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ABSTRACT

The feeding behaviour of adults of the marine calanoid copepod Centropages
hamatus was studied in laboratory experiments with ciliates and phytoplankton as food
sources. The ingestion rate of algal (flagellates, diatoms) and ciliate prey (oligotrichs) as a
function of prey concentration could be described by a Holling type Il functional response,
with close to zero ingestion rates at concentrations below 5 pg C I*. In general, ingestion of
ciliates was higher than ingestion of algae, and maximum feeding rates by adult males
reached were half the feeding rates of adult females at prey concentrations exceeding 50 ug
C I'*. When diatoms and ciliates were offered together C. hamatus (both sexes) fed
exclusively on ciliates as long as they contributed with more than 5% to the mixture. This
indicates the capability of active prey selection and switching between suspension feeding
and ambush predation. Therefore, the feeding behaviour of adult C. hamatus can be
characterised as omnivorous with a preference for larger motile prey. This implies a trophic

level above two, if there is a sufficient abundance of protozoan food available.

1. Introduction

The perception of the trophic role of calanoid copepods has changed during the last
decades. Traditionally they were viewed as pure herbivores that act as a link between
primary production and planktivorous fish [1,2,3]. Further research showed that copepods
are not herbivorous but mostly omnivorous, with microzooplankton being a component of
their diet [e.g. 4,5,6,7]. To which extent phytoplankton and microzooplankton contribute to
the diet of copepodes, i.e. the relative proportion of herbivory and carnivory, is still a matter of
debate. The degree of, respectively, herbivory and carnivory has consequences for food
chain length, and thus the efficiency of energy transfer to higher trophic levels, and the top-
down control on phytoplankton and microzooplankton [8,9,10,11,12].

Copepods have two main feeding modes, suspension and ambush feeding [13]. Both
are selective in different ways. Suspension feeding implies a selection based on limb

morphology and prey behaviour, because motile food items will partially escape from the
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feeding current, whereas ambush feeding relies on detecting prey by hydromechanical
signals created by prey movements which induce a deformation of the laminar flow around
them and thus leads to detection of motile prey [14,15,16,17,18].

Except for eggs at appropriate size and detrital particles, immotile prey is usually
algal. Therefore, copepods that live in surface waters and only capture immotile prey can be
considered mostly herbivorous. Motile prey consists of moving algae (e.g. flagellates) and
microzooplankton, such as ciliates. Suspension feeding and ambush feeding do thus not
exactly coincide with herbivory and carnivory, but a more herbivorous tendency may be
related to suspension feeders and a more carnivorous to ambush feeding copepods.

We chose Centropages hamatus as our study organism, because it is widespread in
coastal waters of the North Atlantic ocean and adjacent seas and an abundant
representative of medium-sized (around 1 mm) epipelagic copepods [19] which form an
important part of the diet of pelagic planktivorous fish, such as herring (Clupea harengus)
and mackerel (Scomber scombrus) [20]. C. hamatus can occur in abundances up to 722 Ind
m™ and is capable of ingestion of daily means reaching 0.85% of phytoplankton carbon and
8.23% of copepod nauplii present [21]. The contribution of ciliates to the diet of C. hamatus
has been reported to be negligible [22], which does seem unlikely from our own experience
with copepod feeding behaviour. Both suspension feeding, i.e. creating a feeding current,
and ambush feeding, i.e. long periods of sinking combined with apparent catching
movements, have been observed for C. hamatus [23,24].

The aim of the present study was to investigate the functional response of C.
hamatus on immotile as well as on small and large motile prey, whether it prefers ciliates

over algal prey, and whether there is a difference in feeding between males and females.

