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INTRODUCTION

Estimating grazing rates of metazooplankton is key
to understanding plankton dynamics in the ocean.
Several methods exist to estimate the effect of in situ
metazooplankton grazing on natural plankton commu-
nities. The most common are measurements of respira-
tion rates (O2 changes in closed bottles), the gut fluo-
rescence method, and comparisons of incubations
using natural communities with and without added
metazooplankton. When used simultaneously, these
different methods are known to yield widely differing
results (Peterson et al. 1990, Atkinson 1994, 1996,
Zeldis 2001). Differences in results for different meth-
ods can be attributed to poorly constrained parameters

(i.e. pigment destruction in guts, Conover et al. 1986,
Head & Harris 1992), manipulation of the metazoo-
plankton during capture causing disturbances in feed-
ing behaviour (all methods) and changes in physiology
and behaviour due to incubation conditions (i.e. gut
fluorescence and O2 measurements are done in filtered
seawater; Ikeda 1977, Roman & Rublee 1980, Baars &
Helling 1985, Ikeda et al. 2000). Comparison of incuba-
tions with and without metazooplankton has several
advantages. If the volume of incubation is large and
incubation time is long enough, disturbances due to
manipulation might be minimized. Moreover, grazing
estimates are not limited to phytoplankton, and infor-
mation on feeding rates as well as selectivity can be
obtained from microscopy. A possible problem with
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this method, however, is the occurrence of trophic-
cascade effects that complicate interpretation of
results. Nejstgaard et al. (1997, 2001) proposed a cor-
rection for trophic cascade effects based on dilution
experiments (Landry & Hassett 1982) to determine the
growth rates of phytoplankton and grazing rates of
microzooplankton. This combination of methods, apart
from being laborious, generates a large number of
samples to be counted, should detailed information on
feeding selectivity be required. We propose a correc-
tion for trophic cascade effects based on a simple
ecosystem model that can be applied to the compari-
son of incubations using natural communities with and
without added copepods. This method was applied to
incubation experiments of natural communities carried
out during an iron fertilization experiment (EisenEx,
Smetacek et al. 2001, Schultes et al. 2006).

MATERIALS AND METHODS

Experimental conditions. Seven incubation experi-
ments were carried out to determine the grazing
response and selectivity of 2 copepod species (adult
females of Rhincalanus gigas and Calanus simillimus)
and unidentified mixtures of small copepods (0.8 to
2 mm in size) to changes in phytoplankton standing
stocks and composition. The experiments were carried
out during an iron fertilization experiment in the
Atlantic sector of the Southern Ocean Polar Front
region (Gervais et al. 2002, Cisewsky et al. 2005,
Schultes et al. 2006, Henjes et al. 2007). Experimental
conditions are given in Table 1 and described in detail
by Schultes et al. (2006). Briefly, water samples con-
taining natural plankton communities were collected
using Niskin bottles mounted on a CTD rosette during

cruise ANT XVIII/2 (EisenEx) of RV ‘Polarstern’. Water
samples were transferred into five 1 l plastic bottles
(3 replicate bottles for the copepod treatments and
duplicate bottles for the control treatments). Copepods
were collected using vertical bongo net hauls (300 µm
mesh size) in the upper 200 to 350 m of the water col-
umn. Once on deck, the net catch was gently diluted
into 10 l of seawater. Actively swimming copepods
were chosen and transferred into the incubation
bottles for the copepod treatments. Bottles were placed
on a plankton wheel in the dark at 4°C. Sub-samples of
the bongo net hauls were collected on a fine mesh,
immediately frozen at –80°C and stored at –20°C for
later determination of copepod carbon content. On
land, samples were thawed, re-suspended in 0.2 µm
filtered seawater and dominant copepods in the
catch sorted in a Petri dish under a stereomicroscope.
Copepods were rapidly washed twice in de-ionized
water and 1 to 15 individuals of the same size or stage
were transferred to a cleaned (acetone, chloroform)
and pre-weighed tin cup. The cups with the copepods
were weighed, dried for 24 h at 50 to 60°C and
weighed again to determine wet and dry weights.
Samples were then analyzed for carbon and nitrogen
content with a Carlo-Erba elemental analyzer (Schultes
2004).

Samples for cell counts were taken at the beginning,
and after 1 or 2 d of incubation (Table 1). Diatom
counts were made using the method of Utermöhl
(1958) on subsamples preserved with acidic Lugol’s
iodine. Samples for the analysis of ciliates and hetero-
trophic dinoflagellates were preserved with 0.3% glu-
taraldehyde, stained with Proflavin and DAPI, filtered
onto 0.8 µm black Nuclepore filters and mounted on a
slide with a drop of low fluorescence immersion oil
and a cover slip. Slides were stored at –20°C until ana-
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Expt Date Stn Treatment N Time Vol. Nphyt ΔNp Mphyt ΔMp Nzoo ΔNz Mzoo ΔMz

