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ABSTRACT. The trophic position isotope spectrum is a stable-isotope-based method with which to 
analyse food web interactions and quantify the relative magnitude of dietary pathways. The approach 
was developed and tested for anchovy in the Southern Benguela using b'" determinations of the 
protein fraction. The results confirm recent findings that anchovy in the Southern Benguela are largely 
zooplanktivorous and refute the traditional Ryther hypothesis that large pelagic fish populations in 
upwelling areas are supported mainly by direct feeding on phytoplankton. 

INTRODUCTION 

Modelling energy flow through food webs is a way 
to understand trophic relationships in an ecosystem 
(Winberg 1956, Ivlev 1961, Durbin & Durbin 1983). 
These relationships vary in time and space and their 
definition has led to considerable debate in the litera- 
ture (reviewed e.g. in James 1988 for planktivorous 
clupeoids). Unless flows of energy, carbon or nitrogen 
are monitored on fine temporal and spatial scales, the 
present uncertainties concerning the importance of 
various pathways will persist. This is especially so in 
pelagic food webs, where planktivorous fish such as 
anchovy have a wide choice of prey and are capable of 
flexible and opportunistic feeding behaviour (Koslow 
1981, Angelescu 1982, James 1987, James & Findlay 
1989, James & Chiappa-Carrara 1990). 

The concept of food web structure in upwelling areas 
has been dominated by the hypothesis that the large 
populations of pelagic fish in these regions resulted 
from their ability to shorten the food chain by using the 
primary producers directly, thereby increasing trophic 
efficiency (Ryther 1969). This hypothesis appeared to 
be supported by field studies (reviewed by James 
1988a), but recent data raise questions about the valid- 
ity of this argument and indicate that this pelagic food 

web is longer and more complex than previously 
thought (Cushing 1978, Koslow 1981, Angelescu 1982, 
James 1987, 1988, Cherry et al. 1989, James et al. 
1989). 

In this study we develop a method, the trophic posi- 
tion isotope spectrum (TPIS), with which to analyse 
food web interactions and estimate the relative mag- 
nitude of the different pathways. The approach was 
developed using b13C data collected in the southern 
Benguela Current (Sholto-Douglas et al. 1991 [com- 
panion article]). We then use the TPIS for anchovy 
protein h13C to show that its trophic link to phytoplank- 
ton is longer and more complex than that suggested by 
Ryther (1969). 

The use of stable isotope ratios to estimate diet com- 
position was pioneered in the laboratory by DeNiro 
(1977) and for marine food chains by Parker (1963), 
McConnaughey & McRoy (1979) and Rau et al. (1983). 
It was found that at each trophic position the organism 
was enriched in the heavier isotope relative to its diet 
(DeNiro & Epstein 1978). It is this enrichment, which 
both is quite variable (Peterson & Fry 1987) and occurs 
as a result of differential catabolic and anabolic rates 
within the organism (DeNiro 1977, Owens 1987), which 
allows dietary links to be deduced from food-chain 
samples. The study of marine food chains using stable 
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METHODS AND MATERIALS 

isotope ratios is relatively recent (McConnaughey & this information. This model was formulated using a 
McRoy 1979, Macko et  al. 1982, Rau et  al. 1983, Fry et data set which is described more fully in the companion 
a1 1984, I(lyashko 1988, Rau et al. 1989), and most paper of Sholto-Douglas et al. (1991). 
reports can be classified as surveys of stable isotope 
ratios rather than investigations of elemental pathways 
(Miyake & Wada 1987, Peterson & Howarth 1987, 
Macko 1981). 

