Percentage contribution to dietary carbon by (a) size-class and (b) prey category in the stomachs of sardine
collected from trawls in November 1994. Error bars denote 1 SD

ined. Despite the numerical dominance of phyto-
plankton in the diet, crustacean zooplankton and
anchovy eggs contributed the major portion to dietary
carbon. A similar finding has been reported for the
Pacific sardine S. sagax off the Oregon and Washington
coasts. Despite the volumetric importance (>60%) of
phytoplankton to the diet of sardine in that region,
zooplankton, including euphausiid eggs and calanoid

copepods (Pseudocalanus spp., Acartia spp. and Centro-
pages spp.), provided most of their ingested carbon
(Miller et al. 2000).

During November 1993, 86.2% of all ingested prey
items were <1.2 mm, the particle size at which sardine
switch from filter-feeding to particulate-feeding (van
der Lingen 1994). During November 1994, this value
was 99.4%. The low variance associated with the
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mean frequency of occurrence values for the small
size-classes indicated that such prey were common in
all stomach content samples, and therefore were con-
sistently ingested by sardine. These results corro-
borate previous experimental (van der Lingen 1994,
1995) and field studies (Davies 1957, Hand and
Berner 1959, King and Macleod 1976, Alamo and
Bouchon 1987, van der Lingen 1998b), which suggest
that sardine are predominantly filter-feeders.

Sardine stomach contents appear to reflect both
the size frequency distribution and the prey composition
of the ambient plankton community as sampled by
the Magnum rosette, although the Magnum rosette is
not a comprehensive sampler of the food environment.
However, the close correspondence between stomach
contents and the food environment reported in most
studies on the diet of sardine, from a variety of locations
(Anon. 1952, Yoneda and Yoshida 1955, Davies 1957,
Yamashita 1957, Hand and Berner 1959, King and
Macleod 1976, Kawasaki and Kumagai 1984), indi-
cate that non-selective filter-feeding seems to be the
primary feeding mode employed by sardine globally.

Although stomach contents of fish from both years
were numerically dominated by small prey items,
sardine captured in 1993 had a broader size range of
prey than those collected in 1994. The higher inci-
dence of larger, zooplankton prey in the stomachs of
fish collected in 1993 than in 1994 may be linked to
the smaller average size of fish sampled that year; fish
in 1993 averaged 176.7 = 28.9 mm 7L and 47.8 +
28.8 g WM, whereas those captured in 1994 averaged
208.2 = 18.8 mm 7L and 70.0 = 18.1 g WM. Field
studies have indicated that juvenile sardine are more
zoophagous than adults (Hand and Berner 1959,
King and Macleod 1976, Nakai 1962 cited in Kawasaki
and Kumagai 1984), suggesting that smaller fish em-
ploy particulate-feeding to a greater degree than do
large fish. In addition, feeding periodicity in sardine
is size-dependent, small fish showing a peak in feeding
activity at or around sunset and large fish appearing to
feed continuously (van der Lingen 1998b). That small
sardine are more zoophagous and particulate-feed
more frequently than large fish appears to be borne
out by the present study.

Although numerically dominant, phytoplankton
only contributed a small portion (1-10%) of the in-
gested carbon by sardine. Crustacean zooplankton
(principally calanoid and cyclopoid copepods), anchovy
eggs, and to a lesser extent crustacean eggs, were the
primary contributors to ingested carbon. These re-
sults are in contrast to previous sardine dietary studies,
in which sardine were considered primarily phyto-
phagous in the Benguela upwelling system. Davies
(1957) reported that stomach contents of sardine
from the southern Benguela were dominated by phyto-
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plankton, (predominantly diatoms), and reported a
mean annual ratio of 2:1 by volume of phytoplankton
to zooplankton. Dinoflagellates were relatively unim-
portant and copepods were the most important zoo-
plankton prey items. King and Macleod (1976) re-
ported that phytoplankton accounted for 10.3-15.2%
of the total volume of food ingested by juvenile
(20—100 mm standard length, SL) sardine, and for
71.9-83.3% for adult sardine (>100 mm SL) from the
northern Benguela. Diatoms Fragilaria karstenii,
Chaetoceros spp., Coscinodiscus spp., Rhizosolenia
setigera and Stephanopyxis turris were the dominant
phytoplankton encountered. Kruger and Cruickshank
(1982) also reported that stomach contents of sardine
from the northern Benguela were dominated by phyto-
plankton, particularly diatoms Thalassiosira decipens,
Delphineis karstenii and Chaetoceros spp.