1a 7.11.2000 9a Small copepods 10 24 1.19 8.71 –0.14 4.37 0.50 5.18 –0.31 2.66 –0.35
4 15.11.2000 45a Small copepods 20 41 1.19 7.81 –0.07 9.16 –0.16 8.13 –0.44 6.48 –2.19
7a 25.11.2000 89, 90 Small copepods 15 34 1.19 10.94 –0.5 7.58 –1.23 7.15 –0.12 4.85 –1.56
2 10.11.2000 14a C. simillimus 5 28 1.19 10.36 0.17 4.63 –4.93 6.68 0.13 3.93 –2.54
5 16.11.2000 46a C. simillimus 5 36 1.19 8.41 0.75 9.43 –7.99 9.50 0.03 7.60 –4.25
7b 25.11.2000 89, 90 C. simillimus 5 34 1.19 10.94 1.68 7.58 –4.24 7.15 1.56 4.85 –0.37
1b 7.11.2000 9a R. gigas 5 24 1.19 8.71 1.78 4.37 0.22 5.18 1.85 2.66 –1.66
3 13.11.2000 42 R. gigas 4 43 1.19 9.57 2.59 5.31 0.03 7.08 1.05 3.18 –3.17
6 24.11.2000 88a R. gigas 4 30 1.19 14.72 2.10 11.75 –5.40 13.96 2.12 12.10 –5.88
aStations inside the iron fertilized path

Table 1. Incubation experiments and experimental conditions. Expt: experiment number (same as in Schultes et al. 2006).
Stn: station number. Treatment: type of copepods added in the copepod treatments. N: number of copepods added in treaments.
Time: incubation time (h). Vol.: incubation volume (l). Nphyt, Mphyt, Nzoo, Mzoo (µg C l–1): initial concentrations of nano-
phytoplankton, microphytoplankton, nanozooplankton, microzooplankton, respectively, in incubation bottles. ΔNp, ΔMp, ΔNz,
Mz (µg C l–1): differences in concentrations of nanophytoplankton, microphytoplankton, nanozooplankton and microzooplank-
ton, respectively, between control incubations and treatment with added copepods at the end of the experiments. C. simillimus: 

Calanus simillimus. R. gigas: Rhincalanus gigas
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lysis. Ciliates and heterotrophic dinoflagellates were
counted using an epifluorescence microscope to distin-
guish autotrophs from heterotrophs. Mixotrophic
dinoflagellates were considered as autotrophs and not
included in the heterotrophic dinoflagellate counts,
whereas all ciliates were considered as heterotrophs.
Average variability of count data estimated from the
triplicate copepod treatments in each experiment was
3% for the nanophytoplankton, 18% for the micro-
phytoplankton (diatoms), 3% for the nanozooplankton
and 2% for the microzooplankton. The corresponding
variability of carbon standing stocks was 3% for the
nanophytoplankton, 24% for the microphytoplankton
(diatoms), 3% for the nanozooplankton and 4% for the
microzooplankton. The high variability of microphyto-
plankton biomass can be attributed to large diatoms
that contributed significantly to biomass but tended to
be present in low numbers. Auto- and mixotrophic
microflagellates (including dinoflagellates) were not
counted in these experiments.

Uncorrected estimation of grazing rates in the incu-
bation bottles. Grazing estimates that did not account
for trophic cascade effects were calculated assuming
constant growth and grazing mortality rates:

dPc/dt =  μ Pc (1)

dPz/dt =  (μ – g) Pz (2)

where μ is specific growth rates of prey (h–1), g is spe-
cific mortality rates of prey (h–1), Pc is prey standing
stocks in control incubation bottles (µg C), and Pz is
prey standing stock in incubation bottles with added
copepods (µg C).

Using Eqs. (1) & (2), values for g (Eq. 3) and the
amount of phytoplankton grazed by the copepods can
be derived:

g =  –ln (Pz/Pc )/t (3)

dPg/dt =  g Pz (4)

Pg =  g /(μ – g) P0 (e(μ – g)t – 1) (5)

where t0 = 0 and t = the time at the end of the incuba-
tion, respectively. P0 is the phytoplankton biomass (µg
C) at the start of the experiment and Pg the phyto-
plankton biomass (µg C) grazed by copepods during
the course of the experiments. The amount of phyto-
plankton biomass grazed per copepod per unit time (G)
is therefore:

G =  Pg/(n t) (6)

where n is the number of copepods added per incuba-
tion bottle.

Corrected estimation of grazing rates in the incu-
bation bottles. The correction of grazing rates was
based on an ecosystem model with 5 compartments
encompassing 3 size classes: (1) nanophytoplankton

and (2) nanozooplankton (protists < 20 µm), (3)
microphytoplankton and (4) microzooplankton (pro-
tists between 20 and 200 µm), and (5) the mesozoo-
plankton comprising the copepods added to the incu-
bation bottles. Diatoms >20 µm were pooled in the
microphytoplankton. All autotrophs <20 µm were
assigned to the nanophytoplankton (irrespective of
taxonomic affiliation). Nanoheterotrophs were as-
sumed to graze on bacteria and were grazed in turn
by microzooplankton and copepods. Ciliates and het-
erotrophic flagellates >20 µm constituted the micro-
zooplankton. The microzooplankton was assumed
to graze on nanoplankton and microphytoplankton
without preference. Growth of the different compart-
ments in the control incubations can be represented
as follows:

dPn/dt =  μPn Pn – gm Pn Zm (7)