Present stable-isotope-based food-chain studies Sampling and analysis. Samples collected for stable 
have 2 main problems: data tend to be sparse (n = 1 to isotope analysis were obtained from stations in the 
5 samples) (Rau et  al. 1983, Dunton et  al. 1989) and Southern Benguela (Sholto-Douglas et  al. 1991). For 
relationships between diet and consumers are estab- b13C measurements, the lipid fractions were extracted 
lished on the basis of the means of these small data from the sample using a chloroform:methanol:water 
sets. The use of mean values ignores sample variability, (2:1:0.8) mix (Bligh & Dyer 1959), and the residual 
which may be the key to the complexity of trophic muscle protein was freeze-dried, then combusted 
interactions. Stable isotope ratios characteristic of under vacuum with a Cu/CuO mix at  800 "C. The gas 
specific trophic interactions are spatially and tempor- combustion products were isolated by cryogenic distil- 
ally highly variable (Owens 1987, Dunton et  al. 1989, lation and carbon stable isotope ratios measured with a 
Saupe et al. 1989). Organisms may switch diets VG602E mass spectrometer. Although 6 " ~  data were 
because of size, availability, ease of capture and also available, the total number of samples was not 
biogeography of prey. With the TPIS approach, set out sufficient for satisfactory application of the TPIS. The 
below, many of these problems are overcome and with details of sampling and analysis are given in the com- 
careful sampling specific pathways may be  identified panion paper of Sholto-Douglas et al. (1991). 
and quantified. b13C stable isotope ratios are expressed as %a differ- 

Three commercially important engraulids - ence from the PDB standard (Hoefs 1980): 
Engraulis mordax (Koslow 1981, James & Chiappa- 
Carrara 1990), E. anchoita (Angelescu 1982, Angelescu 6 ' 3 ~  = (13C/12C)Sample - (13C/12~)Siandard X 1000 
& Anganuzzi 1981) and E. capensis (James 1987, James (13C/12C)Standard 
& Findlay 1989) - are all size-selective predators, the 
bulk of whose diets are composed of meso- (200 to The trophic position isotope spectrum. The TPIS is 
2000 pm) and macro-zooplankton (> 2000 um), and not based on the hypothesis that each stable isotope data 
phytoplankton. Although recent data indicate that point is representative of the dietary history of the 
clupeoids are largely zooplanktivorous in upwelling organism, integrated over the turnover time of the 
areas, these data are not entirely conclusive. Field chosen tissue, and that variability among organisms 
studies are restricted to analyses of stomach contents represents differences in their dietary histories. It 
and selectivity under the observed environmental con- addresses the 2 basic requirements of food-web 
ditions, and thus are neither temporally nor spatially studies: to deflne and to quantify the flow of carbon 
integrated - they essentially provide 'snapshots' of a fixed by primary producers to successive trophic posi- 
diet and feeding behaviour. It is difficult to draw con- tions. 
crete conclusions from these data or extend them be- The terms 'trophic category' and 'trophic position' 
yond the scope of the study, especially when the flexi- are used in  accordance with the nomenclature of Field 
bility of engraulid feeding behaviour is considered. et al. (1989). The term 'category' corresponds to the 
Secondly, while both field and laboratory data are used classical term 'level', and 'position' refers to intermedi- 
to deduce the diet and energetic5 of these fishes, they ate locations between 'trophic levels' arising from 
do not define the food pathways between the primary omnivory. This change of nomenclature was invoked to 
producers and fish, and interactions between the inter- emphasise the dynamic nature of food web troph.ic 
mediate trophic positions remain a matter of conjec- relationships against the classical static relationships 
ture. What is required is a method that defines energy associated with the term 'level'. An organism is seen to 
flows over known space and time scales. These data occupy a trophic category relative to its food web and it 
may be used to assess the importance of the various will, at  a particular time or place, have a unique trophic 
potential carbon or nitrogen pa.thways from primary position as a function of its feeding behaviour. The 
producers to consumers. Such data would supplement TPIS is an  analytical tool which helps clarify the extent 
information gained from more conventional studies, or and predominance of this variability. 
indeed challenge existing paradigms. We believe that We hypothesise that the number of pathways along 
the variability in stable isotope ratios expressed as TPIS which carbon or nitrogen reaches a given compartment 
rather than means and standard deviations can provide i.n the food chain will be reflected by the distribution 
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and frequency of occurrence of isotope ratios from 
organisms in that particular compartment. The isotope 
ratios cluster around b values which are representative 
of the dominant input pathways during the period over 
which the organism's tissue integrates dietary history. 
Because the technique distinguishes between indi- 
viduals with different dietary histories, it is essentially 
applicable to individuals from different populations. 
This is especially so when sampling schooling fish, 
because individuals of the same age  and length classes 
presumably have similar diets. Therefore it is necessary 
to sample several temporally and spatially separated 
populations to produce a TPIS. The hypothesis is 
described in Fig. (1). 

