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ABSTRACT: We collected size-fractionated zooplankton 
samples from Georges Bank, the Gulf of Maine and 2 stations 
in the Sargasso Sea to test whether regular patterns of bio- 
mass decrease in the mesozooplankton community are 
accompanied by an increase in trophic level. Using stable 
nitrogen and carbon isotopic compositions as trophic level 
indices, we generally found small changes in trophic level 
(<0.5 to 0.75 trophic level units) across 7 zooplankton size 
fractions ranging from 64 to 8000 pm. The results indicate a 
large degree of trophic level overlap among the various zoo- 
plankton size classes. Decreases in biomass were accompa- 
nied by increases in average trophic level among larger zoo- 
plankton for all regions studied, suggesting that, in addition 
to metabolic factors, trophic dynamics can be important in 
controlling observed patterns of biomass decrease in plank- 
tonic communities. 
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Biomass sue-spectra have been constructed for many 
lake and ocean ecosystems, and usually show a regular 
decline in average biomass as the average size of 
organisms increases. Regular changes in biomass have 
led to the development of several theoretical models 
attempting to explain and quantify these biomass 
changes (e.g. Kerr 1974, Sheldon et al. 1977, Borgmann 
1987, Dickie et al. 1987, Keifer & Berwald 1992). Most 
models include in their formulation the trophic level 
concept, with biomass decreases reflecting the dissipa- 
tion of energy across trophic levels. However, some 
models are independent of the trophic level formalism 
(e.g. Platt & Denman 1977, 1978) and assume a continu- 
ous flux of energy from organisms of small size to those 
of larger size. One might generally expect an increase in 
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trophic level with increasing size, but because it has 
been difficult to assign trophic levels to planktonic 
organisms, the importance of trophic level changes in 
community size-distributions has been little tested. 

Here we present results from cruises conducted in 
the northwest Atlantic during August and September 
1988 designed to test for trophic level changes with 
increasing body size in the zooplankton community. 
We made stable isotope measurements of zooplankton 
trophic level at 4 locations, analyzing 615N and 613C of 
size-fractionated mixed zooplankton samples from the 
central Gulf of Maine, Georges Bank, and the Sargasso 
Sea. The isotope indicators have been calibrated in 
previous aquatic field studies such that 1 trophic level 
increase corresponds to about l %o for 613C and 3.4 % 
615N (Fry & Sherr 1984, Minagawa & Wada 1984). Our 
intent was to use these isotope indicators to test the 
possible importance of trophic level in controlling reg- 
ular patterns of biomass decline with increasing zoo- 
plankton size. 

Sampling and methods. Zooplankton were collected 
in August 1988 in well-mixed frontal waters of north- 
eastern Georges Bank (41" 53.72' N, 66" 49.12' W) and 
in nearby stratified waters of south-central Gulf of 
Maine (42" 19.87' N, 66" 48.59' W). Samples from the 
Sargasso Sea were collected the following month from 
2 stations (35" 56.04' N, 64" 20.51' W and 36" 02.17' N, 
65" 09.27' W). 

Zooplankton were collected in vertical tows (64 or 
75 pm mesh nets) and oblique tows (250 pm mesh 
nets), and fractionated with metal sieves aboard ship 
into the following s u e  classes (in pm): 64 or 75-125, 
125-250, 250-500, 500-1000, 1000-2000, 2000-4000, 
and 4000-8000. To convert from lengths to carbon 
units, we used midpoints of the length classes and pub- 
lished conversion factors (Rodriguez & Mullin 1986). 
Using these conversions, the length size classes corre- 
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spond to the following carbon size classes (average pg 
C per individual: 0.07, 0.3, 1.4, 7.6, 32, 149, and 699). 

The biomass size-spectra were normalized and plot- 
ted on a log-log scale as described by Platt & Denman 
(1977, 1978). This normalization is required since the 
width of the size classes varies through the size spec- 
tra. In brief, the procedure consists of taking the vari- 
able of interest, m(s), in the size class characterized by 
the weight or volume (S) and dividing it by the width of 
the size class, As. Thus, the normalized version of the 
variable m is equal to: 

Aliquots of the size-fractionated zooplankton sam- 
ples were dried at 60 "C. Zooplankton were not held to 
allow gut clearance, so dried animals included a minor 
amount of prey organic material. Carbon content was 
determined from CHN analyses (Perkin Elmer 240-B 
CHN Elemental Analyzer), and isotopic measurements 
made with an automated elemental analyzer coupled 
to an isotope ratio mass spectrometer (Fry et al. 1992). 
Carbonates were removed from zooplankton samples 
with dilute hydrochloric acid prior to 613C analyses; 
samples for 615N analyses were not treated with acid. 
Isotopic values are reported relative to PDB (613C) and 
air nitrogen (615N). Analyses of replicates usually 
showed agreement at the 0.1 %level or better. 