2. Materials and methods

2.1. Culture and maintenance of experimental organisms



73 Centropages hamatus was caught in the Kiel fjord (salinity 15 -18; 54°19’ - 54°23' N;
74 10°08 - 10°10’ E) with a 200 pm-plankton-net (WP2 Closing Net, Hydro-Bios, Kiel). The net
75 had a collecting cylinder (diameter 16 cm, length 30 cm) that was closed at the bottom to
76  avoid the copepods from being damaged. The maximum catching depth was 18 metres.
77  Adult males and females were picked out and kept in three litre jars (~ 30 - 50 Ind I'") with
78 filtered, autoclaved seawater (same salinity as in the fjord) at 10°C (experiments with ciliate
79  prey) or 15°C (experiments with only algal prey), and regularly fed an algal mixture consisting
80 of the flagellate Rhodomonas sp. and the diatom Thalassiosira weissflogii in surplus
81  concentrations until used in the experiments. One day prior to the experiments which
82 included ciliate prey C. hamatus was fed the oligotrich ciliate Rimostrombidium caudatum in
83  addition to the algal mixture. Summed up, four experiments were performed in July and
84  October 2005 and in May and June 2006. The maintenance time of the copepods in the
85 laboratory ranged from three to eight days (see table 1 for details).
86
87 Rhodomonas sp. and T. weissflogii were grown at 15°C in Drebes-medium [25], but
88  the nutrient concentrations were increased to values typical for F/2-medium [26]. The light
89 cycle was 12 h light : 12 h darkness. The algae species originated from stock cultures at the
90 Leibniz Institute of Marine Sciences, Kiel.
91
92 R. caudatum was isolated in March 2006 from the Kiel fjord (water temperature 3°C).
93  The ciliate culture was kept in cell tissue flasks filled with 0.2 pm filtered, autoclaved sea
94  water in a climate chamber at a final temperature of 10°C at a light intensity between 100
95 and 150 pmol m? s™. In regular intervals the ciliates were fed the marine flagellate
96 Rhodomonas sp. grown under the same conditions as mentioned above.
97
98  2.2. Experiments
99

100 The copepods were incubated in darkness for six hours at different prey

101  concentrations. A plastic pipette was used to transfer the copepods to 100 ml brown glass
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bottles with filtered, autoclaved seawater. The experiments were started by adding the prey
organisms, and stopped by adding acid LUGOL s solution to a final concentration of 1%.
Two replicates were set up for each food concentration and for each sex.

In functional response experiments C. hamatus females and males were offered
Rhodomonas sp., T. weissflogii, and R. caudatum as food (for detailed information on the
experimental setup see table 1). At the end of the experiments, the prey cells were counted
and measured using an inverted microscope [27]. Carbon content was computed based on
cell volume and a value of 0.14 pg C pm™ and 0.19 pg C um™ for algal and ciliate prey,
respectively [28, 29].

In the selective feeding experiment, C. hamatus was offered a mixture of ciliate (R.
caudatum) and algal (T. weissflogii) prey at varying concentrations (detailed information is
given in table 1). The overall concentration of ciliate and algal prey together ranged between
251 and 403 pg C I™*. Experimental bottles were incubated in darkness at 10°C. The
determination of the cell biomass at the end of the experiment followed the procedure given

above for the functional response experiments.

2.3. Calculations of clearance and ingestion rates

For all experiments the ingestion rate (1) (ug C Ind™ I'") was calculated after
Nejstgaard and colleagues [30; adapted from 31] with | =CR-C , where CR is the

clearance rate (ml Ind™ h*) and C is the average food concentration (ug C I, calculated as

the logarithmic mean.

For the functional response experiments CR was calculated after Lucas [32] with

CR=[1/t-LN(C,/C,)], where C, is the final food concentration in the controls without

copepods, C, the final food concentration in the replicates, and t the incubation time (d).
For the selective feeding experiment a correction for the ciliate grazing on the diatom

was necessary. The clearance rate for the copepod community on diatoms CR and on

cop,dia
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ciliates CR, ; was calculated after Tokle [33] with CR ) i = Hgia — Fgia — (CR .C, )

cil,dia cil

and CR,,, , = Mo —1/t-[LN(C,,,/C,y,)], where C, and C_,, are the final concentrations