Whereas comparisons between the diet of sardine
in different systems are difficult to make because the
availability of different food resources is likely to
vary between systems, the contrasting results between
those of the aforementioned studies and here can be
partially attributable to differences in analyses. The
volumetric method used by Davies (1957) and King
and Macleod (1976) may have overestimated the dietary
contribution of phytoplankton. This is because a
diatom:copepod ratio of 2:1 by volume is equivalent
to a carbon ratio of 1:2.6; therefore, zooplankton is a
superior carbon source compared to phytoplankton.
Using volumetric measurements as indices of relative
importance therefore provides an inaccurate repre-
sentation of the real contribution to the diet by food
type. Also, assuming carbon:nitrogen ratios of 4:1
and 6:1 for zooplankton and phytoplankton respec-
tively, copepods have 7.8 times more nitrogen than
equivalent volumes of diatoms (Smayda 1978, Hitch-
cock 1982).

Inappropriate methods in quantifying stomach con-
tents have led to the erroneous assumption of obligatory
phytophagy by clupeoid fish in upwelling ecosystems
(Hyslop 1980, James 1988b, Konchina 1991). Initial
studies tended to assess the relative importance of
prey by their numerical composition, which biases
results in favour of small, plentiful prey items such
as phytoplankton. Although measurements of prey
volume provide more accurate estimates of the relative
importance of different prey categories (Cushing 1978),
this method is still not sufficiently accurate. Objective
processing techniques that assess dietary contribution
per food category by nutritional value (i.e. dry mass
or carbon content), and not by number or volume,
should be used (Konchina and Pavlov 1995). However,
the validity of these techniques depends on the accuracy
of the relationships relating prey size to carbon con-
tent, and also on the assumption that unidentifiable
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and identifiable prey occur at the same frequency,
because the relative occurrence of prey types will be
affected by differential digestion rates. Phytoplankton
is evacuated faster than zooplankton by sardine (van
der Lingen 1998a, b) and may also be digested more
rapidly. Therefore, the relative contribution by phyto-
plankton reported here may be an underestimate.
Similarly, the dietary contribution of crustacean eggs
may also be overestimated, because of the likelihood
that copepod eggs are resistant to digestion and survive
passage through clupeoid digestive tracts (Flinkman et
al. 1994).

Although phytoplankton was a relatively unimportant
contributor to the dietary carbon of the sardine under
study, it is likely that its dietary importance varies
both spatially and temporally for sardine. In some re-
gions and/or seasons, phytoplankton could provide a
substantial dietary contribution, and it is possible that
the timing and location of the sardine examined af-
fected the relative dietary importance of phytoplankton.
Phytoplankton biomass (chlorophyll @) is lower off-
shore than inshore and higher west than east of Cape
Agulhas (Brown and Cochrane 1991, Brown 1992). The
low phytoplankton dietary contribution in sardine
sampled in 1993 could therefore reflect the phyto-
plankton-poor conditions on the eastern Agulhas
Bank. Conversely, in 1994 sardine were collected in-
shore between Cape Agulhas and Cape Columbine,
where phytoplankton is relatively abundant, which
could explain the higher dietary contribution of phyto-
plankton in 1994 relative to 1993. Also, phytoplankton
biomass over the western Agulhas Bank has a sea-
sonal cycle, being lower in November than in other
summer months (Mitchell-Innes et al. 1999). Because
sardine were sampled in November of both 1993 and
1994, it is likely that the dietary contribution by phyto-
plankton reported here probably represents a seasonal
minima in this region.