dPm/dt =  μPm Pm – gm Pm Zm (8)

dZn/dt =  μZn Zn – gm Zn Zm (9)

dZm/dt =  ƒ gm Zm (Pn + Pm + Zn) (10)

where Pn is the nanophytoplankton concentration (µg
C), Pm is the microphytoplankton concentration (µg C),
Zn is the nanozooplankton concentration (µg C), Zm is
the microzooplankton concentration (µg C), μPn is the
nanophytoplankton growth rate (h–1), μPm is the micro-
phytoplankton growth rate (h–1), μZn is the nanozoo-
plankton growth rate (h–1), gm is the microzooplankton
grazing rate ([µg C]–1 h–1), and ƒ is the conversion effi-
ciency (or gross growth efficiency) for the microzoo-
plankton (dimensionless).

Assuming that the microzooplankton was not grazed
in the control treatments and knowing the conversion
efficiency (ƒ) of prey into predator biomass for the
microzooplankton, the growth rates for phytoplankton
and nanoheterotrophs can be derived. In the model
representing the dynamics in treatments with added
copepods, we assigned different copepod grazing rates
to the different compartments:

dPn/dt =  μPn Pn – gm Pn Zm – gza Pn Z z (11)

dPm/dt =  μPm Pm – gm Pm Zm – gzb Pm Zz (12)

dZn/dt =  μZn Zn – gm Zn Zm – gzc Zn Zz (13)

dZm/dt =  ƒ gm Zm (Pn + Pm + Zn) – gzd Zm Zz (14)

where gza is the copepod grazing rate on the nano-
phytoplankton ([µg C]–1 h–1), gzb is the copepod graz-
ing rate on the microphytoplankton ([µg C]–1 h–1), gzc is
the copepod grazing rate on the nanozooplankton
([µg C]–1 h–1), gzd is the copepod grazing rate on the
microzooplankton ([µg C]–1 h–1), and Zz is the copepod
concentration in incubation bottles (µg C).
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An illustration of model compartments, trophic rela-
tions and model parameters is given in Fig. 1a. Growth
rates for the micro- and nanoplankton derived from the
analysis of control incubations (Eqs. 7 to 10) were used
in Eqs. (11) to (14) to derive copepod grazing rates in
the treatments with added copepods. We assumed a
conversion efficiency of 50% for the microzooplankton
(ƒ =0.5). This model configuration and the resulting
estimates are referred as the standard simulation
(Table 2).

An initial approximation of model parameters was
estimated by solving Eqs. (7) to (10) and then (11) to
(14) using discrete differences between standing
stocks of the planktonic groups at the beginning and
end of the incubations. The models were solved nu-
merically using ordinary differential equation solvers
(MATLAB®) and the initial approximations for para-
meters. Parameters were then varied recursively until
the errors between plankton concentrations estimated
using our model and measured values for all plankton

groups were well below measurement
uncertainties.

The sensitivity of copepod grazing
estimates to model assumptions was
also tested, particularly: (1) changes in
conversion efficiency for microzoo-
plankton (Fig. 1a, Table 2, simulation
type 2); (2) changes in feeding selec-
tivity of microzooplankton by assum-
ing that microzooplankton feeds only
on nanoplankton (Fig. 1b, Table 2,
simulation type 3); (3) changes in
model architecture using only one
phytoplankton compartment compris-
ing the nano- and microphytoplank-
ton and one small zooplankton com-
partment comprising the nano- and
microzooplankton (Fig. 1c, Table 2,
simulation type 4). For the sensitivity
analysis, model estimates of copepod
grazing were calculated for one exper-
iment with small copepods (Expt 7a),
Calanus simillimus (Expt 2) and Rhin-
calanus gigas (Expt 6), respectively.

RESULTS

Initial and final standing stocks
of nanophytoplankton, microphyto-
plankton, nanozooplankton and micro-
zooplankton in the control treatments
and copepod treatments are presented
in Fig. 2. Uncorrected and corrected
(standard simulation) grazing esti-
mates are given in Table 3. Parameter
value estimates for the standard simula-
tion are given in Table 4. Considering a
carbon content of 2.82 µg C ind.–1 for
small copepods, 44.8 µg C ind.–1 for
Calanus simillimus CVI females, and
248.1 µg C ind.–1 for Rhincalanus gigas
CVI females (Schultes 2004), daily
rations of metazooplankton grazers
ranged from 0.15 to 5.5% of body car-
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Fig. 1. General structure and parameters (italics) of the ecosystem models.
Trophic relationships are indicated by arrows leading from predators to their
prey. See ‘Materials and methods’ for explanation of parameters. (a) Standard
model configuration for simulations type 1 and type 2. (b) Model configuration
used in simulation type 3 (no microzooplankton grazing on microphytoplank-
ton). (c) Model configuration used in simulation type 4 with 3 compartments
only, viz. small zooplankton (nano- and microzooplanton), phytoplankton (nano- 

and microphytoplankton) and mesozooplankton (added copepods)
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bon (% BC) for uncorrected grazing rates and from 0.18
to 7.0% BC for corrected values (Table 3). 