The food chain in Fig. 1 has 3 trophic categories 
above the primary producer, the highest being a plank- 
tivorous fish (P) utilizing phytoplankton carbon via 3 
pathways (Fig. l ) .  In t h s  hypothetical example, the 
vertical axis represents relative frequency of occur- 
rence and the horizontal axls represents increasing 
prey trophic category. Each pathway has a different 
number of trophic categories and will therefore pro- 
duce a unique isotopic 'signature' in the fish. If all 3 
pathways coexist simultaneously the isotope signatures 
in the fish will be a combination of all 3 inputs, the 
actual S value being dependent upon the importance of 
each pathway. If the pathways are separated in time 
and space by factors such as seasonality, biogeography 
or size-selective feeding behaviour so that different 
individuals get their diet from different pathways, then 
a suitable sampling strategy could isotopically resolve 
individual pathways. Each pathway has a characteristic 
isotope ratio (PI ,  P2 and P3) ranging from the isotopi- 
cally 'light' single-step P1 route to the 'heaviest' 3-step 
P3 pathway. The frequency of occurrence of the ratios 
quantifies the proportion of individuals receiving their 
main carbon supply along each pathway. It is possible 
that the 6 of P2 could reflect a 50:50 diet mix of P1 and 

Fig. 1. Conceptual diagram of the relation- 
ship between (A) the trophic position isotope 
spectrum of a predator (P), and (B) its dietary 
relationship with the food chain. I t  shows 
that for each pathway there is a characteris- 
tic isotope ratio (PI,  P2, P3) which is a func- 
tion of the number of intermediary trophic 
steps and whose height indicates the 
number of individuals that have fed via that 
pathway. It is possible that an  intermediate 
peak (P2)  could also represent a mix of 2 
extremes (P1 and P3); gut content studies 
would be  required in order to clarify this 
posibility. PHYTOPL: phytoplankton; 21 
and 22 are zooplankton trophic categories in 
this hypothetical food web. Z1 and Z2B are 
grazer categories and 22, is a predator 

category 

P3. This would be  unlikely without the presence of b 
values at P1 and P3, which would then be  a clue as to 
the pathways contributing to P2. To clarify this problem 
dlrect inspection of gut contents would be essential, 
emphasising the complementary nature of the 2 tech- 
niques. To define a food web, all trophic positions 
between the primary producer and relevant consumers 
must be  sampled and a TPIS constructed for each. 
Pathways are defined by the positions of the peaks of 
each TPIS and the isotopic trophic enrichment for a 
given step. 

The choice of biological tissue at each trophic posi- 
tion is important. Tissues from different parts of the 
organism will have different turnover rates. These rates 
determine the period over which the 'dietary memory' 
persists. For instance, muscle protein reflects a shorter- 
term dietary history than bone collagen (protein), 
which has a slower turnover rate (Tieszen et  al. 1983), 
whereas isotopically lighter lipids are subject to sea- 
sonal fluctuations as storage products (Attwood & 
Peterson 1989). For this reason, lipids have been 
extracted from the present samples (Sholto-Douglas et  
al. 1991). 

RESULTS 

The results from the carbon TPIS for anchovy (muscle 
tissue and gut contents) and 3 planktonic size classes 
are shown in Figs. 2 & 3. For clarity, Fig. 2 is limited to 
anchovy muscle and gut content b13C, but Flg. 3 
includes the plankton part of the food chain. For the 
purposes of this paper, the plankton samples have been 
divided into 3 size classes: > 500, 200-500 and 
20-200 pm escape diameter, which correspond to the 
MZ, Z and KZ fractions respectively The isotope ratios 
were rounded to within + 0.125 %O of each 0.25 L 
distribution interval. This was the maximum estimated 

A TROPHIC POSrrlON ISOTOPE SPECTRUM R FOOD WEB MODEL 
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Fig 3 Composite TPIS diagram, which includes anchovy 
Engraulis capensjs and 3 size classes oi plankton samples. I t  
shows that besides phytoplankton (bI3c from -19.75 to 
-20.5 ?;a) there are 2 trophic positions in all 3 planktonic size 
classes (ca - 18 % and ca - 15 Ym). The bI3c trophic enrichment 
per level is 2 to 3 %o. PHYTOPL: phytoplankton; arrows indi- 
cate trophic pathways; dashed rectangle in top panel encloses 
intermediary bl'C values, which are indicative of omnivory 