Fish (primarily anchovy) eggs contributed 16.5 and
13.5% of ingested carbon for sardine sampled in
1993 and 1994 respectively. In some instances the
contribution from anchovy eggs was >50% of ingested
carbon, although samples in which anchovy eggs
were of marked dietary importance were only found
over the eastern Agulhas Bank. Anchovy eggs in sar-
dine stomachs have been previously noted in the
southern Benguela (Valdés-Szeinfeld 1991) and in
other regions where these two genera co-exist (San-
tander et al. 1983, Alheit 1987). Valdés-Szeinfeld
(1991) reported that 88% of sardine examined had
anchovy eggs in their stomachs, averaging around
130 eggs per stomach. She suggested that intense
predation by sardine accounted for up to 56% of total
anchovy egg mortality. Although anchovy eggs were
important contributors to sardine dietary carbon in
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this study, they were not found in the large quantities
reported by Valdés-Szeinfeld (1991). Nevertheless,
anchovy eggs appear to be an important food source
for sardine in localized areas. However, their spatial
segregation during the summer, sardines tending to
be inshore of anchovy (Barange and Hampton 1997),
would reduce predation on anchovy eggs by sardine.
Like sardine, anchovy derive the bulk of their nutri-
tional input in the southern Benguela from crus-
tacean zooplankton (James 1987). For anchovy, how-
ever, mesozoopankton, principally large calanoid
copepods and euphausiids (1-20 mm) are the dominant
zooplankton consumed, although the small cyclopoid
copepods Oithona spp. and Oncaea spp. may on oc-
casion dominate stomach contents (Peterson et al.
1992). In contrast to anchovy, sardine derive most of
their dietary input from smaller zooplankton. These
two species therefore appear to be trophically dis-
tinct, and minimize competition by partitioning their
food resource on the basis of size. Sardine feed on
small zooplankton by filter-feeding, whereas anchovy
feed on large zooplankton by particulate-feeding
(James 1987). Because of the higher incidence of filter-
feeding by sardine and their ability to capture smaller
particles than those ingested by anchovy (van der
Lingen 1994), it is likely that phytoplankton is a more
important dietary component for sardine. Corroborative
evidence for this is shown in experimental studies
that have indicated that the respiratory quotient of
sardine is lower than that of anchovy (van der Lingen
1995), suggesting higher carbohydrate (i.e. phyto-
plankton) utilization by sardine. In addition, the spatial
segregation exhibited by anchovy and sardine (Barange
and Hampton 1997) is a likely factor contributing to
the lack of dietary overlap between the two species.
Trophic differences between sardine and anchovy
have previously been observed in the southern Ben-
guela, as well as in other upwelling systems. Sardine
and anchovy recruits from presumably mixed shoals
(i.e. caught in the same trawl) sampled off the west
coast of South Africa consumed zooplankton prey of
different sizes, sardine ingesting significantly smaller
copepods than did anchovy (Louw et al. 1998). Off
Peru, Konchina (1991) reported that S. sagax con-
sumed primarily small herbivorous copepods and tuni-
cates, whereas anchovy Engraulis ringens consumed
large copepods and euphausiids. The size of food in-
gested by anchovy was 2.5 times larger than that by
sardine, and phytoplankton was more important in
the diet of sardine than anchovy. Similarly, phyto-
plankton contributed more to the diet of S. sagax off
Japan (65 + 20% by mass) than for anchovy E.
Jjaponica (39 £ 18%), and sardine consistently ingested
smaller copepods than did anchovy (Li et al. 1992).
The size and taxon-specific differences in diet be-
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tween sardine and anchovy therefore appear to be
globally consistent, sardine feeding on smaller or-
ganisms closer to the base of the foodweb. These
dietary differences may be partially responsible for
the long-term changes observed in the relative abun-
dance of sardine and anchovy in the world’s eastern
boundary upwelling systems (Lluch-Belda et al.
1989, 1992). Modifications in the size structure and/
or species composition of the food environment have
been suggested as one mechanism whereby regime
shifts may be initiated and sustained (Schwartzlose
et al. 1999). Recent ecosystem modelling supports
this hypothesis, and has shown that shifts between
anchovy and sardine regimes in the southern Benguela
may indeed be caused by changes in the availability
of mesozooplankton prey (Shannon et al. in press).

ACKNOWLEDGEMENTS

I thank my colleagues Mesdames A. Polito and S. M.
Jones, for their assistance with microscope analyses,
and Mr E. Malan for other technical assistance. My
colleague, Dr L. Hutchings and Prof. J. G. Field
(University of Cape Town) are thanked for their com-
ments and discussions. Comments from Drs R. Fletcher
(Fisheries WA, Australia) and T. W. Miller (Oregon
State University, USA) and a third, anonymous re-
viewer improved the manuscript.

LITERATURE CITED

AKKERS, T. R. and Y. C. MELO 1996 — Spawning seasonality
in South African pilchard. WOSAS — workshop on southern
African sardine: proceedings and recommendations. Rep.
Benguela Ecol. Progm. S. Afr. 29: 22-25.

