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ABSTRACT: This paper provides information on the application of marker pigment analyses for esti- 
mation of phytoplankton biomass as well as  qualitative and quantitative estimates of food uptake by 
calanoid copepods Acartia bifilosa, Giesbrecht in early summer (27 June to 2 July 1994) in the Oder 
estuary (Pomeranian Bight, southern Baltic Sea). The marker pigment concentrations were converted 
into C-equivalents for comparison with data obtained by the classical Utermohl method. Both data sets 
were generally in good agreement, although differences were found at the taxon-specific level, which 
could be explained largely by limitations of the Utermohl method. The ingestion rates estimated from 
cell counts and marker pigment concentrations were within a comparable range (0.31 to 0.84 pgC ind.-l 
d-' and 0.50 to 1.04 pgC ind.-' d-' respectively). A. bifjlosa showed a positive food selection for dino- 
and cryptophytes and an avoidance of cyanobacteria and chlorophytes. Diatoms were ingested ac- 
cording to their abundance. Marker pigment detection has been shown to be a useful tool for estima- 
tlon of taxon-specific grazing activity in estuarine environments. 
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INTRODUCTION 

Attempts to quantify the diet of copepods and to 
understand its significance in terms of secondary pro- 
duction have been discussed in the literature for many 
decades (reviewed in Kleppel et al. 1991, Kleppel 
1993). A serious problem in estimating feeding activity 
is differentiating between methodological artifacts and 
natural variability, caused by factors such as  species 
differences, environmental factors, and spatio-tempo- 
ral scales (Morales & Harris 1990). Methods of estimat- 
ing grazing activity have included gut fluorescence 
measurements to estimate food uptake by calanoid 
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copepods in situ (e.g. Head & Harris 1987, Morales et 
al. 1993), or methods such as Utermohl cell counting or 
electronic particle counting to estimate ingestion rates 
in bottle incubations (e.g. Omori & Ikeda 1976). All 
these techniques have their specific limitations. The 
major drawback of the gut fluorescence method is the 
lack of differentiation between different phytoplank- 
ton groups, because chlorophyll a (chl a )  is a marker for 
phytoplankton in general (see review by Morales & 
Harris 1990). The Utermohl method allows reliable 
quantification of single phytoplankton species, but is 
very time consuming. Additionally, high densities of 
phytoplankton particles, a wide size spectrum and a 
high proportion of detritus influence the accuracy of 
this method, especially in estuarine waters (Tackx et 
al. 1995). Electronic particle counters, which have 
been used for at least 15 yr, produce highly reliable 

O Inter-Research 1997 
Resale of full artlcle not permitted 



Mar Ecol Prog Ser 153: 181-190, 1997 

data only when spherical unicellular algal cultures are 
used. Applications of this technique to natural phyto- 
plankton communities have often been misleading 
because of the high variability in shape and size of 
natural phytoplankton populations. Furthermore, par- 
ticle counters cannot distinguish phytoplankton par- 
ticles from other particles of similar size, such as fecal 
pellets and detritus (Omori & Ikeda 1976). 

Measurements of algal pigments other than chl a in 
animals' guts, especially for copepods, have been used 
for investigating food composition (Kleppel & Pieper 
1984, Kleppel et al. 1988a, b. Nelson 1989, Swadling & 
Marcus 1994, Buffan-Duban et al. 1996), but this 
approach only allows qualitative estimation of grazing 
activity, because the stability of the different pigments 
during their passage through the gut is unknown in 
many cases (Kleppel et al. 1988a, b, 1991, Head 1992, 
Head & Harris 1992, 1994, 1996). By measuring the 
m-arker pigment composition in the incubation medium 
at the beginning and the end of a feeding experiment 
(Balance Method: Frost 1972, Omori & Ikeda 1976), it 
is possible to quantify taxon-specific grazing activity. 
This method has been used for microzooplankton in 
dilution experiments (Burkill et al. 1987, Strom & 
Welschmeyer 1991, McManus & Ederington-Cantrell 
1992). To our knowledge only Head & Harris (1994) 
have used this technique to quantify uptake rates for 
different pigments by copepods. 