Without taking into account trophic interactions,
several grazing estimates had negative signs, indicat-
ing that the addition of copepods had a positive feed-
back on growth of various categories of smaller organ-
isms compared to the control incubations (Table 3).
This was particularly the case in treatments with
added Rhincalanus gigas. Values with a negative sign
(i.e. positive feedback on prey organism) were not
added into our estimates of total daily grazing rates per
copepod given in Table 3. Corrected estimates using
the ecosystem model to take into account trophic inter-
actions were 18 to 30% higher than uncorrected esti-
mates (Table 3). Model estimates of grazing parame-
ters for the different copepod species on different food
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Sim. Parameter and model configuration

Type 1 5 compartments, no selectivity, ƒ = 0.5 (Fig. 1a)
Type 2 5 compartments, no selectivity, ƒ = 0.3 (Fig. 1a)
Type 3 5 compartments, selectivity, ƒ = 0.5 (Fig. 1b)
Type 4 3 compartments, no selectivity, ƒ = 0.5 (Fig. 1c)

Table 2. Model configurations and simulations carried out. Sim.:
Simulation type. Simulation type 1 was run using the standard
model configuration with a conversion efficiency of 0.5 for the
microzooplankton and was referred to as the standard simula-
tion. Simulation type 2 used the standard model configuration
and a conversion efficiency of 0.3 for the microzooplankton.
Simulation type 3 assumed that the microzooplankton grazed
only on nanoplankton. Simulation type 4 assumed only 2 com-
partments in control incubations, viz. phytoplankton (nano- and
microphytoplankton) and small zooplankton (nano- and micro

zooplankton). ƒ: conversion efficiency
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Fig. 2. Initial (Control t0) and final plankton concentrations in incubation bottles with and without added copepods (Control t1 and
copepod treatment t1, respectively) for the 6 incubation experiments used in this study. Species or size category of copepods
added in copepod treatment and experiment number are given for each experiment. Values are given in µg C l–1 for the nanophy-
toplankton (Nphyt), microphytoplankton (Mphyt), nanozooplankton (Nzoo) and microzooplankton (Mzoo). Error bars for final
values for the copepod treatments represent 1 SD of concentrations determined by microscopy counts of 3 replicate incubations
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types (gza, gzb, gzc and gzd, Table 4) also illustrate selec-
tive feeding patterns, with higher small copepod graz-
ing rates on microzooplankton followed by nano-
plankton, higher Calanus simillimus grazing rates on
microphytoplankton, and higher R. gigas grazing rates
on microzooplankton. Furthermore, a shift in food
selection was observed for all copepods, with a relative
increase in grazing of diatoms in the last experiments.
The interpretation of selectivity patterns based on
uncorrected estimates by Schultes et al. (2006) is sup-
ported by our corrected grazing estimates.

Growth rates of nanophyto- and nanozooplankton
estimated using the standard model and microscopy
counts from control treatments seemed, however, too
low to explain the development of the nanoplankton in
some experiments with added Calanus simillimus, and
more so for experiments with Rhincalanus gigas
(Table 4), even though copepod grazing rates on the
nanoplankton were set to zero in model simulations.
Final nanoplankton abundances obtained using the
model were lower by 7 to 20% than values found in
experiments with added copepods. These differences
are larger than the variability of nanoplankton counts
(3%) determined from triplicate treatments with added
copepods.

The sensitivity of copepod grazing estimates to
changes in conversion efficiency for microzooplank-
ton, feeding selectivity of microzooplankton and model
architecture is given in Table 5. A change of conver-
sion efficiency from 50 to 30% led to only a slight
increase in the final copepod grazing estimate and
higher estimates of nanoplankton consumption for the
small copepods and Calanus simillimus (Table 5, simu-
lation types 1 and 2). However, no significant shift in

grazing preference was found. Conversion efficiencies
for microzooplankton had, therefore, only a minor
effect on final estimation of copepod grazing rates.
Copepod grazing estimates, assuming microzooplank-
ton feeding only on nanoplankton (simulation type 3),
did not differ significantly from grazing estimates
assuming feeding of microzooplankton on nanoplank-
ton and microphytoplankton (Table 5). Model–data
differences in nanophytoplankton and nanozooplank-
ton final standing stocks were reduced by only 1% in
experiments with added Rhincalanus gigas. Results
obtained using fewer ecological compartments
(Fig. 1c, simulation type 4) were similar to values
obtained with other simulations in experiments with
small copepods and C. simillimus, but led to signifi-
cantly lower grazing estimates in experiments with R.
gigas. 