ALAMO, A. V. and M. BOUCHON 1987 — Changes in the food
and feeding of the sardine (Sardinops sagax sagax) during
the years 1980—1984 off the Peruvian coast. J. geophys. Res.
92(C13): 14411-14415.

ALHEIT, J. 1987 — Egg cannibalism versus egg predation: their
significance in anchovies. In The Benguela and Comparable
Ecosystems. Payne, A. 1. L., Gulland, J. A. and K. H. Brink
(Eds). S. Afr. J. mar. Sci. 5: 467-470.

ANON. 1952 — Food of the sardine. Prog. Rep. Calif. coop. sar-
dine Res Prog. 1952: 23-25.

BARANGE, M. and I. HAMPTON 1997 — Spatial structure of
co-occurring anchovy and sardine populations from acoustic
data: implications for survey design. Fish. Oceanogr. 6:
94-108.

BECKLEY, L. E. and C. D. VAN DER LINGEN 1999 — Biology,
fishery and management of sardines (Sardinops sagax) in
southern African waters. Mar. Freshwat. Res. 50: 955-978.

BLAXTER, J. H. S. and J. R. HUNTER 1982 — The biology of
the clupeoid fishes. Adv. mar. Biol. 20: 1-223.

BROWN, P. C. 1992 — Spatial and seasonal variation in chloro-
phyll distribution in the upper 30 m of the photic zone in the

South African Journal of Marine Science 24

2002

southern Benguela/Agulhas ecosystem. In Benguela
Trophic Functioning. Payne, A. 1. L., Brink, K. H., Mann, K.
H. and R. Hilborn (Eds). S. Afr: J. mar. Sci. 12: 515-525.

BROWN, P. C. and K. L. COCHRANE 1991 — Chlorophyll a
distribution in the southern Benguela, possible effects of
global warming on phytoplankton and its implications for
pelagic fish. S. Afr. J. Sci. 87: 233-242.

CHECKLEY, D. M. 1980 — The egg production of a marine
planktonic copepod in relation to its food supply: laboratory
studies. Limnol. Oceanogr. 25(3): 430—446.

CHISHOLM, L. A. and J. C. ROFF 1990 — Size-weight relation-
ships and biomass of tropical neritic copepods off Kingston,
Jamaica. Mar. Biol. 106: 71-77.

CURY, P., BAKUN, A., CRAWFORD, R. J. M., JARRE, A.,
QUINONES, R. A., SHANNON, L. J. and H. M. VERHEYE
2000 — Small pelagics in upwelling systems: patterns of
interaction and structural changes in “wasp-waist” ecosystems.
ICES J. mar. Sci. 57: 603-618.

CUSHING, D. H. 1978 — Upper trophic levels in upwelling areas.
In Upwelling Ecosystems. Boje, R. and M. Tomczak (Eds).
New York; Springer: 101-110.

DAVIES, D. H. 1957 — The South African pilchard (Sardinops
ocellata). Preliminary report on feeding off the West Coast,
1953-56. Investl Rep. Div. Fish. S. Afr. 30: 40 pp.

DEIBEL, D. 1986 — Feeding mechanism and house of the appen-
dicularian Oikopleura vanhoeffeni. Mar. Biol. 93: 429—-436.

DURBIN, A. G. 1979 — Food selection by plankton feeding fishes.
In Predator-Prey Systems in Fisheries Management. Clepper,
H. (Ed.). Washington, D.C.; Sport Fishing Institute:
203-218.

FLINKMAN, J., VUORINEN, L. and M. CHRISTIANSEN 1994
— Calanoid copepod eggs survive passage through fish di-
gestive tracts. ICES J. mar. Sci. 51: 127-129.

HAND, C. H. and L. BERNER 1959 — Food of the Pacific sardine
(Sardinops caerulea). Fishery Bull. Fish Wildl. Serv., U.S.
60(164): 175-184.

HERON, A. C., McWILLIAM, P. S. and G. DAL PONT 1988 —
Length-weight relation in the salp Thalia democratica and
potential of salps as a source of food. Mar. Ecol. Prog. Ser.
42: 125-132.

HIRCHE, H-J. 1980 — The cultivation of Calanoides carinatus
Kroyer (Copepoda: Calanoida) under different temperature
and food conditions — with a description of eggs and nauplii.
J. mar. biol. Ass. UK. 60: 115-125.

HITCHCOCK, G. L. 1982 — A comparative study of the size-
dependent organic composition of marine diatoms and dino-
flagellates. J. Plankt. Res. 4: 363—-377.