Fig. 2 .  Engraulis capensis. TPIS for an- 
chovy muscle tissue samples and for an- 
chovy gut content samples. Both TPIS's 
display strong bimodality, which is indi- 
cative of the fact that the anchovy carbon 
input occurs predominantly along 2 main 
pathways (arrowed). It indicates that a 
bI3C enrichment of 2%0 separates the 2 
TPIS's and that A1 individuals have fed 
from G1 whereas A2 individuals preyed 
mainly on G2. It also shows that phyto- 
plankton is not a significant direct carbon 
source for anchovy. A1 and A2, and G1 
and G2, designate the main peaks in the 
anchovy and gut content TPIS's respec- 
tively; dashed line marked with 'X' indi- 

cates unlikely pathway 

experimental error, and for this relatively small sample 
size it improved the signal-to-noise ratio without re- 
ducing the significance of natural differences. 

Strong bimodality was evident in both the anchovy 
gut content and muscle tissue bI3C data. The gut con- 
tent samples had main peaks at -18.0 and -16.25%0, 
and the muscle at - 16.0 and - 14.5 %O (Fig. 2). 

The muscle tissue, which probably integrates dietary 
changes over a period of weeks (Tiezen et al. 1983), has 
intermediate peaks, suggesting diet mixing or switch- 
ing. The bI3C values at -20.0 %" in the gut content TPIS 
demonstrate that phytoplankton can be a dietary input. 
However, allowing for a 2 %o enrichment of 6I3C in this 
trophic step, this is not reflected in the anchovy TPIS. It 
suggests that, over the tissue turnover time, phyto- 
plankton are an insignificant carbon source. Stomach 
content data have confirmed that phytoplankton are 
not an important component of the diet of Engraulis 
capensis (James 1987) 

The distribution and number of b13C peaks for each 
size class are an indication of the average number of 
trophic steps along which carbon reaches that particu- 
lar size class. The bI3C peaks are indicative of the 
number of trophic positions within the size class. The 
20-200 tim size fraction includes phytoplankton 
(mainly diatoms) and microzooplankton (mainly 
ciliates and crustacean nauplli). Its TPIS (Fig. 3) 
appears to show 3 trophic positions in this size class: 
phytoplankton at -19.75 to -20.5 %o, and 2 microzoo- 
plankton trophic positions (uZ1 at -18.5 %O and p22 at 
-15.5 to -15.7 5 %o, Fig. 3). The assumed phytoplank- 
ton b13C ranged from -19.75 to -20.5%, which is 
within the range measured in the Southern Benguela 
Current (Monteiro unpubl.). The I3C enrichment per 
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trophic category is thus ca 3%" for the 20-200 Ctln 
plankton part of the pelagic food web. 

The TPIS of the 200-500 ,pm fraction has 2 main 
peaks, at 1 8 . 0 % 0  ( Z l )  and -15.0%0 (Z2), which corre- 
spond to dietary inputs from phytoplankton (-20.5 %o) 

and 1.121 (-18.5 %o) respectively, assuming a trophic 
enrichment of 2.5 to 3.5 %o. The intermediary peaks are 
thought to indicate omnivory. 

The > 500 pm size class (MZ2) has a TPIS clustered 
around -15 to -15.5 %o, indicating that the principal 
input pathways o l ig~nate  from organisms in the second 
trophic posltion (either yZ1 or Z1; b13c values of ca 
-18 %"). The major components of this slze category 
are euphausiids and amphipods. The more depleted 
values (< - 16.5 YIO) in the macrozooplankton TPIS sug- 
gest that some macrozooplankton have mixed diets in 
the range 1 8  to -20 xo, although the frequency of 
occurrence was low (2 out of 6 ,  Fig. 3) .  The planktonic 
(< 2000 ,pm) TPIS's also show that the highest degree of 
13C enrichment in this part of thr. food web is -15 %O 

(Fig. 3). This indicates that, assumlng a 2 to 3 %O trophic 
enrichment, the components of the planktonic food 
web are linked by no more than 2-step pathways. 