Results. Zooplankton size spectra showed the 
expected regular declines in biomass with increasing 
size in all areas, although these patterns were more 
regular in the Sargasso Sea samples than in the sam- 
ples from Georges Bank and the Gulf of Maine (Fig. 1, 
top panels). The overall amounts of zooplankton were 
lower in the Sargasso Sea samples than in the samples 
from the shelf stations (Fig. 1, compare normalized bio- 
mass estimates in similar size classes across the differ- 
ent systems). 

The isotopic results showed regional differences, 
with each region having a different combination of 
615N and 613C values. For example, Sargasso Sea sam- 
ples had low 615N but Georges Bank and Gulf of Maine 
samples had higher values (Fig. 1, middle panels), 
while for 6I3C, Sargasso Sea samples had high values, 
Gulf of Maine samples low values, and intermediate 
values occurred in samples from Georges Bank (Fig. 1, 
bottom). These regional differences were evident 
across all size classes of zooplankton, suggesting that 
such differences arise at lower trophic levels, probably 
among phytoplankton consumed by zooplankton. We 
could not directly test this because of the difficulties of 
isolating sufficient quantities of phytoplankton for iso- 
topic analyses, but analysis of a few samples of mixed 
particulate organic matter collected on filters showed 
regional 615N differences similar to those encountered 
in the zooplankton samples. Thus, we measured 0.6 
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Fig. 1. Size and isotopic changes among zooplankton from 
Georges Bank (0) and the Gulf of Maine (0) and 2 stations in 
the Sargasso Sea (0, m). Top panels: size spectra of zooplank- 
ton (from QuMones 1992). Middle panels: 615N of size frac- 
tions, with a one-half trophic level (TL) of 1.7 %0 indicated for 
scale. Bottom panels: 613C of size fraction, with 1 trophic level 

( lob) indicated for scale 

and 1.1% 615N values for 2 surface and chlorophyll 
maximum (80 m) samples collected in the Sargasso 
Sea, values considerably lower than 6 measured values 
of 4.8 to 6.0°A for the Gulf of Maine and Georges Bank. 
We did not find a consistent difference in 613C values of 
particulates between regions; we are currently using 
flow cytometric techniques to isolate phytoplankton 
directly for isotopic investigation of causes of the 
regional 613C differences suggested by the current 
zooplankton results. 

Within each region, we used literature estimates of 
isotopic change with trophic level to determine the 
range in trophic level among the zooplankton size 
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ZOOPLANKTON SIZE FRACTION (mm)  

Fig. 2. Increases in I5N among larger zooplankton, calculated 
relative to 6I5N values of 250 to 500 pm zooplankton. Scale at 
right (TLU: trophic level unit) assumes 3.4% 615N increase 

per trophic level. Symbols as in Fig. 1 

classes. We have taken a 1 trophic level unit change as 
l % 613C and 3.4% 615N (Fry & Sherr 1984, Minagawa 
& Wada 1984), and according to these criteria, find 
changes generally smaller than 1 trophic level unit 
across the zooplankton classes in all systems studied. 

The most regular increase in isotopic compositions oc- 
curred among the 5 larger size classes collected in the 
Sargasso Sea where the 615N overall changes were 1.3 
and 2.4 X, corresponding to 0.37 and 0.69 trophic level 
units (Fig. 2). The 5 larger zooplankton classes on 
Georges Bank and in the Gulf of Maine showed less reg- 
ular 615N increases, but increased overall 1.5% (0.43 
trophic level units) and 2.1% (0.60 trophic level units) 
respectively with increasing size. For these 5 larger size 
classes, changes in biomass were significantly corre- 
lated with 615N in all regions, and most consistently in 
the Sargasso Sea samples (Fig. 3). Significant r2 values 
for linear regressions applying to data of Fig. 3 were 0.95 

Fig. 3. Biomass decreases with increasing trophic level (615N) 
among the 5 largest zooplankton size classes (250 pm 
upwards) in each study region. For reference, scale bar shows 
a 1.7% 6 1 5 ~  increase equivalent to a one-half trophic level 

(TL). Other symbols as in Fig. 1 

and 0.98 for the 2 Sargasso Sea stations, 0.79 for 
Georges Bank, and 0.52 for the Gulf of Maine, while 
slopes were -5.6, -4.1, -5.2 and -4.2 respectively. 