HOSIE, G. W. and D. A. RITZ 1983 — Contribution of moulting
and eggs to secondary production in Nyctiphanes australis
(Crustacea: Euphausiacea). Mar. Biol. 77(3): 215-220.

HUNTER, J. R. and R. J. H. LEONG 1981 — The spawning ener-
getics of female northern anchovy, Engraulis mordax.
Fishery Bull., Wash. 79(2): 215-230.

HUNTLEY, M. E. and M. D. G. LOPEZ 1992 — Temperature-
dependent production of marine copepods: a global synthesis.
Am. Naturalist 140: 201-242.

HYSLOP, E. J. 1980 — Stomach contents analysis — a review of
methods and their application. J. Fish Biol. 17(4): 411-429.

JAMES, A. G. 1987 — Feeding ecology, diet and field-based stud-
ies on feeding selectivity of the Cape anchovy Engraulis
capensis Gilchrist. In The Benguela and Comparable
Ecosystems. Payne, A. 1. L., Gulland, J. A. and K. H. Brink
(Eds). S. Afr. J. mar. Sci. 5: 673—-692.

JAMES, A. G. 1988a — The feeding ecology of and carbon and
nitrogen budgets for Engraulis capensis in the southern
Benguela ecosystem. Ph.D. thesis, University of Cape Town:

231 pp.
JAMES, A. G. 1988b — Are clupeid microphagists herbivorous or



2002

omnivorous? A review of the diets of some commercially
important clupeids. S. Afr. J. mar. Sci. 7: 161-177.

JAMES, A. G. and K. P. FINDLAY 1989 — Effect of particle size
and concentration on feeding behaviour, selectivity and rates
of food ingestion by the Cape anchovy Engraulis capensis.
Mar. Ecol. Prog. Ser. 50(3): 275-294.

JAMES, A. G. and T. [A.] PROBYN 1989 — The relationship be-
tween respiration rate, swimming speed and feeding be-
haviour in the Cape anchovy Engraulis capensis Gilchrist.
J. expl mar. Biol. Ecol. 131: 81-100.

JAMES, A. G., PROBYN T. [A.] and L. HUTCHINGS 1989a —
Laboratory-derived carbon and nitrogen budgets for the om-
nivorous planktivore Engraulis capensis Gilchrist. J. expl
mar. Biol. Ecol. 131: 125-145.

JAMES, A. G., PROBYN, T. [A.] and L. J. SEIDERER 1989b —
Nitrogen excretion and absorption efficiencies of the Cape
anchovy Engraulis capensis Gilchrist fed upon a variety of
plankton diets. J. expl mar. Biol. Ecol. 131(2): 101-124.

JARRE-TEICHMANN, A., SHANNON, L. J., MOLONEY, C. L.
and P. A. WICKENS 1998 — Comparing trophic flows in
the southern Benguela to those in other upwelling ecosystems.
In Benguela Dynamics: Impacts of Variability on Shelf-Sea
Environments and their Living Resources. Pillar, S. C.,
Moloney, C. L., Payne, A. I. L. and F. A. Shillington (Eds).
S. Afr. J. mar. Sci. 19: 391-414.

KAWASAKI, T. and A. KUMAGAI 1984 — Food habits of the
Far Eastern sardine and their implication in the fluctuation
pattern of the sardine stocks. Bull. japan. Soc. scient. Fish.
50(10): 1657-1663.

KING, D. P. F. and P. R. MACLEOD 1976 — Comparison of the
food and the filtering mechanism of pilchard Sardinops
ocellata and anchovy Engraulis capensis off South West
Africa, 1971-1972. Investl Rep. Sea Fish. Brch S. Afr. 111:
29 pp.

KLEPPEL, G. S. 1992 — Environmental regulation of feeding and
egg production by Acartia tonsa off southern California.
Mar. Biol. 112: 57-65.

KONCHINA, Y. V. 1991 — Trophic status of the Peruvian anchovy
and sardine. J. Ichthyol. 31: 59-72.

KONCHINA, Y. V. and Y. P. PAVLOV 1995 — On methods of deter-
mining the trophic status of species in ichthyocenes. J.
Ichthyol. 35: 150-166.

KOSLOW, J. A. 1981 — Feeding selectivity of schools of northern
anchovy, Engraulis mordax, in the southern California Bight.
Fishery Bull., Wash. 79(1): 131-142.