DISCUSSION

Copepod grazing rates and feeding preferences
derived from model simulations based on different
assumptions were not sensitive to food selectivity and
conversion efficiency (gross growth efficiency) of the
microprotozoa, provided they were truly the top
predators in the control treatments. Different conver-
sion efficiencies for microprotozoa led to higher graz-
ing rates by microprotozoa on nanoplankton and
microphytoplankton. Higher microprotozoan grazing
rates have to be compensated for by an increase in
nanoplankton and microphytoplankton growth rates
under the constraints of the data from the control
experiments. Such changes, however, only marginally
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Expt Treatment N Uncorrected Corrected
Nphyt Mphyt Nzoo Mzoo Tot.C Ing. C Nphyt Mphyt Nzoo Mzoo Tot. C Ing. C
(µg C) (µg C) (µg C) (µg C) (µg C d–1 (% BC) (µg C) (µg C) (µg C) (µg C) (µg C d–1 (% BC)

ind.–1) ind.–1)

1a Small cop. 10 0.14 –0.62 0.29 0.34 0.08 2.7 0.19 0.00 0.36 0.40 0.10 3.5
4 Small cop. 20 0.08 0.18 0.43 2.09 0.08 2.9 0.16 0.30 0.59 2.49 0.10 3.7
7a Small cop. 15 0.48 1.28 0.12 1.42 0.16 5.5 0.71 1.61 0.24 1.66 0.20 7.0
2 C. simil. 5 –0.16 3.90 –0.13 2.21 1.05 2.3 0.18 4.74 0.07 2.53 1.29 2.9
5 C. simil. 5 –0.78 7.25 –0.03 3.58 1.44 3.2 0.00 8.92 0.49 3.86 1.77 3.9
7b C. simi. 5 –1.13 5.90 –1.44 1.76 1.08 2.4 0.00 7.06 0.00 1.97 1.29 2.8
1b R. gigas 5 –1.62 –0.90 –1.45 1.90 0.38 0.15 0.00 0.00 0.00 2.86 0.45 0.18
3 R. gigas 4 –2.55 –0.04 –1.01 2.54 0.35 0.14 0.00 0.27 0.00 3.04 0.46 0.19
6 R. gigas 4 –2.18 4.56 –2.04 5.28 1.97 0.79 0.00 5.79 0.00 6.15 2.39 0.96

Table 3. Copepod grazing on different compartments of the plankton during incubation experiments (uncorrected) and after
taking into account trophic cascade effects (corrected). Expt: experiment number. Treatment: type of copepod added in grazing
treatments: small copepods (Small cop.), Calanus simillimus (C. simil.) and Rhincalanus gigas (R. gigas). N: number of copepod
individuals in treaments. Total grazing by added copepods on nanophytoplankton (Nphyt), microphytoplankton (Mphyt),
nanozooplankton (Nzoo) and microzooplankton (Mzoo) for the duration of the incubation. Tot. C: individual copepod total
daily carbon ingestion (for the uncorrected estimates of Tot. C, negative grazing values were excluded from calculation).

Ing. C: individual copepod daily carbon ingestion in % body carbon (% BC)
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affected copepod grazing estimates and selectivity pat-
terns. The same applies for changing the feeding pref-
erences of microprotozoa. Furthermore, results were
also insensitive to changes in number of model com-
partments, with the exception of experiments using
Rhincalanus gigas due to the positive feedback of
copepods on the growth of nanophytoplankton and
nanozooplankton. The model was unable to solve for
parameters simulating the nanoplankton increase in
incubations with R. gigas compared to the control incu-
bations, suggesting that, at least for nanoplankton,
growth rates derived from the control incubations
might have been underestimated. This could be due to
the fact that grazing rates of microprotozoa on nano-
zooplankton and nanophytoplankton for the control
treatments were underestimated (leading to an under-
estimate in the growth rates of their food). Model esti-
mates (Table 3) were obtained assuming ƒ = 0.5% for
the microprotozoa. Although conversion efficiencies
for zooplankton vary between a few percent and over
80%, a value of 50% may be somewhat high (Straile
1997). We tested the influence of conversion efficien-
cies by using a value of 30%. A change of conversion
efficiency from 50 to 30% did not lead to significant
improvement of model–data differences in Expt 6 with
R. gigas (model–data difference decreased from 11 to
9% and from 10 to 8% for the nanophytoplankton and
nanozooplankton final standing stocks, respectively).
In addition, copepod grazing rate estimates were very
similar for the 2 simulations.

A primary purpose of the experiments was to deter-
mine copepod feeding selectivity on the major phyto-
plankton and protozoan groups (diatoms, ciliates
and heterotrophic dinoflagellates) during EisenEx
(Schultes et al. 2006). Although several autotrophic fla-
gellate species (including dinoflagellates) are likely to
be mixotrophic, our current knowledge of ciliate and
flagellate ecology is insufficient to determine which
species are mixotrophic. Autotrophic flagellates were,
therefore, considered as autotrophs and not counted.
Conversely, since all ciliates are either heterotrophs or
mixotrophs but probably never obligate autotrophs, all
ciliates were considered as heterotrophs and were
included in the microzooplankton counts. The pres-
ence of mixotrophic flagellates (including dinoflagel-
lates) in the sample (not accounted for in the micropro-
tozoan counts) is an additional factor that could lead to
underestimation of microzooplankton grazing rates. A
larger population of microprotozoan grazers due to the
inclusion of mixotrophic flagellates in our model had,
however, little effect on the results. To test this effect, a
simulation assuming a doubling in the microzooplank-
ton standing stocks compared to the standard run in
Expt 6 was carried out (data not shown). This led to a
doubling of nanoplankton growth rate estimates in
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the control treatments. However, this effect was
counteracted by the correspondingly higher microzoo-
plankton grazing effect on nanoplankton in the treat-
ment with added Rhincalanus gigas, resulting in an
underestimate of nanoplankton final standing stock
similar to the standard model and the model assuming
a microzooplankton conversion efficiency of 30%.