Carbon isotopic changes were generally much 
smaller than the nitrogen isotope changes (Fig. l), and 
consistent with a somewhat irregular, but small trophic 
level change (< 1 "/M or < 1 trophic level) across the zoo- 
plankton size classes. The largest carbon isotopic 
changes occurred in the mixed Georges Bank frontal 
waters, where a nearly pure sample of Calanus fin- 
marchicus in the 250-500 pm size class had low 613C 
values similar to those observed generally in the Gulf 
of Maine samples. Advection of Gulf of Maine C. fin- 
marchicus populations onto Georges Bank may be 
responsible for these low 613C values, rather than 
changes in trophic level. 
Discussion. The isotopic results must be interpreted 

with care, especially since the actual amount of iso- 
topic increase per trophic level is not known precisely, 
in spite of several field estimates. For example, there 
are some problems with using 613C to indicate trophic 
level: the increase in 613C with trophic level is small 
(1%) relative to overall sampling errors, and it has 
been proposed that 613C changes in food webs may 
more strongly reflect importance of 13C-rich diatom 
foodstuffs rather than simple trophic level (Fry & Wain- 
right 1991). There is currently more confidence in the 
use of 615N as a trophic level indicator, because these 
isotopic changes per trophic level are larger (average 
of 3.4Ob) and have been repeatedly documented in 
aquatic systems (Minagawa & Wada 1984, Fry 1988, 
Montoya et al. 1990, Kling et al. 1992). However, 
methodological difficulties have prevented us thus far 
from measuring 615N values of phytoplankton and 
microbial loop organisms separately from bulk particu- 
late organic nitrogen, and we have little concrete infor- 
mation about isotopic changes in these smaller organ- 
isms that are important parts of planktonic food webs. 
Moreover, there are indications that the 3.4% per 
trophic level may not apply in this portion of the plank- 
tonic food web. Where bacterial processing of detrital 
foods is important, 615N changes across trophic levels 
seem considerably smaller than 3.4% (Dunton et al. 
1989, Meili et al. 1993). 

There was some indication of a reduced nitrogen iso- 
tope trophic step ( ~ 3 . 4 % )  for the smaller zooplankton 
of this study. For example, in the Sargasso Sea, small 
zooplankton in the 74-250 pm ranges had 615N values 
only 2 to 3% higher than particulate organic 15N val- 
ues, while for the Gulf of Maine and Georges Bank, 
this difference was smaller, only 1 to 2%. These results 
suggest that the rule of 3.4 O b  per trophic level is not in- 
violate. It may be that higher conservation of N occurs 
in trophic transfers of the microbial loop, leading to 
less overall isotopic nitrogen isotope fractionation. 
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For larger zooplankton, however, we observed a 
more regular increase in 615N that suggested an over- 
all trophic increase of about 0.5 trophic level units 
across the 250-8000 pm size range (Fig. 2). This mod- 
est increase in trophic level agrees well with previous 
predictions. The nature of the predator-prey size feed- 
ing relationships in the sea was reviewed by Sheldon 
et al. (1977) who, after converting body sizes to the 
common axis of equivalent spherical diameters, found 
that copepods take prey an average of 20 to 30 times 
smaller than themselves, although Sheldon et al. 
(1977) also noted that some zooplankton fed on prey up 
to lOOx smaller than themselves. Our size range cate- 
gories for 250-8000 pm, when converted to equivalent 
spherical diameters, are 0.41, 0.82, 1.65, 3.3 and 
6.6 mm, so that a factor of 16 exists across this size 
range, about half a trophic level using the criteria of 
Sheldon et al. (1977). 

Our isotope-based trophic level estimates thus sup- 
port the idea that changes in biomass distributions in 
aquatic systems correlate with trophic level changes 
(Fig. 3), with correlations being strongest in Sargasso 
Sea samples where biomass changes were most regu- 
lar (Fig. 1). These findings support the arguments 
made previously (Dickie et al. 1987, Boudreau et al. 
1991, Thiebaux & Dickie 1993) that trophic organiza- 
tion as well as metabolism is an important structuring 
force behind the regular biomass spectra observed in 
aquatic systems. Further research is needed to clearly 
separate the roles of metabolism and trophic level in 
causing the observed changes in biomass spectra. 

Finally, in agreement with previous oceanographic 
studies showing only modest 615N differences among 
various zooplankton taxa (Mullin et al. 1984, Montoya 
et al. 1992), we observed fairly small 1.4 to 2.4 %0 615N 
changes across the zooplankton size classes. Overall, 
these results indicate only a modest increase in aver- 
age trophic level with size in the mesozooplankton 
community. This small trophic level change is consis- 
tent with the idea that zooplankton mostly feed oppor- 
tunistically in unstructured food webs (Isaacs 1972), or 
mostly feed on similar diets consisting of phytoplank- 
ton and microzooplankton smaller than 64 pm. 
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