KRUGER, I. and R. A. CRUICKSHANK 1982 — Environmental
aspects of a few pelagic fish shoals off South West Africa.
Fish. Bull. S. Afr. 16: 99-114.

LI, X-Y., KAWASAKI, T. and H. HONDA 1992 — The niches of
the Far Eastern sardine and Japanese anchovy. Asian Fish.
Sci. 5:315-326.

LLUCH-BELDA, D., CRAWFORD, R. J. M., KAWASAKI, T., Mac-
CALL, A. D., PARRISH, R. H., SCHWARTZLOSE, R. A.
and P. E. SMITH 1989 — World-wide fluctuations of sardine
and anchovy stocks: the regime problem. S. Afr. J. mar. Sci.
8: 195-205.

LLUCH-BELDA, D., SCHWARTZLOSE, R. A., SERRA, R,
PARRISH, R. [H.], KAWASAKI, T., HEDGECOCK, D.
and R. J. M. CRAWFORD 1992 — Sardine and anchovy
regime fluctuations of abundance in four regions of the world
oceans: a workshop report. Fish. Oceanogr. 1(4): 339-347.

LONGHURST, A. R. 1971 — The clupeoid resources of tropical
seas. In Oceanography and Marine Biology. An Annual
Review 9. Barnes, H. (Ed.). London; George Allen and Unwin:
349-385.

LOUW, G. G., VAN DER LINGEN, C. D. and M. J. GIBBONS
1998 — Differential feeding by sardine Sardinops sagax
and anchovy Engraulis capensis recruits in mixed shoals.

Van der Lingen: Diet of Sardine in Southern Benguela

315

In Benguela Dynamics: Impacts of Variability on Shelf-Sea
Environments and their Living Resources. Pillar, S. C.,
Moloney, C. L., Payne, A. I. L. and F. A. Shillington (Eds).
S. Afr. J. mar. Sci. 19: 227-232.

MILLER, T. W, BRODEUR, R. D. and R. L. EMMETT 2000 —
Distribution and diet of the Pacific sardine (Sardinops
sagax) off Oregon and Washington. Program and Abstracts
of the CalCOFI Annual Conference, October 2000, Lake
Arrowhead, California (no pagination).

MITCHELL-INNES, B. A., RICHARDSON, A. J., and S. J. PAINT-
ING 1999 — Seasonal changes in phytoplankton biomass
on the western Agulhas Bank, South Africa. S. Afr. J. mar.
Sci. 21: 217-233.

NAPIER, I. R. 1993 — The organic carbon content of gravel bed
herring spawning grounds and the impact of herring spawn
deposition. J. mar. biol. Ass. U.K. 73: 863—870.

PETERSON, W. T. 1986 — Development, growth, and survivor-
ship of the copepod Calanus marshallae in the laboratory.
Mar. Ecol. Prog. Ser.29: 61-72.

PETERSON, W. T. 1989 — Zooplankton feeding and egg production
in comparison to primary production along the west coast
of South Africa. Proceedings of the Plankton Dynamics Mini-
Symposium, Cape Town, May 1989. Rep. Benguela Ecol.
Progm. S. Afr. 17: 5 unnumbered pp.

PETERSON, W. T. and L. HUTCHINGS 1995 — Distribution,
abundance and production of the copepod Calanus agul-
hensis on the Agulhas Bank in relation to spatial variations
in hydrography and chlorophyll concentration. J. Plankt.
Res. 17: 2275-2294.

PETERSON, W. T., HUTCHINGS, L., HUGGETT, J. A. and J. L.
LARGIER 1992 — Anchovy spawning in relation to the
biomass and the replenishment rate of their copepod prey
on the western Agulhas Bank. In Benguela Trophic Func-
tioning. Payne, A. 1. L., Brink, K. H., Mann, K. H. and R.
Hilborn (Eds). S. Afr: J. mar. Sci. 12: 487-500.

PILLAR, S. C. 1987 — Distribution and population dynamics of
Euphausia lucens (Euphausiacea) in the southern Benguela
Current. Ph.D. thesis, University of Cape Town: xiii + 224 pp.

RYTHER, J. H. 1969 — Photosynthesis and fish production in the
sea. Science, N.Y. 166(3091): 72-76.