All the above TPIS's can now be  compiled into a 
carbon flow network, as  shown in Fig. 4. The 
hypothesized pelagic food web was constructed using 
2 basic rules: (1) each coinpartn~ent has a 613C value 
obtained from the TPIS of ~ t s  size class (Fig. 3) ,  and (2 )  
the compartments are linked according to the 613C 
difference between diet and consumer compartments. 
This difference is 2 to 3 %O unless, as is the case for the 
G2 (gut contents) compartment, it is a combination of 2 
inputs. Applying these rules, a food web with 10 com- 
partments was constructed (Fig. 4) ,  including anchovy 
gut contents G1 and G2, and 15 possible pathways. 

2 Step Pathway 

3 Step Pathway 

DISCUSSION 

The proposed Southern Benguela pelagic food web 
is a highly complex one, although not all pathways are 
of equal importance (Fig. 4 ) .  The main shortcoming of 
this data set is that, using carbon alone, it is not pos- 
sible to separate the contr~butions of yZ1 and Z1 within 
the first trophlc posit~on and ~122,  22  and MZ2 In the 
second. In Fig. 4 it can be seen that b13C values indicate 
the trophic position of food web components, and that 
there may be  more than 1 size class in each trophic 
position. 

Although b l S N  values were available for some of the 
samples, there were not enough for a similar TPIS 
treatment to be applied for h'%. The application of 
TPIS to b15N may face other difficult~es related to differ- 
ences in the nature of the metabollsm of protein carbon 
and nitrogen after assimilation (Hare 1988). Transami- 
nation, which appears to characterize amino acid 
metabollsm, may scramble the dietary signal so as to 
make a TPIS analysis less clear. This requires further 
investigation with a larger data set. 

The trophic enrichments proposed in this study are at 
the upper end of the published ranges (Peterson & Fry 
1987). This issue is still not resolved but an important 
factor which probably accounts for the high values 
observed here could be  that many previous h13C inea- 
sureinents were made on whole tissue samples, which 
included the ? ~ ' ~ C - d e ~ l e t e d  lipid fraction (Saupe e t  al. 
1989). I t  is well known that the protein:lipid ratio of 
organisms can vary as a function of environmental 
conditions. This is especially serious for smaller organ- 
isms, and neglecting this problem might conceivably 
bias findlngs because of the large 613C differences 
between lipids (ca -26 %o) and proteln (ca -16 %o). We 
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believe that having made our 613C measurements spec- 
ifically on defatted protein carbon gives our findings a 
good degree of internal consistency. 

Stomach content data have helped assess the impor- 
tance of some of the pathways. Pathways which have 
been confirmed by stomach content observations are 
shown as  continuous lines and those that have not as 
dashed lines in Fig. 4. 

The food web model shows that, in the Southern 
Benguela region, phytoplankton carbon only reaches 
anchovy along a 2 or 3-step food chain. In the case of a 
2-step food chain, the anchovy forage on the first 
trophic position (pZ1, Zl) ,  and for the 3-step one, on the 
second trophic position ( ~ 2 2 ,  2 2 ,  MZ2). The relative 
magnitudes of the 2- and 3-step pathways may be 
quantified using the anchovy TPIS. Based on the b13C 
values of each anchovy main peak (A1 and A2) and a 
2 % enrichment of 13C relative to the diet, the 2- and 3- 
step pathways are calculated to contribute 57 and 43 % 
of the anchovy carbon respectively. The mass balance 
equations are: 

b l 3 C ~ 1  = 613CG1 + 2 %0; and 
613CA2 = 0.14 (b13CG1 + 2 %o) + 0.86 (613CG2 + 2 %o) 

The mass balance equation for 613CA2 reflects the pro- 
portions of G1 (0.14) and G2 (0.86) required to give the 
value -14.5 %O for A2. Then, total G1 contributing to 
A1 and A2 = 1 + 0.14 = 1.14; and total G2 contributing 
to A2 = 0.86. 

Therefore the total contribution from the 2-step path- 
way to the anchovy pool, represented by the major 
peaks A1 and A2, is 1.14/(1.14 + 0.86) = 57 O h ,  and for 
the 3-step pathway 0.86/(1.14 + 0.86) = 43 %. This 
shows that in the Southern Benguela the 2- and 3-step 
pathways contribute ca 50 % each to the anchovy diet. 