In order to calculate carbon fluxes through the food 
web it is essential to convert the estimated pigment 
uptake into carbon (C) equivalents. Such a conversion 
from marker pigment concentration to C-equivalents 
can only be achieved by a 2-step calculation. Firstly, 
the marker pigment concentrations have to be con- 
verted into chl a equivalents, and these then further to 
C-equivalents. Conversion factors are available for the 
first step, but only for laboratory-cultivated phyto- 
plankton species (Burkill et al. 1987). If these factors 
are used, it is an implicit assumption that different light 
conditions only influence the total pigment content 
without changing the ratio of chl a to the respective 
marker pigment (Vesk & Jeffrey 1977). However, in 
many cases, light conditions do alter pigment ratios 
in laboratory-cultured algae (Johnsen et al. 1992, 
Johnsen & Sakshaug 1993) as well as in the field 
(Gieskes et al. 1988, Brunet et al. 1993, Letelier et al. 
1993, McManus 1995). Variable pigment ratios might 
be expected in estuarine environments because of 
variations in irradiance caused by mixing processes 
between river outflow and estuarine water (McManus 
1995). Chl a:marker pigment ratios based on specific 
light regimes are therefore of l~rnited value (McManus 
1995). For the quantification of carbon fluxes in the 
field, habitat-specific chl a:marker pigment ratios are 
thus needed, as described in this study. 

Recent technological developments have led to new 
methods for the quantification of biological interac- 
tions in natural environments. Before using these tech- 
niques in standardized experiments, however, there is 
a need to compare the results they give with results 
obtained using existing classical methods (Neveux 
et al. 1990). The aim of this study was to compare a 
classical method (Utermohl method) with a newer 
technique (HPLC pigment analysis) to estimate quali- 
tative and quantitative food uptake (or grazing rates) 
of calanoid copepods, specifically Acartia bifilosa, the 
dominant species during an investigation in the Oder 
estuary (Pomeranian Bight, southern Baltic Sea), in 
order to gain a better understanding of taxon-specific 
energy fluxes of phytoplankton to higher trophic levels 
in this environment. C-equivalents were chosen for 
comparision of the different methods tested because 
this study was a part of a joint research project in the 
Pomeranian Bight (TRUMP) and the investigation 
focused on the distribution, transport and modification 
of biogenic and anthropogenic inputs from the Oder 
river (Bodungen et al. 1995). 

MATERIALS AND METHODS 

Investigation area. The Pomeranian Bight is influ- 
enced by the outflows from the Oder, the Swina (Oder 
mouth), the Dwina and the Peene rivers. There are 
strong gradients in salinity, nutrients- and phytoplank- 
ton concentrations between the Swina (Oder mouth) 
and the open Baltic Sea (Fig. 1; Bodungen et al. 1995). 

Water samples. Sampling for grazing experiments 
was undertaken at 6 stations (Fig. 1) from 27 June to 
2 July 1994. Water samples from 2 to 3 m depth (the 
layer with the highest chl a concentration) were col- 
lected with a rosette water sampler equipped with 12 1 
bottles. The samples were passed through a 200 pm 
mesh to exclude larger grazers such as copepods. One 
subsample was used to fill eight 3 l polycarbonate 
bottles for the grazing experiments. For cell counts, 4 
subsamples (250 ml) were taken and fixed with 1% 
Lugol. Another 4 subsamples (500 ml) for pigment 
analysis (HPLC) were filtered through Whatman GF/F 
glass-fiber filters (0 25 mm) and stored in liquid nitro- 
gen on board and at -80°C in the laboratory until 
further analyses 2 wk later. These operations were 
carried out under subdued light ( < l 0  pm01 m-2 S-'). 

The copepods used in the grazing experiments were 
collected at the same stations as the water samples 
using a 200 pm mesh ring net (0 0.75 m), towed verti- 
cally between 10 m and the surface. Immediately after 
capture, the zooplankton were screened on to a 
200 pm mesh and immersed in a bucket of GF/F 
filtered seawater which was equipped with a light trap 
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consisted of a Merck-Hitachi liquid chro- 
matograph equipped with a L6200A gradi- 
ent pump with system controller (interface 
module D-600), a photodiode array detector 
(L4500) and a F-1050 fluorescence spec- 
trophotometer. Pigment detection was at  
436 nm for all chlorophylls and carotenoids 
and 405 nm for phaeophytin a and phaeo- 
phorbide a. Pigments were identified by 
diode array spectroscopy during elution, 
and by transferring HPLC fractions to stan- 
dard solvents and comparing their visible 
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Fig. 1. Sampling stations (A to F) in the Oder estuary (Pomeran 
southern Baltic Sea) 

(for procedure see Behrendt & Krocker 1990). Healthy 
Acartia bifilosa were isolated under a binocular micro- 
scope and transferred into filtered seawater for 3 h to 
clear their guts. 