Microzooplankton grazing rates and consequently
nanoplankton growth rates in control incubations
could also be underestimated if microprotozoa selec-
tively fed on nanoplankton. This hypothesis was also
tested by assuming that microprotozoa feed exclu-
sively on nanoplankton (simulation type 3). Model–
data differences for nanophytoplankton and nanozoo-
plankton final standing stocks were reduced only by
1% in Expt 6 with added Rhincalanus gigas. Hence,
the high growth rates of nanoplankton (in particular in
experiments with added R. gigas) indicate positive
feedbacks that cannot be explained by a trophic
cascade effect due to grazing by R. gigas (and possibly
Calanus simillimus) on microprotozoa. 

Finally, a combination of all previously discussed
effects as well as counting errors could explain the
development of nanoplankton in treatments with Rhin-
calanus gigas. This combination was tested for R. gigas
(using results from Expt 6, Table 1) by maximizing
nanoplankton and microzooplankton growth rate esti-
mates based on the variability observed in count data
for the triplicate copepod treatments (i.e. assuming 3
and 4% lower initial nanoplankton and microzoo-
plankton standing stocks, respectively, and 3 and 4%
higher nanoplankton and microzooplankton final
standing stocks, respectively, in the control incuba-

tions). In addition, microzooplankton
was set to graze only on the
nanoplankton, and R. gigas grazing
effect in the copepod treatment was
maximized by assuming lower than
average final nanoplankton and mi-
crozooplankton stocks (by 3 and 4%,
respectively) for the treatment with
added R. gigas. In order to reproduce
nanoplankton evolution in this simula-
tion, R. gigas grazing rates on the
nanoplankton were still set to zero and
final nanoplankton concentrations
were still lower by 1 to 2% compared
to count values. The additional as-
sumption of a conversion efficiency of
30% (instead of 50%) matched exper-
imental data well and predicted some
grazing by R. gigas on the nanoplank-
ton. Estimates of R. gigas grazing for
the experiment were 0.5 µg C for
nanophytoplankton, 3.9 µg C for micro-

phytoplankton, 0.7 µg C for nanozooplankton and 7 µg
C for microzooplankton, resulting in a grazing rate of
2.42 µg C ind.–1 d–1. Hence, only the most favourable
combination of counting errors, microzooplankton se-
lectivity and a low conversion efficiency could explain
nanoplankton dynamics in experiments using R. gigas.
Although this combination of factors cannot be ex-
cluded, it seems unlikely that it occurred in a system-
atic manner during the experiments, whereas a strong
positive feedback was only found in incubations with
large copepods, and systematically in incubations with
added R. gigas. Thus, other feedbacks or processes
might have been involved.

One additional feedback might be an increase in
nutrient availability and dissolved organic carbon
(DOC) released by the feeding activity of the copepods
leading to an increase in nanophytoplankton growth
rates through enhanced nutrient supply, or indirectly
through an increase in bacterial growth rates as a food
source for the nanoplankton. Bacterial carbon concen-
trations during EisenEx were in the order of 3 to 8 µg C
l–1, with production rates of 0.2 to 0.9 µg C d–1 (Arrieta
et al. 2004, Olivier et al. 2004). The nanoplankton bio-
mass increases in treatments with Rhincalanus gigas
(ca. 4 µg C l–1) would correspond (assuming 50% con-
version efficiency) to an increase in nanoplankton
comsumption amounting to at least all of the bacterial
biomass available and 10 times the bacterial produc-
tion, assuming no grazing of the microzooplankton on
the nanoplankton. Given the slow bacterial growth
rates under the temperature conditions in the field and
incubations (corresponding to a doubling every 3 to
5 d) and the relatively short incubation times, an
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Expt Sim. Nphyt Mphyt Phyt Nzoo Mzoo Zoo Tot. C
(µg C) (µg C) (µg C) (µg C) (µg C) (µg C) (µg C ind.–1 d–1)

7a 1 0.71 1.61 2.32 0.24 1.66 1.90 0.20
7a 2 0.80 1.66 2.47 0.30 1.66 1.96 0.21
7a 3 0.77 1.53 2.29 0.27 1.68 1.95 0.20
7a 4 – – 2.16 – – 1.88 0.19
2 1 0.18 4.74 4.92 0.07 2.53 2.77 1.29
2 2 0.42 4.80 5.22 0.22 2.52 2.74 1.37
2 3 0.30 4.65 4.95 0.15 2.62 2.77 1.32
2 4 – – 5.32 – – 2.49 1.34
6 1 0 5.79 5.79 0 6.15 6.15 2.39
6 2 0 6.02 6.02 0 6.16 6.16 2.44
6 3 0 5.43 5.43 0 6.32 6.32 2.35
6 4 – – 4.24 – – 3.92 1.63