SANTANDER, H., ALHEIT, J., MacCALL, A. D. and A.
ALAMO 1983 — Egg mortality of the Peruvian anchovy
(Engraulis ringens) caused by cannibalism and predation
by sardines (Sardinops sagax). In Proceedings of the Expert
Consultation to Examine Changes in Abundance and
Species Composition of Neritic Fish Resources, San José,
Costa Rica, April 1983. Sharp, G. D. and J. Csirke (Eds).
FA.O. Fish. Rep. 291(3): 1012-1025.

SCHWARTZLOSE, R. A., ALHEIT, J., BAKUN, A., BAUM-
GARTNER, T. R., CLOETE, R., CRAWFORD, R. J. M.,
FLETCHER, W. J., GREEN-RUIZ, Y., HAGEN, E.,
KAWASAKI, T., LLUCH-BELDA, D., LLUCH-COTA,

S. E., MacCALL, A. D., MATSUURA, Y., NEVAREZ-
MARTINEZ, M. O., PARRISH, R. H., ROY, C., SERRA, R.,
SHUST, K. V., WARD, M. N. and J. Z. ZUZUNAGA 1999
— Worldwide large-scale fluctuations of sardine and anchovy
populations. S. Afr. J. mar. Sci. 21: 289—-347.

SHANNON, L. J,, FIELD, J. G. and C. L. MOLONEY (in press)
— Simulating anchovy-sardine regime shifts in the southern
Benguela ecosystem. Ecol. Model.

SMAYDA, T. J. 1978 — From phytoplankters to biomass. In
Phytoplankton Manual. Sournia, A. (Ed.). Unesco Mono-
graphs on Oceanographic Methodology 6: 273-279.

STUART, V. and S. NICOL 1986 — The reproductive potential of
three euphausiid species from the southern Benguela region.
J. expl mar. Biol. Ecol. 103(1-3): 267-274.

VALDES SZEINFELD, E. [S.] 1991 — Cannibalism and intraguild
predation in clupeoids. Mar. Ecol. Prog. Ser.79: 17-26.



316

VAN DER LINGEN, C. D. 1994 — Effect of particle size and
concentration on the feeding behaviour of adult pilchard,
Sardinops sagax. Mar. Ecol. Prog. Ser. 109: 1-13.

VAN DER LINGEN, C. D. 1995 — Respiration rate of adult
pilchard Sardinops sagax in relation to temperature, voluntary
swimming speed and feeding behaviour. Mar. Ecol. Prog.
Ser. 129: 41-54.

VAN DER LINGEN, C. D. 1998a — Gastric evacuation, feeding
periodicity and daily ration of sardine Sardinops sagax in
the southern Benguela upwelling ecosystem. In Benguela
Dynamics: Impacts of Variability on Shelf-Sea Environments
and their Living Resources. Pillar, S. C., Moloney, C. L.,
Payne, A. I. L. and F. A. Shillington (Eds). S. Afr. J. mar.
Sci. 19: 305-316.

VAN DER LINGEN, C. D. 1998b — Nitrogen excretion and ab-
sorption efficiencies of sardine Sardinops sagax fed phyto-
plankton and zooplankton diets. Mar. Ecol. Prog. Ser. 175:
67-76.

South African Journal of Marine Science 24

2002

VERHEYE, H. M. 1991 — Short-term variability during an Anchor
Station study in the southern Benguela upwelling system.
Abundance, distribution and estimated production of meso-
zooplankton with special reference to Calanoides carinatus
(Krgyer, 1849). Prog. Oceanogr. 28(1-2): 91-119.

VERITY, P. G. and C. LANGDON 1984 — Relationships be-
tween lorica volume, carbon, nitrogen, and ATP content of
tintinnids in Narragansett Bay. J. Plankt. Res. 6(5): 857—869.

WALSH, J. J. 1981 — A carbon budget for overfishing off Peru.
Nature, Lond. 290: 300-304.

YAMASHITA, H. 1957 — Relations of the foods of sardine, jack
mackerel, and so on, in the waters adjacent to west Kyushu.
Bull. Seikai reg. Fish. Res. Lab. 11: 45-53 (In Japanese
with English summary).

YONEDA, Y. and Y. YOSHIDA 1955 — The relation between the
sardine and the food plankton. 1. On the food intake by
Sardinops melanosticta. Bull. japan. Soc. scient. Fish. 21(2):
62-66.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Academiury-ITV
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Algerian
    /AllegroBT-Regular
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /TimesnewRoman
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENS ()
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