The 613C values of the bimodal anchovy TPIS are 
consistent with the finding that a direct phytoplankton- 
anchovy pathway does not significantly contribute to 
anchovy energy requirements (James 1987, James et  
al. 1989). If this pathway were significant, then a 613c 
peak of ca - 18 %O would occur in the anchovy TPIS. 
Although one stomach contents sample did contain 
phytoplankton (613c -20%o, Fig. 2), it is not reflected in 
the anchovy TPIS. We conclude that this input is likely 
to be occasional and insignificant, at least in the South- 
ern Benguela Ecosystem. The data (Fig. 4) indicate that 
Engraulis capensis feed on Z1 and MZ2. Carbon from 
the 200-500 ym size class, in this plankton sample, 
makes up 100 % of the isotopically 'lighter' diet 
reflected in the muscle protein, and 14 % of the con- 
tribution to the 'heavier' peak. MZ2 comprises 86 % of 
the 'heavier' diet (Fig. 4). This finding is consistent with 
field observations of Engraulis capensis gut contents in 
the Southern Benguela (James 1987). 

Two important questions arise from the use of such a 

model to interpret complex food webs: the required 
sample size to make the TPIS quantitatively useful, and 
the temporal or spatial mismatch between samples 
from the various trophic categories. This study has 
shown that to make TPIS a more routine quantitative 
ecological tool there should be  20 to 30 samples in each 
size class. The sample sizes used here were, however, 
adequate to achieve the objectives of the study, which 
were to demonstrate the rules of TPIS construction and 
function and to use TPIS to confirm the absence of a 
direct link between phytoplankton and anchovy in the 
Southern Benguela. As was discussed in Sholto-Doug- 
las et  al. (1991), temporal mismatch between samples is 
unlikely to account for significant variability in the 
data. The most important environmental factor poten- 
tially affecting b13C is temperature, which can change 
the value in phytoplankton at the base of the food web. 
In the Southern Benguela, however, the seasonal tem- 
perature range is very small. Furthermore, the 6I3c of 
muscle tissue integrates the dietary signal over months. 
Thus, while it is important to have a sample set of prey 
which is representative of its isotope variability, simul- 
taneous sampling, while desirable, is not essential. We 
have to emphasise that the TPIS is not an alternative to 
more established techniques such as gut content analy- 
sis but an additional method for the ecological 'tool 
box'. 

A remaining problem is to identify the causes of the 
strong bimodality in the anchovy carbon TPIS. A 
number of natural factors might influence the isotopic 
composition of the diet, including biogeography, size of 
both anchovy and prey, season, prey abundance, verti- 
cal distribution of predator and prey and predator feed- 
ing behaviour. It is surprising that, with so many poten- 
tially interlinked factors, the bimodal signal is still 
prominent, suggesting that the factors regulating 
anchovy diet are simpler than initially thought. It would 
appear from the available data that switching occurs 
fairly rapidly, but each diet is sustained long enough to 
isotopically characterise the muscle protein. 

CONCLUSION 

The results of this study refute the traditional 
hypothesis of Ryther (1969) that large pelagic fish 
populations in upwelling areas are supported mainly 
by direct feeding on phytoplankton. The isotope ratios 
show that the pelagic food web is a highly complex 
one, with widespread omnivory in all consumer posi- 
tions. This supports recent findings that anchovy are 
not only capable of flexible feeding behaviour but are 
also size-selective predators (James 1987, James & 
Findlay 1989). Despite this complexity the strong 
bimodality of the anchovy TPIS indicates that certain 
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p a t h w a y s  are consistently important .  Anchovy  ca rbon  

r equ i remen t s  a r e  supp l i ed  primarily th rough  2 or  3 
t rophic  ca t egory  transfers wi thin  the  pe lag ic  food w e b .  

T h e  major  a d v a n t a g e  of t h e  TPIS is that  it provides  a 

m e t h o d  by w h l c h  isotope ratios c a n  b e  u s e d  to quant i fy  
t rophic  in teract ions  wi thin  food w e b s  r a the r  than  

th rough  simplistic food cha in  m o d e l s  (Sholto-Douglas 

e t  al .  1991). 

Acknowledgements. The authors thank 2 anonymous referees 
for their thoughts and constructive suggestions, as well as the 
South African Foundation for Research Development for fund- 
ing the work through the Benguela Ecology Programme. 