com,cil cil cil

(g C I of ciliates from the controls without copepods and from the replicates with

copepods, respectively, and t the incubation time (d). CTci, is the average ciliate

concentration (ug C I'"), calculated as the logarithmic mean. For CR the clearance rate

cil dia *
of the ciliates on the diatoms, a constant value, calculated from the start concentrations
before incubation and the controls without copepods (data not shown), of 0.33 ml pgciliateC™

h™* was applied. An average M, of 0.017 h™ (+ 0.008 SE) was applied. Mg, IS @ constant

factor of -0.0216 h™ (+ 0.0101 SE) and was estimated by linear regression of the specific rate

of change for diatom vs. ciliate biomass in the bottles without copepods. r,, is an additional

factor to correct for diatom growth during incubation [33].
To get the individual clearance rates all CR values were divided by copepod density

(Ind mI™).
3. Results

Ingestion rate values which were negative or outliers were excluded from regressions
(in the functional response experiments with ciliate and diatom prey: one and two ingestion
rate values, respectively, due to irregularities in corresponding start values; in the selective
feeding experiment: ingestion of diatoms; Box Plot; mean * standard deviation (SD), distance
from mean (times SD) for males and females, respectively: 4.14 + 13.09 ml Ind™*d™, 8.6 times
SD, and 0.71 + 7.7 ml Ind*d™, 28.4 times SD). They are shown as square symbols in all
graphs, as are all calculated negative values which were set zero for illustration. A type IlI
functional response model was fitted to the data by non-linear regression using least square
and the Gauss-Newton method. If the parameter N in the model is not significantly different
from one, the model reduces down to a type Il functional response. This was evaluated

based on estimated Wald Confidence Intervals [34]. Clearance rates are mathematically
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directly linked to ingestion rates (see section 2.3., equation | = CR - C ) and are therefore not

shown in distinct graphs.

3.1. Functional response experiments

Ingestion increased with prey concentration in all three functional response
experiments and can be described by Holling type Il functional response curves [35],
irrespective of prey and sex of the copepods. Both male and female C. hamatus showed
highest ingestion rates on ciliate prey with maximum values of 7.10 pg C Ind™ d* and 11.01
ug C Ind™ d, respectively. Ingestion of diatoms and flagellates were similar (maximum
values feeding on diatoms: males: 1.12 pg C Ind™ d*, females: 1.66 ug C Ind™* d*; feeding on
flagellates: males: 1.30 pg C Ind™* d*, females: 2.22 ug C Ind™ d*), but a factor of four and
seven lower, than maximum ingestion of ciliates, for females and males, respectively.
Saturation in ingestion was reached around 50 pg C I'* with algal prey, whereas with ciliate
prey maximum ingestion for both sexes was reached at prey concentrations > 100 ug C I'".
Detailed information on the fitted regression curves is given in table 2. For males feeding on
flagellate prey no maximum ingestion rate could be identified, due to the missing saturation
in ingestion at concentrations below 80 pg C I. Therefore the model could not be fitted to the
data (Fig. 1c).

The lowest prey concentration in all three functional response experiments varied
between 2.62 and 4.69 pg C I'*. At these low concentrations, clearance rates were similar
between adult males and females with diatom prey. Feeding on motile prey (ciliates and
flagellates) females showed higher maximum clearance rates than males with 16.46 and
7.15 pg C Ind™ d'?, respectively. Here female C. hamatus also reached saturation in ingestion

at lower prey concentration than males (Fig. 1).

3.2. Selective feeding experiment
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When offered a mixture of the ciliate R. caudatum and the diatom T. weissflogii,
ingestion of ciliates of both sexes followed a Holling type Il response [35] (Fig. 2a). The
estimated maximum ingestion rates for males and females were 7.30 and 12.50 pg C Ind™ d
! respectively. Clearance and ingestion of diatoms was very irregular and did not follow a
trend. In a number of cases, theoretically impossible negative values were calculated for the
ingestion rate, because of the scatter in the cell counts. Ingestion rates of diatoms were close
to zero for most of the diatom concentrations, except the highest ones which corresponded
to the lowest ciliate concentrations (Fig. 2).