Experiments/analytical procedure. Four bottles were 
inoculated with 50 to 60 adult Acartia bifilosa. The 
other 4 bottles, without copepods, were used as con- 
trols. The 8 incubation bottles were placed in a plexi- 
glass box which was fixed to a drifting buoy for 24 h at 
the depth at which the incubation water had been col- 
lected. In this way, the contents were mixed by water 
movements. The temperature at  this depth ranged 
between 17 and 18°C at the different stations. At the 
end of the experiment the water from the incubation 
bottles was passed through a 200 pm mesh to isolate 
the copepods from the phytoplankton. The copepods 
were transferred into filtered seawater to check their 
mortality. Subsamples of the incubation water were 
collected from each of the 8 bottles for both cell counts 
and pigment analyses as described above. 

Phytoplankton cell concentrations for the major tax- 
onomic groups were determined by inverted micro- 
scopy at xlOO and x400 magnification after settling 
in a 10 m1 counting chamber (Utermohl 1931, 1958). 
Phytoplankton counts were converted into carbon 
equivalents via biovolume calculations using a volume 
to carbon conversion coefficient according to Strath- 
mann (1967). 

Phytoplankton marker pigments for the different 
phytoplankton groups in the Pomeranian Bight 
(Table 1) were analysed by HPLC using the method 
described by Kraay et al. (1992). This method allows a 
good separation of lutein and zeaxanthin. The system 

I 
absorption spectra with reference standards 
according to Wright et al. (1991). A Kontron 
UVIKON 941 spectrophotometer was used 
for UV-visible spectroscopy of purified pig- 
ments. 

1 5 . 0 ~ ~  The chemotaxonomic characteristics of 

lian Bight, the diagnostic pigments (Table 1) is given 
by Bustillos-Guzmdn et al. (1995) for 1 to 5 
and by Hooks et al. (1988) and Letelier et al. 
(1993) for 6 .  Fucoxanthin is a major acces- 

sory pigment in diatoms. It can also occur in prymne- 
sio- and chrysophytes (Gieskes et al. 1988) but this had 
no effect in the present study because these algal 
classes were not detected in cell counts. 

Grazing rates were calculated according to the 
method given by Frost (1972). 

To calculate conversion factors for the estimation of 
chl a equivalents based on marker pigment concentra- 
tions, multiple regression analysis was performed, 
based on the measured chl a in the subsamples from 
the control bottles and the respective marker pigment 
concentrations (n = 48) according to e.g. Gieskes & 

Kraay (1983), Gieskes et al. (1988) and Barlow et al. 
(1993). The further transformation to C-equivalents 
was based on a C:chl a ratio of 50, which is commonly 
used for estuarine environments (Irigoien et al. 1993, 
Dagg 1995, McManus 1995, Sautour et  al. 1996). To 
check the applicability of this value in this case, C:chl a 
ratios were also calculated based on the chl a con- 
centrations measured by HPLC and the C-equivalents 
calculated from the microscopic counts (Table 2). 

Table 1. Diagnostic pigments for the characterization of the 
different algal groups in the Pomeranian Bight 

Phytoplankton Phy toplankton 
group marker pigment 

1. Cyanobacteria Zeaxanthin 
2. Diatoms Fucoxanthin 
3. Chlorophytes Lutein 
4. Dinophytes Peridinin 
5. Cryptophytes Alloxanthin 
6. Prasinophytes Prasinoxanthin 
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Table 2. Chlorophyll a (chl a )  measured by HPLC and C:chl a 
ratios estimated for the different stations in the Pomeranian 

RESULTS 

Bight (calculated from microscopic cell counts) Examples of absorbance chromatograms are pre- 
sented in Fig. 2a, b, showing the elution pattern of 
chlorophyll and carotenoid pigments detected in the 
incubation water before (Fig. 2a) and after (Fig. 2b) 
the experiment. The individual marker pigments de- 
tected by HPLC analyses were consistent with the 
algal classes found by microscopical examination. The 
phytoplankton population in the Pomeranian Bight 
consisted of 6 algal classes (Fig. 3) with a wide size 
range in the group of cyanobacteria and chlorophytes 
(Table 3). The most dominant groups were chloro- 
phytes, diatoms and cyanobacteria. Dinophytes, pra- 
sinophytes and cryptophytes only occurred in low 
numbers (Fig. 3). 