Table 5. Estimates of copepod grazing rates on different compartments of the
plankton during incubations using different growth efficiencies for the micro-
zooplankton and different model configurations. Expt: experiment number, as in
Table 1. Sim.: simulation type (see Table 2). Total grazing by added copepods on
nanophytoplankton (Nphyt), microphytoplankton (Mphyt), all phytoplankton
(Phyt), nanozooplankton (Nzoo), microzooplankton (Mzoo) and all small
zooplankton (Zoo) for the total duration of the incubation. Tot. C: individual 

copepod total daily carbon ingestion
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increase in bacterial production and biomass required
to explain the response of the nanoplankton in incuba-
tion bottles with R. gigas is, therefore, highly unlikely.
Furthermore, experiments with R. gigas showed much
larger positive feedback despite overall lower con-
sumption levels in the incubation bottles compared to
Calanus simillimus. Experiments were carried out in
the dark, ruling out the possibility of an increase in
growth rates of nanophytoplankton (due to increased
nutrient supply) in the copepod treatments compared
to control treatments. The positive feedback found
upon addition of R. gigas, and possibly in incubations
with C. simillimus, could also be due to additional
trophic interactions. Evaluation of the experimental
data and model did not consider the effect of grazers
other than the microprotozoa in the control and cope-
pod treatments. Copepod larval stages and small cope-
pods (Oithona spp. and Ctenocalanus spp.) were abun-
dant in the area of study (Henjes et al. 2007) and, given
their relatively small sizes, were not removed from the
community before incubation. It is, therefore, likely
that additional grazing of nanoplankton and micro-
plankton by small copepods occurred in all experi-
ments (Atkinson 1994, 1996). We propose that R. gigas,
in particular, can have a positive effect on phytoplank-
ton growth by feeding both on microprotozoa and on
smaller copepods. Feeding preferences of R. gigas are
poorly known, but analysis of faecal pellet contents
suggests that R. gigas also feeds on other metazoans
(Arashkevich 1978, Pasternak 1995, Michels &
Schnack-Schiel 2005).

The presence of an additional trophic link (small
copepods feeding on nano- and microplankton)

implies that growth rates based on control incubations
(and considering only microprotozoan grazing) might
be underestimated. Consequently, grazing estimates
for copepods might also be too low. 

The effect of adding a trophic link was estimated in
the model by assuming a small copepod component in
the control and added copepod treatment (Fig. 3) in
Expt 6 with Rhincalanus gigas (Table 1). Initial small
copepod concentration in incubation bottles was
assumed to be 7.5 µg C, based on the values found dur-
ing EisenEx by Henjes et al. (2007) and assuming that
copepod naupliar stages do not graze. Grazing rates of
small copepods on nano- and microplankton were set
to 0.07 and 0.7 (ng C)–1 h–1, respectively, based on
grazing parameters found in previous simulations
(Table 4). Conversion efficiency for the small copepods
was set to 50%. Two estimates were made assuming
no grazing of added copepods on small copepods
already present in the community (Fig. 3, Table 6, ge =
0), or assuming a grazing rate of added copepods of
ge = 0.02 (ng C)–1 h–1 on the small copepods already
present in the community (Fig. 3, Table 6, ge = 0.02).
This value is also within the range of grazing rate esti-
mates given in Table 4. Estimated grazing rates for R.
gigas on the different compartments and for the differ-
ent parameters are given in Table 6. Best fit to the data
was found by assuming high grazing rates for small
copepods (0.7 [ng C]–1 h–1) and significant grazing
rates of R. gigas on the small copepods. In this simula-
tion, small copepod grazing rates were higher than
values found in experiments where small copepods
were added (Expts 1a, 4 and 7a, Table 4). Also, assum-
ing a conversion efficiency of 50%, this would lead to a
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doubling of small copepod biomass within the control
incubation. This seems excessive and one might spec-
ulate that several assumptions may be tenuous: (1)
only half of the small copepods found during EisenEx
were assumed to feed at any given time; this might
have been an underestimation as some naupliar stages
also feed; with a larger population of feeding cope-
pods, grazing rates can be reduced in order to improve
fit to the data; (2) the small copepods used in Expts 1a,
4 and 7a were hand picked and corresponded to the
larger size range within the copepod community
smaller than 2 mm; it is, therefore, likely that an impor-
tant fraction of the small copepods (naupliar and cope-
podite stages) has higher metabolic rates than those of
the small copepods added in Expts 1a, 4, and 7a; (3)
feeding preferences were assumed to be unimportant,
but naupliar and copepodite stages could feed prefer-
entially on nanoplankton given their small sizes; this is
supported by the fact that a positive feedback upon
addition of R. gigas was observed only for the
nanoplankton; finally, (4) factors discussed previously
(feeding preferences in the microzooplankton, conver-
sion efficiency and counting errors) also affect the out-
come of our simulations.

The presence of an additional trophic link leads to
higher estimates of Rhincalanus gigas grazing rates.
Estimates of ingestion increased by up to 56% in simu-
lations where added R. gigas was assumed to feed on
the small copepods compared to values obtained with
the standard simulation (Table 6). These differences
were, however, primarily due to the additional contri-
bution of small copepods to final grazing estimates.

Grazing rates on nanoplankton, microphytoplankton
and microprotozoa increased by at most 17% com-
pared to standard estimates. In addition, no significant
differences in feeding selectivity by R. gigas were
found, although, in order to improve fit of the data,
growth rates had to be increased by a factor of 2 for the
microplankton and up to a factor of 8 for the nano-
phytoplankton. 