The ingestion rates were used to calculate the composition of the diet of C. hamatus,
after setting calculated negative ingestion values to zero. A plot of percent ciliate carbon in
the diet versus percent ciliate carbon in the food offered reveals that C. hamatus switches to
almost pure ciliate feeding as soon as ciliates exceed 5% of the offered food carbon (Fig. 3).
This threshold might even be as low as 1% for the females (Fig. 3), and is in line with Tokle
and colleagues [36] who found similar values for female C. hamatus when ciliates were
offered in varying concentrations together with algal prey at a constant surplus food
concentration. Calculation of a selectivity index was performed after Jacobs [37], and
showed a clear preference of C. hamatus for ciliates in the selective feeding experiment

(Table 4).

4. Discussion

The feeding behaviour of Centropages hamatus can be characterised as omnivorous
with the ability of selective feeding. Increasing clearance rate with increasing prey
concentration suggests a feeding threshold for C. hamatus ~ 5 ug C I, which seems to be
similar for both algal and ciliate prey. This is different from other small copepods which do
not seem to have a feeding threshold [38 (A. clausi),39 (A. tonsa),40 (Pseudocalanus sp.)]. A
comparison of the 95% confidence intervals (data not shown) of the fitted non-linear
regressions of all performed experiments showed that there is no difference in ingestion

rates between the sexes at lower prey concentrations (< 100 pg C I). At higher prey
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concentrations (> 100 pg C I') ingestion of ciliates by females was higher by a factor of
approximately two compared to ingestion by male C. hamatus, both in the functional
response and selective experiment. Thus, female copepods seem to be more effective
predators at higher prey concentrations where the maximum ingestion capacity is limiting the
food uptake. Contrarily there seems to be no difference in feeding between males and
females at lower prey concentrations when food uptake is limited by the maximum search
rate. Female C. hamatus in our experiment showed similar, low ingestion on the diatom
(except the two values considered as outliers) and the flagellate (Fig. 1b and c¢). This
suggests that also the motile but small flagellate is ingested via suspension feeding, as is the
immotile diatom. The ingestion by females on ciliates at the same concentration range, on
the other hand, was twice as high (Fig. 1a). This we interpret as indication for ambush
feeding as reported for C. hamatus by Tiselius and Jonsson [23]. At lower prey concentration

ambush feeding results in higher clearance rates [41], which then in turn gives higher

ingestion rates (see section 2.3., equation | =CR - C ). Male C. hamatus showed a relatively
constant and low clearance on ciliate prey in the functional response experiment. This
relatively constant clearance rate of males in contrast to females might be explained by
suspension feeding. But in the selective feeding experiment there was no such difference
between the sexes in clearance of ciliates at lower concentrations. Here males even showed
higher maximum clearance than females. Thus the lower clearance by male C. hamatus in
the functional response experiment might be explained by the individual nutritional status of
the copepods causing individual variability associated with feeding behaviour [42].
Furthermore, the speed of the feeding current of C. hamatus is 0.79 mm s™ at a distance of 1
mm from the antennules [43]. The prey ciliate in our experiments was R. caudatum which
swims in spirals, but can perform rapid escape jumps when disturbed (personal observation).
Spiral swimming ciliates of the genus Strombidium (some Strombidium species lately have
been transferred to the genus Rimostrombidium) reach swimming velocities between 0.36