As described in the 'Materials and methods', a 2-step 
calculation is needed to convert marker pigment con- 
centrations into carbon equivalents. The following 
equation was derived to first estimate the contribu- 
tion of single phytoplankton groups represented by 
the marker pigments to the total phytoplankton popu- 
lation: 

Chl a (pg 1") 
n =  12 

C:chl a ratio 
n = 12 

Station 

Food selection was quantified by the selectivity co 
efficient o. (Manley et al. 1972, Chesson 1983). This 
index ranges from 0 to 1.0. A value of 0.5 indicates 
non-selective feeding, a values >0.5 indicate a prefer- 
ence for a phytoplankton group and a < 0.5 a discrimi- 
nation against a group. The calculations for a were 
based on the estimated taxon-specific phytoplankton 
biomass (pgC 1 ' )  in the incubation water at the be- 
ginning of the experiment and the calculated inges- 
tion rates (pgC ind:' d-ll measured by the Utermohl 
method and HPLC analyses (n = 24, for all stations). 
The coefficient a calculated by cell counts and pigment 
analysis is termed ac and ap, respectively. 

[chi a] = 0.01 + 0.5[zea.] + 1.4[fuco.] + 4.9[lutein] + 
2.8 [peri.] + 2.3 [allo.] + 0.2 [prasino.] (1) 

The r2 for this regression was 0.981 (significance 
level p < 0.001, n = 48). The constant 0.01 was the 
amount of remaining chl a when the other terms were 
zero. Therefore only a small part of the total chl a con- 
centration could not be accounted for by any of the 
phytoplankton classes considered (1.9%). 

Table 3. Size distribution of the dominant phytoplankton spe- 
cies within the 6 algal classes during the investigation period 

(27 June-2 July 1994) in the Pomeranian Bight 

Phytoplankton Dominant phytoplankton species 
group with average size 

Cyanobacteria Oscillatoria sp. (tnchomes, 70 x 4 pm) 
Merismopedia sp. (colonies, 9 x 9 urn; 
Microcystis sp. (colonies, 0 16 urn) 
Woronichinia sp. (colonies, 0 15 pm) 
Thalassiosira levanderj (0 10 pm) 
Skeletonema costaturn (10 x 5 urn) 
Unknown centric diatoms (0 10 urn) 

Diatoms 

Chlorophytes Actinastrurn hatzschii (13 x 4 pm) 
Monoraphjdjun~ sp. 

(24 x 3 ,  100x2 ,  11 x 5 p m )  
Coelastrum microporurn (0 8 pm) 
Scenedesmus sp. (10 x 5, 12 x 7 urn) 

5 10 15 2 0 25 
Retention time (min) 

Fig. 2. Chromatograms (fixed wavelength 436 nm) with the 
typical pigment patterns in the incubation water (a) at the 
beginning ( to )  of the grazing experiments, and (b) after 24 h 
incubation (ti). 1, chlorophyll c,; 2, chlorophyll cy 3, peridinin; 
4, fucoxanthin; 5, neoxanthin; 6 ,  prasinoxanthin; 7, viola- 
xanthin; 8, diadinoxanthin; 9, alloxanthin; 10, lutein; 11, 
zeaxanthin; 12, chlorophyll b; 13, chlorophyll a; and 14, P- 

carotene 

Dinophytes Katodinium rotundatum (12 x 8 urn) 
Prorocentrum balticurn (13 x 8 pm) 

Cryptophytes Plagioselmis prolongs (10 x 5 pm) 
Teleaulax arnphioxeia (12 x 8) 

1 Prasinophytes Pyramimonas sp. (4 x 3, 6 x 5 pm) 



Meyer-Harms & von Bodungen: Taxon-specific ingestion rates 

Chlorophytes (8-1 7%) 
lutein (1-21 %) 

Diatoms (6-28%) 
fucoxanthin (2-21 ?h) 