LITERATURE CITED 

Angelescu, V (1982). Ecologia trofica de  la anchoita del Mar 
Argentino (Engraulldae, Engraulis anchoita). 2. Aliment- 
acion, comportamiento y relaciones troficas en  el 
ecosistema Contr. Inst. nac. Invest. Desar. Pesq. 409: 1-89 

Angelescu, V., Anganuzzi, A. (1981). Resultados sobre la 
alimentacion da le anchoita (Engraulis anchoita) e n  el area 
explorada por el B/I 'Shinkai Maru' durante las campanas 
V1 (21/09/78 - 12/10/78) y V111 (20/11/78 - 19/12/78) e n  el 
Mar Argentino. Contr. Inst. nac. Invest. Desar. Pesq. 383: 
281 -298 

Attwood, C. G., Peterson, W. T (1989) Reduction in fecundity 
and lipids of the copepod Calanus australls (Brodskii) by 
strongly pulsed upwelling. J. exp mar Biol. Ecol. 129 
121-131 

Bligh, E. G.,  Dyer, W. J .  (1959). A rapid method of total lipid 
extraction and purification. Can. J .  Biochem. Physiol. 37: 
911-917 

Cherry, R., Heyraud, M., James, A. G. (1989). Diet prediction 
in common clupeoid fish using Polonium 210 data. J .  envir 
Radioactivity 10: 47-65 

Cushing, D H (1978). Upper trophic levels in upwelling 
areas. In: Bole, R ,  Tomczak, M. (eds.) Upwelling ecosys- 
tems. Spnnger,  New York, p.  101-110 

De Niro, M. J .  (1977). 1. Carbon isotope distribution in food 
chains. 11. Mechanism of carbon isotope fractionation 
associated with lipid synthesis. Ph.D. thesis. California 
Institute of Technology, Los Angeles 

De Niro, M. J . ,  Epstein, S. (1978). Influence of diet on the 
distribution of carbon isotopes in animals. Geochim. cos- 
mochim. Acta 42: 495-506 

Dunton, K. H., Saupe, S. M., Golikov, A N., Schell, D. M. ,  
Schnberg, S. V.  (1989). Trophic relabonships and isotopic 
gradients among Arctic and subarctic marine fauna. Mar. 
Ecol. Prog. Ser. 56: 89-97 

Durbin, E. G., Durbin, A. G. (1983). Energy and nitrogen 
budgets for the Atlantic menhaden, Brevoortia tyrannus 
(Pisces: Clupeidae), a filter-feeding planktivore. Fish. Bull. 
U.S. 81(2): 177-199 

Field, J .  G., Wulff, F., Mann, K. H. (1989). The need to analyse 
ecological networks. In: Wulff, F., Field, J .  G . ,  Mann, K. H. 
(eds.) Network analysis in manne ecology: methods and 
applications. Springer-Verlag, Berlin, p 3- 12 

Fry, B., Anderson, R. K. ,  Entzeroth, L..  Bird. J .  L.,  Parker, P. L. 
(1984). I3C enrichment and oceanic food web structure in 
the northwestern Gulf of Mexico. Contr. mar. Sci. 27: 
49-65 

Hare. P. E., Vogel, M. L., Stafford, T. W Jr. Mitchell, A. D., 
Hoering, T. C. (1991). The isotopic composition of carbon 
and nitrogen in individual amino acids isolated from mod- 
ern and fossil proteins. J Archaeol. Sci. 18. 277-292 

Hoefs, J .  (1980). Stable isotope geochemistry. Springer-Ver- 
lag, Berlin 

Ivlev, V. S. (1961). Experimental ecology of the feeding of 
fishes. Yale University Press, New Haven 

James, A. G. (1987). Feeding ecology, diet and field-based 
studies on feeding selectivity of the Cape anchovy 
Engraulis capensis Gilchrist. S. Afr. J .  mar. Sci. 5: 673-692 

James, A. G. (1988). Are clupeid microphagists herbivorous or 
omnivorous? A review of the diets of some commercially 
important clupeids. S. Afr J. mar Sci. 7 :  161 - l77 

James, A. G., Chiappa-Carrara,, X. (1990). A comparison of 
field based studies on the trophic ecology of Enyraulis 
capensis and E. mordax. In: Barnes, M., Gibson, N. (eds.) 
Trophic relationships in the marine environment. Proc. 
24th Eur. Mar. Biol. Symp. University Press, Aberdeen 