! and for escape jumps a velocities between 0.81 and 1.02 mm s™ have

and 1.00 mm s~
been observed [13,44]. Hence, C. hamatus likely could not capture an escaping R. caudatum

within its feeding current, and in conclusion must have actively selected the ciliate prey, i.e.
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used ambush feeding. In the selective feeding experiment the two high ingestion rate values
on diatoms for the replicates with lowest ciliate / highest diatom concentration are considered
to be outliers (see section 3) as they with an ingestion of 40 and 20 ug C Ind™* d* by male
and female, respectively (Fig. 2b) give unrealistic high values for C. hamatus [21,22,45].
Copepods can ingest up to 148% of their own body carbon per day [46], which for C.
hamatus equals ~10.5 pg C Ind™* d*, assuming an average body carbon content of ~7.1 ug C
Ind™* [47]. Naturally occurring ciliate abundances usually do not exceed 35 pg C I [48,49],
but R. caudatum can in bloom situations reach maximum abundances of 3060 ug C I™* [50]
which is one magnitude higher than the highest ciliate concentration in our ciliate
experiments. At concentrations around 35 pg C I'! C. hamatus had an ingestion rate of ~2
and ~4 ug C Ind™ d* in the functional response experiment and selective feeding experiment,
respectively, which equal 28 to 56% of body carbon. C. hamatus is very efficient in capturing
ciliates [51]. The copepods might have started to feed on diatoms when no more ciliates
were left in the treatment with lowest ciliate concentration, but even this would not explain
these very high ingestion rates for diatoms of 40 and 20 pg C Ind™* d** by male and female,
respectively (Fig. 2b).

The ingestion of ciliates by C. hamatus in the selective feeding experiment might
show a more realistic pattern than in the functional response experiment, because saturation
of the functional response seemed to start at ciliate concentrations of ~ 50 pg C I"* (Fig. 2a),
which are common values for ciliate abundances in natural ecosystems [48,49]. For our
experiments we assumed that the copepods fed continuously during incubation, at a rate
they would use during night under natural conditions. Because the experiments were
stopped after a few hours, daily rates were calculated by multiplying “rates per hour” with 24.
This implies a continuous feeding over the whole day, which might not necessarily be true for
natural copepod communities.

Earlier studies seldom used male copepods in feeding experiments. For the larger
Calanus spp. none or little feeding by adult males has been reported [52,53]. In our study
adult males of the small copepod species C. hamatus reached ~50% of female maximum

clearance and ingestion rates, similar to rates found for male individuals of the similar sized
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Acartia tonsa [54]. Reduced energy demand compared to females, which require much
energy for egg production (our experiments fell in the reproductive season of C. hamatus
(April to November) [55] or the smaller body size itself, compared to females, might be
reasons for lower maximum feeding rates of male copepods [54,56].

During the 1990s the traditionally accepted role of diatoms as important and
nutritionally adequate food source became questioned [57,58,59]. Several authors provided
evidence for their nutritional inadequacy [e.g. 60,61,62,63,64]. Some authors even stated
that diatoms are not only poor food, but toxic for developing embryos because of certain
aldehydes [65], but the issue remains controversial [66]. Murray and Marcus [67] showed for
C. hamatus that simple unialgal or mixed diets are not the best food supply at all
developmental stages, but that “an optimal diet fosters growth and survival at all stages and
maximizes viable egg production, to ensure high recruitment to the next generation”.
Younger stages of C. hamatus might have different feeding strategies and therefore prey
preferences than older stages, analogue to other small copepods, e.g. early copepodites of
Acartia clausi, which under certain prey concentrations spend more time on suspension
feeding than later stages [68], and CI to CllI stages of A. tonsa, which ingest more diatoms
than stages CIV to adult [69]. On the other hand, Ismar and colleagues [70] have shown that
A. tonsa can complete its entire life-cycle both on a monodiet of Rhodomonas sp. and T.
weissflogii, but Rhodomonas sp. was the better food.

The present study shows, that adult stages of the copepod C. hamatus can ingest
both ciliates and algae, but prefer ciliates when these occur in sufficient abundances. C.
hamatus seems to be able to switch between suspension and ambush feeding [23,24] in
adaption to the current composition of the prey assemblage and / or the energy demand of

the individual copepod.