Cyanobacteria (8-59%) 
zeaxanth~n (2-1 9%) 

Praslnophytes (1 3-79%) 
pras~noxanthin (5-9%) 

Cryptophytes (1 6-67%) 
alloxanthin (5-1 6%) 

Dinophytes (6-32%) 
peridinin (6-1 0%) 

" 
A B C D E F 

stations 

Fig. 3. Mean biomass values of the phytoplankton composition in the incubation water at Stns A-F at  the beginning of the grazing 
expenments represented in carbon (C) equivalents, calculated from mcroscopic cell counts and marker pigment (pigm.) con- 
centrations (conc.). The standard deviat~on for the cell counts of each algal group and the corresponding marker pigment is given 

in % for all stations tested (n  = 24)  

To check the reliability of the chosen C:chl a value of 
50, habitat-specific C:chl a ratios were estimated based 
on carbon equivalents calculated from cell counts and 
on chl a concentrations measured by HPLC. The chl a 
concentrations ranged between 8.16 pg I-' a t  Stn F and 
22.44 1-19 I-' at Stn A near the river mouth (Table 2). In 
general, chl a concentrations decreased with increas- 
ing distance from the river mouth. The calculated 
C:chl a ratios varied between 32 and 56 at the different 
stations analysed (Table 2) with a mean value of 46 + 9 
(n = 72). Thus, the value of 50, which was used for 
further calculations, was within the range of values 
found in the Pomeranian Bight. 

The sum of phytoplankton carbon derived from cell 
counts (258 to 1026 pgC 1-l) or from marker pigment 
concentrations (363 to 926 pgC I-') were similar 
(Fig. 3).  Differences between the 2 methods occurred 
at the taxon level, however. For dino-, crypto- and 
prasinophytes, estimates based on cell counts yielded 
systenlatically higher values than HPLC measure- 
ments (Fig. 3).  With the exception of Stn F, cyanobac- 
teria were also more abundant in the calculations 
based on cell counts. The variability within the differ- 
ent algal groups was generally higher when estimated 
by cell counts, compared with that derived from HPLC 
measurements. 

To examine the practicability of marker pigments 
analysis as an analytical tool for grazing experiments, 
ingestion rates based on microscopic cell counts and 

marker pigment analyses were compared. The sum of 
the taxon-specific ingestion rates calculated by cell 
counts was lower (0.31 to 0.87 pgC ind:' d-l) com- 
pared with that derived from detected pigment con- 
centrations (0.50 to 1.04 pgC ind:' d-'; Fig. 4). At 
the taxon-specific level, similar ingestion rates were 
found with both methods for diatoms, chlorophytes 
and cryptophytes. For cyanobacteria and prasino- 
phytes ingestion rates calculated from cell counts 
(0.024 to 0.090 pgC ind:' d-l and 0.016 to 0.052 pgC 
ind:' d-') were higher than those derived from pig- 
ment measurements (0.009 to 0.021 pgC ind:' d-' 
and 0.001 to 0.003 pgC ind:' d-l). By contrast, how- 
ever, in the case of dinophytes, lower ingestion rates 
were obtained from cell counts than from marker 
pigment analyses. 

Comparison between the abundances of the dif- 
ferent phytoplankton groups in the incubation water 
(Fig. 3) and the calculated ingestion rates of Acartia 
bifilosa (Fig. 4 )  suggested that dino- and chrypto- 
phytes were major components of the diet. In contrast, 
cyanobacteria and chlorophytes, two of the dominant 
algae groups, only constituted a relatively small 
amount of the overall phytoplankton biomass ingested 
(Figs. 3 & 4).  

For the quantification of the feeding behaviour of 
Acartia bifilosa, the selectivity coefficient a was deter- 
mined (Fig. 5).  The values a calculated with the data 
estimated by cell counts (a,) and pigment concentra- 
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Prasinophytes (21 -85%) 
prasinoxanthin (7-36%) 

Cryptophytes (9-64%) 
alloxanthin (1 1-29%) 

Dinophytes (6-37%) 
perid~nin (7-18%) 

Chlorophytes (6-23%) 
lutein (6-9%) 

1.0 - Diatoms (5-1 6%) 
fucoxanthin (5-14%) 

0.8 - , Cyanobacteria (8-39%) 
zeaxanthin (10-25%) 