James, A. G., Findlay, K. (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. 50 275-294 

James, A. G.,  Probyn, T . ,  Hutchings, L .  (1989). Laboratory- 
derived carbon and nitrogen budgets for the on~nivorous 
planktivore Engraulis capensis Gilchrist. J .  exp. mar. Biol. 
Eco~.  131(2): 125-146 

Kiyashko. S. K. (1988). Study of carbon flows in marine ecosys- 
tems using natural stable isotope ratios (13C/'2C). Global 
biogeochem. Cycles 1: 237-245 

Koslow, J .  A. (1981). Feeding selectivity of schools of northern 
anchovy, Engraul~s  mordax, in the southern California 
Bight. Fish. Bull. U S. ?9(1) :  131-142 

Macko, S. (1981). Stable nitrogen isotope ratios as tracers of 
organic geochemical processes. Ph.D. thesis. University of 
Texas, Austin 

Macko, S., Lee, W Y., Parker, P. L. (1982). Nitrogen and 
carbon isotope fractionation by two species of marine 
amphipods: laboratory and field studies. J. exp. mar. Biol. 
Eco~. 63: 145-149 

McConnaughey. T., McRoy. C. P. (1979). Food web structure 
and the fractionation of carbon isotopes in the Bering Sea. 
Mar. Biol. 53: 275-262 

Miyake, Y., Wada, E (1967). The abundance ratio of I5N/l4N 
in the marine environment. Rec. oceanogr. Wks Japan 
9(1) :  37-53 

Owens, N. J .  P. (1987). Natural variations in 15N in the marine 
environment. Adv. mar Biol. 24: 389-451 

Parker, P. (1963). The biogeochemistry of stable isotopes of 
carbon in a marine bay. Geochim. cosmochim. Acta 28(7): 
1155-1164 

Peterson, B. J . ,  Fry, B (1987). Stable isotopes in ecosystem 
studies. A. Rev. Ecol Syst. 18: 293-320 

Peterson, B. J . ,  Howarth, R. W. (1987). Sulphur, carbon and 
nitrogen isotopes used to trace organic matter flow in the 
salt-marsh estuaries of Sapelo Is., Georgia. Limnol. 
Oceanogr. 32(6): 1195- 1213 

Rau, G. H., Heyraud, M., Cherry, R. D. (1989). I5N/l4N and 
l3C/I2C in mesopelagic shrimp from the northeast Atlantic 
Ocean: evidence for chfferences in diet. Deep Sea Res. 
36(7): 1103-1110 

Rau, G. H. ,  Mearns. A. J . ,  Young, D.  R., Olson, R. J., Schafer, 
H. A., Kaplan, I. R. (1983). Animal I 3 c / l 2 c  correlates with 
trophic level in pelagic food webs. Ecology 64(5): 
1314-1318 

Ryther, J .  H. (1969). Photosynthesis and fish production in the 
sea. Science 166: 72-76 



4 0 Mar Ecol. Prog. Ser. 78: 33-40, 1991 

Saupe, S. M., Schell, D. M., Griffiths, W B. (1989). Carbon Tieszen, L. L., Boutton. T W., Tesdahl, K. G., Slade, N. A. 
~sotope g r a l e n t s  in Western Arctic zooplankton Mar. (1983). Frachonation and turnover of stable carbon 
Biol. 103: 427-432 isotopes in animal tissues: implications for Del 13c analysis 

Sholto-Douglas, A. D., Field, J. G., James, A. G., van der of diet. Oecologia 57: 32-37 
Merwe, N. J .  (1991). 13c12c and 1 5 ~ 1 4 ~  isotope ratios in Winberg, G.  G. (1956). Rate of metabolism and food require- 
the Southern Benguela Ecosystem: indicators of food web ments of fishes. Fish. Res. Bd Can. Transl. Ser 194: 
relationships in different size-classes of plankton and 1-253 
pelagic fish; differences between fish muscle and bone 
collagen tissues. Mar. Ecol. Prog. Ser. 78: 23-31 

Th:s article was submitted to the editor Manuscript first received: April 4, 1990 
Revised version accepted: September 24, 1991 