Acknowledgments

This research has been supported by the Deutsche Forschungsgemeinschaft under contract number

SO 145/ 25-1.



301
302
303

304
305

306
307

308
309

310
311

312
313

314
315

316
317

318
319

320
321

322
323
324

325
326
327

References

[1] Lowndes, A.G., 1935. The swimming and feeding of certain Calanoid copepods. Proc. Zool. Soc.

London, 687-715.

[2] Marshall, S.M., Orr, A.P., The Biology of a Marine Copepod - Calanus finmarchicus. Oliver & Boyd,

Edinburgh, London, 1955a, 180 pp.

[3] Anraku, M., Omori, M., 1963. Preliminary survey of the relationship between the feeding habit and

the structure of the mouth-parts of marine copepods. Limnol. Oceanogr. 8(1), 116-126.

[4] Greene, C.H., 1988. Foraging tactics and prey-selection patterns of omnivorous and carnivorous

calanoid copepods. Hydrobiol. 167/168, 295-302.

[5] Stoecker, D.K., Capuzzo, J.M., 1990. Predation on protozoa: its importance to zooplankton. J.

Plankton Res. 12, 891-908.

[6] Kigrboe, T., Saiz, E., Viitasalo, M., 1996. Prey switching behaviour in the planktonic copepod

Acartia tonsa. Mar. Ecol. Prog. Ser. 143, 65-75.

[7] Vincent, D., Hartmann, H.J., 2001. Contribution of Ciliated Microprotozoans and Dinoflagellates to

the diet of three Copepod species in the Bay of Biscay. Hydrobiol. 443, 193-204.

[8] Williams, R., Conway, D.V.P., Hunt, H.G., 1994. The role of copepods in the planktonic ecosystem

of mixed and stratified waters of the European shelf seas. Hydrobiol. 292-293(1), 521-530.

[9] Sommer, U., Stibor, H., 2002. Copepoda — Cladocera — Tunicata: The role of three major

mesozooplankton groups in pelagic food webs. Ecol. Res. 17(2), 161-174.

[10] Sommer, U., Stibor, H., Katechakis, A., Sommer, F., Hansen, T., 2002. Pelagic food web
configurations at different levels of nutrient richness and their implications for the ratio fish

production:primary production. Hydrobiol. 484, 11-20.

[11] Vadstein, O., Stibor, H., Lippert, B., Loseth, K., Roederer, W., Sundt-Hansen, L., Olsen, Y., 2004.
Moderate increase in the biomass of omnivorous copepods may ease grazing control of

planktonic algae. Mar. Ecol. Prog. Ser. 270, 199-207.



328
329
330
331

332
333

334
335

336
337

338
339

340
341

342
343
344

345
346

347
348

349
350

351
352

353
354

[12] Ward, P., Shreeve, R., Whitehouse, M., Korb, B., Atkinson, A., Meredith, M., Pond, D., Watkins,
J., Goss, C., Cunningham, N., 2005. Phyto- and zooplankton community structure and
production around South Georgia (Southern Ocean) during Summer 2001/2002. Deep Sea Res.

Part A 52(3), 421-441.

[13] Jonsson, P., Tiselius, P., 1990. Feeding behaviour, prey detection and capture efficiency of the

copepod Acartia tonsa feeding on planktonic ciliates. Mar. Ecol. Prog. Ser. 60, 35-44.

[14] Barrientos Chacon, Y., 1981. Ultrastucture of sensory units of the first antennae of calanoid

copepods. M. Sc. Thesis, University of Ottawa, Ontario.

[15] Landry, M.R., 1980. Detection of prey by Calanus pacificus : implications of the first antennae.

Limnol. Oceanogr. 25(3), 545-549.

[16] DeMott, W.R., Watson, M.D., 1991. Remote detection of algae by copepods: response to algal

size, odors and motility. J. Plankton Res. 13(6), 1203-1222.

[17] Svensen, C., Kigrboe, T., 2000. Remote prey detection in Oithona similis: hydrochemical versus

chemical cues. J. Plankton Res. 22(6), 1155-1166.