The results obtained using different ecosystem model
configurations and assumptions imply that the model
provides robust estimates of copepod grazing and se-
lectivity as constrained by microscopy counts of nano-
and microplankton, even with the exclusion of data on
small copepods in control and copepod treatments. One
exception to these conclusions are Rhincalanus gigas
grazing estimates using the model configuration with
microplankton and nanoplankton pooled into one
group (Fig. 1c, Table 5, simulation type 4). The positive
feedback of R. gigas on nanozooplankton and nano-
phytoplankton leads (when these groups are pooled
with the corresponding microplankton groups) to a sig-
nificant underestimate of copepod grazing on phyto-
plankton and zooplankton. These results indicate that
grazing estimates are generally not sensitive to the
number of model compartments (experiments with
small copepods and Calanus simillimus) as long as no
positive feedbacks occur on species or groups within
the compartments considered. In cases where positive
feedback occurs on species or groups, model compart-
ments should be specified accordingly. Furthermore,
information on abundance, feeding and growth rates of
the smallest copepods and copepod developmental
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Simulation Nphyt Mphyt Nzoo Mzoo Scop C Ing. Tot. C
(µg C) (µg C) (µg C) (µg C) (µg C) (µg C ind.–1 d–1) (µg C ind.–1 d–1)

Standard 0 5.79 0 6.15 – 2.39 2.39
(11) (0.001) (10) (0.003)

gz = 0.07 & ge = 0 0 5.82 0 6.14 0 2.39 2.39
(11) (0.0005) (10) (0.001)

gz = 0.07 & ge = 0.02 0 5.87 0 6.19 3.48 2.41 3.11
(10) (0.0002) (9) (0.0004)

gz = 0.7 & ge = 0 0 6.34 0 6.16 – 2.50 2.50
(8) (0.0006) (7) (0.0006)

gz = 0.7 & ge = 0.02 0 7.11 0 6.9 4.63 2.80 3.73
(1.5) (0.0001) (0.4) (0.0001)

Table 6. Estimates of copepod grazing rates on different compartments of the plankton assuming an additional trophic link com-
posed of small copepods calculated using results from Expt 6 with Rhincalanus gigas. Results from 4 simulations are presented
assuming grazing rates by small copepods (gz) on nano- and microplankton of 0.07 or 0.7 (ng C)–1 h–1, respectively, and assum-
ing no grazing of added R. gigas on small copepods (ge = 0) or a grazing rate of 0.02 (ng C)–1 h–1. For comparison, the estimate
based on the standard simulation without considering potential grazing impact by small copepods is also given. Simulation:
model and parameter description. Total grazing from added R. gigas on nanophytoplankton (Nphyt), microphytoplankton
(Mphyt), nanozooplankton (Nzoo), microzooplankton (Mzoo) and small copepods (Scop) for the whole duration of the incubation.
C Ing.: daily carbon ingestion rates for individual R. gigas excluding the ingestion of small copepods. Tot. C: individual daily R.
gigas carbon ingestion including feeding on small copepods. Values in brackets indicate model–data differences in % of final 

standing stocks for the corresponding plankton compartments and simulations
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stages (in particular nauplii and copepodites) could
help to constrain the grazing by and on smaller meta-
zoa that cannot be separated from the protists in incu-
bation experiments using natural communities.

CONCLUSIONS

Grazing rates and grazing selectivity of Southern
Ocean copepods were determined using incubation
experiments comparing the plankton community evo-
lution with and without added grazers and different
ecosystem model configurations in order to correct for
trophic cascade effects. Sensitivity of copepod grazing
estimates to different model configurations and para-
meter values using a 5-compartment model (nanophy-
toplankton, nanozooplankton, microphytoplankton,
microzooplankton and the added copepods) or a 3-
compartment model (protozooplankton, phytoplank-
ton and the added copepods) was tested. The resulting
copepod grazing rates were generally insensitive to
model configuration and parameters (number of com-
partments, grazing selectivity and changes in gross
growth efficiency of the microzooplankton) with the
exception of experiments with the large copepod Rhin-
calanus gigas. The addition of R. gigas had a signifi-
cant positive feedback on the nanophytoplankton and
nanozooplankton, and grazing estimates were lower
when these groups were not resolved by the model
compartments. Hence, model aggregation level should
discriminate between species or groups where positive
feedbacks occur and those where no positive feedback
is observed. Furthermore, our model simulations of
experiments with added R. gigas suggest the presence
of an additional trophic link, probably constituted of
small copepods and copepod larval stages. These
results support previous observations indicating that R.
gigas does feed on other small crustaceans. Conse-
quently, total copepod grazing rates might be under-
estimated in experiments where copepodite and nau-
pliar stages are not considered. The presence of an
additional trophic link does not, however, have a large
influence on estimates of copepod grazing on the
nanoplankton, microphytoplankton and microprozoa.
Hence, the combination of incubation experiments
with ecosystem models provides a useful tool for deter-
mining copepod grazing rates and investigating
trophic relationships and selectivity in the plankton. 
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