D E F 
stations 

tions (a,) showed a similar pattern, except for the pra- 
sinophytes. Positive selection was found in t h ~  case for 
dino- (a, = 0.90, a,, = 0.99) and cryptophytes (a, = 0.89, 
cc, = 0.94), no selection for diatoms (a, = 0.62, up = 0.42) 
and a discrimination against cyanobacteria (a, = 0.24, 
a, = 0.01) and chlorophytes (cr, = 0.25, a, = 0.31). For 
prasinophytes, positive selection was only found based 
on cell counts (a, = 0.74).  The calculation of pigment 
analyses gave, in contrast, evidence for non-selection 
(clp = 0.48). 

0 c i  6 6  $ 2  " 4 2  
C Q) 
r n ~  5 5  - C 0 E %  - z . ~  
X 
o O' 5 U 2 :  

a 
Phytoplankton groups and marker 

Fig. 5. Acartia bifilosa. Selectivity coeffic~ent a calculated by 
cell counts (a,) and pigment analysis (q) ( X  + SD, n = 24 for all 
stations) feeding on natural phytoplankton from the Oder 
estuary (Pomeranian Bight). a > 0.50 indicates a positive 
selection for a phytoplankton group, and a < 0.5 indicates 
avoidance of this group. (Cyano., Cyanobacteria; zea., zea- 
xanthin; Diato., Diatoms; fuco., fucoxanthin; Chloro., Chloro- 
phytes; lut., lutein; Dino., Dinophytes; peri., peridinin; Crypto., 
Cryptophytes; allo.. alloxanthin; Prasino., Prasinophytes; pra- 

sinox., prasinoxanthin) 

Fig 4.  Acartia bifilosa. Mean values of 
the ~ngestion rates at the d~fferent 
stations expressed in carbon (C) equiva- 
lents, calculated from microscopic cell 
counts and marker pigment (pigm.) 
concentrations (conc.). The standard de- 
viat~on for the cell counts of each algal 
group and the corresponding marker 
pigment is given m % for all stations 

tested (n = 24) 

DISCUSSION 

Multiple regression analysis based on the marker 
pigment composition and chl a content is necessary for 
a reliable calculation of taxon-specific ingestion rates 
for specific habitats, because chl a:marker pigment 
ratios vary with changing light intensities in the field 
(Gieskes et al. 1988, Brunet et al. 1993, Letelier et 
al. 1993, McManus 1995, Waterhouse & Welschmeyer 
1995). The use of chl a:marker pigment ratios based on 
specific light regimes (as in laboratory-cultured algae) 
are therefore of limited value (McManus 1995) and 
could result in over- or underestimations of calculated 
chl a equivalents. The estimated chl a:marker pigment 
ratios calculated in this study were, with the exception 
of prasinoxanthin, within the range of ratios found in 
the literature (Gieskes & Kraay 1983, Gieskes et al. 
1988, Barlow et al. 1995, Bustillos-Guzman et al. 1995). 
A cross-check with Utermohl analyses should always 
be carried out, however, because some phytoplankton 
show irregularities in their pigment composition. For 
example, in the group of dino-, prasino- and prymne- 
siophytes, the marker pigments of the different groups 
can be replaced or supplemented by other pigments 
(Millie et al. 1993 and refs. therein). But such irregular- 
ities are only known for a relatively small number of 
species within these groups. Unfortunately so far we 
do not know the exact pigment composition for each 
species. Therefore there are still some limitations in the 
interpretation of HPLC analyses, which might explain 
the differences found between biomass and ingestion 
rates calculated by pigment concentrations and those 
derived from cell counts (Fig. 3). However, the good 
agreement between the chl amarker pigment ratios 
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found in this study with ratios from the literature (see 
above), and the fact that 98% of the chl a could be 
attributed to the 6 detected marker pigments, suggests 
that HPLC analysis detected most of the relevant pig- 
ments. Thus, HPLC analysis adequately described the 
phytoplankton populations within the samples. Differ- 
ences between taxon-specific phytoplankton biomass 
and ingestion rates derived from marker pigment con- 
centrations and cell counts are probably due to prob- 
lems in quantification of algal cells by the Utermohl 
method. It is well known that methodological aspects 
and the skill of the persons counting can have a major 
effect on the accuracy of this method (Gieskes & Kraay 
1983, Booth 1987, Millie et al. 1993). In estuarine 
waters, detritus and high variations in cell size further 
influence the reproducibility of the Utermohl method 
(Tackx et al. 1995). In the Pomeranian Bight, chain- 
forming and colonial cyanobacteria may have been 
overestimated. This group is difficult to count as indi- 
viduals due to the low visibility of their cell membranes 
within the trichomes, or because of the spherical nature 
of the colonies, which can only be roughly estimated by 
permanent focusing. Further difficulties in counting 
at the species level occur when, due to the fixation 
process, colonies fall apart, yielding single coccal cells, 
which can no longer be determined exactly as specific 
phytoplankton groups. Such problems occurred in the 
Pomeranian Bight in differentiating between cyano- 
bacteria and chlorophytes. Cyanobacteria seem to have 
been overestimated (Figs. 3 & 4), whereas chlorophytes 
were underestimated by the Utermohl method, when 
compared with pigment analyses. This is especially 
true for calculated ingestion rates. The overestimation 
of the prasinophytes by cell counts might be related to 
the difficulty of identifying them because of their small 
size and the fact that their morphology is similar to 
some chlorophytes. 