[18] Maar, M., Visser, AW., Nielsen, T.G., Stips, A., Saito, H., 2006. Turbulence and feeding
behaviour affect the vertical distributions of Oithona similis and Microsetella norwegica. Mar.

Ecol. Prog. Ser. 313, 157-172.

[19] Boxshall, G.A., Halsey, S.H., An Introduction to copepod diversity. The Ray society, No 166,

London, 2004.

[20] Sars, G.O., An account of the crustacea of Norway with short descriptions and figures of all the

species. Vol. IV Copepoda, Calanoida, Bergen, 1903, pp. 76-78.

[21] Conley, W.J., Turner, J.T., 1985. Omnivory by the coastal marine copepods Centropages

hamatus and Labidocera aestiva. Mar. Ecol. Prog. Ser. 21, 113-120.

[22] Tiselius, P., 1989. Contribution of aloricate ciliates to the diet of Acartia clausi and Centropages

hamatus in coastal waters. Mar. Ecol. Prog. Ser. 56, 49-56.

[23] Tiselius, P., Jonsson, P.R., 1990. Foraging behaviour of six calanoid copepods: observations and

hydrodynamic analysis. Mar. Ecol. Prog. Ser. 66, 23-33.



355
356
357

358
359
360
361

362
363
364

365
366

367
368

369
370

371
372
373

374
375
376
377

378
379
380

381

382
383

[24] Hwang, J.-S., Turner, J.T., Costello, J.H., Coughlin, D.J., Strickler, J.R., 1993. A cinematographic
comparison of behavior by the calanoid copepod Centropages hamatus Lillieborg: Tethered

versus free-swimming animals. J. Exp. Mar. Biol. Ecol. 167(2), 277-288.

[25] Stoch, H.A. von, Drebes, G., 1964. Entwicklungsgeschichtliche Untersuchungen an zentrischen
Diatomeen IV. Die Planktondiatomee Stephanopyaxis turris - ihnre Behandlung und
Entwicklungsgeschichte. Helgoléander wissenschaftliche Meeresuntersuchungen 11, 209-257.

[In German]

[26] Guillard, R.L., Culture of phytoplankton for feeding marine invertebrates. In: Berg, C.L. (Ed.),
Culture of Marine Invertebrates. Hutchinson Ross Publishing Co., Stroudberg, PA., 1983. pp.

108-132.

[27] Utermohl, H., 1958. On the complementation of quantitative phytoplankton methods. Int. Ver.

Theor. Ang. Limnol. Mitteilungen 9, 1-38. [In German]

[28] Rocha, O., Duncan, A., 1985. The relationship between cell carbon and cell volume in freshwater

algal species used in zooplankton studies. J. Plankton Res. 7, 279-294.

[29] Putt, M., Stoecker, D.K., 1989. An experimentally determined carbon:volume ratio for marine

“oligotrichous” ciliates from estuarine and coastal waters. Limnol. Oceanogr. 34(6), 1097-1103.

[30] Nejstgaard, J.C., Gismervik, I., Solberg, P.T., 1997. Feeding and reproduction by Calanus
finmarchicus, and microzooplankton grazing during mesocosm blooms of diatoms and the

coccolithophore Emiliania huxleyi. Mar. Ecol. Prog. Ser. 147(1-3), 197-217.

[31] Frost, B.W., 1972. Effects of size and concentration of food particles on the feeding behaviour of
the marine planktonic copepods Calanus pacificus. Limnol. Oceanogr. 17(6): 805-815.
[32] Lucas, J.S., 1982. Quantitative studies of feeding and nutrition during larval development of the

coral reef asteroid Acanthaster planci (L.). J. Exp. Mar. Biol. Ecol. 65, 173 -193.

[33] Tokle, N.E., 2006. Are the ubiquitous marine copepods limited by food or predation? Experimental
and field-based studies with main focus on Calanus finmarchicus. Doctoral Thesis. Norwegian

University of Science and Technology.