C:chl a ratios are affected by nutrient and light con- 
ditions (Banse 1977, Laws et al. 1983), so that reliable 
ratios must be estimated for each specific environment. 
The C:chl a ratio of 50 given in the literature for estu- 
arine environments (e.g. Bianchi et al. 1993, Irigoien 
et al. 1993, Dagg 1995, McManus 1995, Sautour et al. 
1996) was confirmed by the results presented in this 
study. 

Taxon-specific ingestion rates from field studies 
based on marker pigment measurements are scarce, 
and mostly related to microzooplankton (Burkill et al. 
1987, Strom & Welschmeyer 1991, McManus & Eder- 
ington-Cantrell 1992). There has only been one study 
with copepods (Head & Harris 1994). The estimates of 
total carbon ingestion rates, which were in the range 
0.5 to 1.04 pgC ind.-' d-' (Fig. 4), were similar to values 
reported in literature. Ingestion rates of 0.5 to 1.3 pgC 
ind.-' d-' have been reported for Acartia bifilosa in the 

Gironde estuary (France) at phytoplankton concentra- 
tions comparable with those in the Pomeranian Bight 
(Irigoien et al. 1993). In Fourleague Bay (Louisiana, 
USA), ingestion rates of 0.6 to 2 .2  pgC ind.-l d-' were 
reported for A. tonsa (Dagg 1995). A comparison of 
taxon-specific grazing rates with the available phyto- 
plankton standing stock allows preferences for certain 
food taxa to be identified. The data presented here 
indicated that dino- and cryptophytes were the major 
components of the diet of A. bifilosa, although these 
phytoplankton groups were of only minor importance 
in the natural algal population (see Fig. 3). 

Prior to the work of Paffenhofer et al. (1982) using 
high-speed microcinematography, the mechanism of 
food selection of herbivorous calanoid copepods was 
thought to be simply mechanical, reflecting variable 
retention efficiency of the second maxillae for particles 
of different sizes (Frost 1977). Since then it has become 
obvious that selective feeding behaviour is more com- 
plex. It is influenced not only by the size of the algae 
and the phytoplankton concentration in the water col- 
umn, but also by the nutritional value of the different 
algae and the composition of the algal population 
(Vanderploeg 1990, Kleppel 1993 and refs. cited). The 
data presented in this study suggest that it was not the 
size of the algae which was responsible for food selec- 
tion. Amongst the algae which were not positively 
selected (diatoms, chlorophytes) many species were 
similar in size to algae which were selected (dino- 
and cryptophytes; Table 3). In habitats such as the 
Pomeranian Bight, where food is available in sufficient 
quantities, it has been suggested that food quality may 
be the deciding factor for food selection (Vanderploeg 
et al. 1988, Paffenhofer et al. 1995). For dinoflagellates 
which were highly selected by Acartia bifilosa, it is 
known that volume-specific concentrations of protein, 
lipids and carbohydrates are higher than they are in 
diatoms under the same growth conditions (Hitchcock 
1982). This agrees with studies in the nearshore waters 
off Los Angeles (USA), which showed that egg pro- 
duction of A. tonsa was related to the standing stock of 
dinoflagellates rather than to that of diatoms (Kleppel 
et al. 1991). In the Pomeranian Bight, egg production of 
A. bifilosa increased with increasing concentration of 
dinoflagellates (Schmidt unpubl.). 

Cryptophytes, also positively selected by Acartia bi- 
filosa, are known to be a valuable food for copepod cul- 
tures (Klein Breteler 1980). Although diatoms are 
thought to be an important food source for calanoid 
copepods (Bathmann et al. 1990), in this study they were 
only ingested by A ,  bifilosa according to their abun- 
dance. Recent studies have suggested that growth phase 
may affect the nutritional value of diatoms. In the 
stationary phase, increased mucus production may 
cause decreases in feeding rates of copepods (Malej & 
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Harris 1993). In feeding experiments in the laboratory, 
daily egg production and gross growth efficiencies 
of A. tonsa were lower when fed with the diatoms 
Thalassiosira weissflogii and Ditylum brightwellii 
compared with animals fed with the cryptophyte Rho- 
domonas baltica. Egg production ceased entirely within 
4 d when the diet was the chlorophyte Dunaliella 
tertiolecta (Stottrup & Jensen 1990). In the Pomeran- 
ian Bight cyanobacteria were only ingested in low 
amounts. According to most studies, cyanobacteria are 
a poor food for zooplankton (e.g Lampert 1981, Ahl- 
gren et al. 1990), because of difficulties resulting from 
the manageabil~ty of filaments, nutritional inadequacy 
and toxicity. 

The degree of marker pigment and chl a destruction 
during digestion varies with ingestion rate (Head & 

Harris 1996) and depends in part on the previous feed- 
ing history of the copepods (Head 1992, Head & Harris 
1992). The species composition of the algae and in- 
cubation conditions may also affect levels of pigment 
destruction (Head & Harris 1994, 1996). Calculation of 
grazing activity by pigment measurements using the 
balance method must take into accoGnt that in additien 
to the phytoplankton composition at the end of the 
experiments, the residual pigments remaining in 
faecal pellets will also be analysed and thus may influ- 
ence the calculation of taxon-specific ingestions rates 
(Head & Harris 1994). To estimate the extent to which 
chl a and marker pigment concentration in faecal 
pellets might have affected calculations of grazing 
activity, faeces collected from Acartia bifilosa were 
analysed by HPLC (results not shown). In most of the 
faeces analysed, marker pigments and chl a could only 
be detected in low concentrations (<0.01 pg pigments 
per sample). Head (1992) reported that copepods 
which have fed at high levels of food in situ may have 
a greater potential ability to destroy ingested chl a. 
This seems also to be the case in the Pomeranian Bight 
because the chl a concentration ranged from 8 to 22 pg 
chl a dunng the investigation. 

The marker pigment analysis and the classical Uter- 
mohl method gave comparable estimates for the up- 
take of different algal classes, and summed carbon 
ingestion rates were within the range reported for 
Acartia sp. in estuarine waters (see above). The results 
show that the HPLC technique is a reliable method to 
estimate taxon-specific carbon flux between primary 
producers and A,  bifilosa in the Pomeranian Bight. Fur- 
ther studies on grazing pressure and selective grazing 
behaviour of different zooplankton species analysed 
by HPLC in areas of different nutritional regimes and 
comparable laboratory experiments are needed to 
demonstrate the general usefulness of the method. The 
following considerations should be taken into account: 
(1) Determination of habitat-specific chl a:marker pig- 

ment ratios by multiple regression analysis, and 
(2) estimation of specific C:chl a ratios for the area of 
investigation. 

C:chl a ratios can vary widely and it may be mislead- 
ing to use values from the literature without cross vali- 
dation in the investigation area. 

Because HPLC analyses can be automated and are 
not subject to operator error (Millie et al. 1993), we 
recommend the use of marker pigment analyses as a 
standard method for determination of grazing activi- 
ties in estuarine environments and perhaps also for the 
estimation of phytoplankton biomass in field samples. 
Utermohl measurements are probably only needed 
for random controls of the actual species composition 
within phytoplankton. A more detailed knowledge of 
the grazing activity on natural phytoplankton might 
help provide new understanding of the success of 
zooplankton and, ultimately, repercussions on higher 
trophic levels. 
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