[34] Engelman, L., Nonlinear models. pp. 147-196 In SYSTAT 10, Statisics Il manual, 2000.

[35] Holling, C.S., 1959. The components of predation as revealed by a study of small-mammal

predation of the European pine sawfly. Can. Entomol. 91(5), 293-320.



384
385
386

387

388
389
390

391
392

393
394
395

396
397

398
399

400
401

402
403

404
405

406
407

408
409

410
411

[36] Tokle, N., Gismervik, I., Vadstein, O., 2009. Feeding strategies of four calanoid copepods offered
mixtures of the ciliate Strobilidium spiralis and the dinoflagellate Karlodinium micrum as prey. J.

Exp. Mar. Biol. Accepted.
[37] Jacobs, J., 1974. Quantative measurement of food-selection. Oecol. 14, 413-417.

[38] Deason, E.E., 1980. Grazing of Acartia hudsonica (A. clausi) on Skeletonema costatum in
Narragansett Bay (USA): Influence of food concentration and temperature. Mar. Biol. 60(2/3),

101-113.

[39] Houde, S.E.L., Roman, M.R. 1987. Effects of food quality on the functional ingestion response of

the copepod Acartia tonsa. Mar. Ecol. Prog. Ser. 40(1-2), 69-77.

[40] Isla, J.A., Lengfellner, K., Sommer, U., 2008. Physiological response of the copepod
Pseudocalanus sp. in the Baltic sea at different thermal scenarios. Global Change Biol. 14, 895-

906.

[41] Evjemo, J.O., Vadstein, O., Olsen, Y., 2000. Feeding and assimilation kinetics of Artemia

franciscana fed Isochrysis galbana (clone T. Iso). Mar Biol. 136, 1099-1109.

[42] Hwang, J.-S., Costello, J.H., Strickler, J.R., 1994. Copepod grazing in turbulent flow: elevated

foraging behaviour and habituation of escape responses. J. Plankton Res. 16(5), 421-431.

[43] Hwang, J.-S., Strickler, J.R., 2001. Can copepods differentiate prey from predator

hydromechanically? Zool. Stud. 40(1), 1-6.

[44] Buskey, E.J., Coulter, C., Strom, S., 1993. Locomotory patterns of microzooplankton: potential

effects on food selectivity of larval fish. Bull. Mar. Sci. 53(1), 29-43.

[45] Turner, J.T., Granéli, E., 1992 Zooplankton feeding ecology: grazing during enclosure studies of

phytoplankton blooms from the west coast of Sweden. J. Exp. Mar. Biol. Ecol. 157, 19-31.

[46] Durbin, A.G., Durbin, E.G., Wlodarczyk, E., 1990. Diel feeding behaviour in the marine copepod

Acartia tonsa in relation to food availability. Mar. Ecol. Prog. Ser. 68, 23-45.

[47] Hirche, H.-J., 2004. Annual and interannual variability of body size and population development of

4 dominant copepod species at Helgoland Roads, southern North Sea. ICES CM 2004/0: 06.

[48] Archer, S.D., Verity, P.G., Stefels, J., 2000. Impact of microzooplankton on the progression and

fate of the spring bloom in fjords of northern Norway. Aquat. Microb. Ecol. 22(1), 27-41.



412
413

414
415
416

417
418
419

420
421

422
423

424
425

426
427

428
429

430
431

432
433

434
435

436
437

438
439

[49] Jensen, F., Hansen, B.W., 2000. Ciliates and heterotophic dinoglagellates in the marginal ice

zone of the central Barents Sea during spring. J. Mar. Biol. Assoc. U.K. 80(1), 45-54.

[50] Agatha, S., Riedel-Lorjé, J.C., 1998. Morphology, infraciliature, and ecology of some strobilidiine
ciliates (Ciliophora, Oligotrichea) from Coastal Brackish Water Basins of Germany. Europ. J.

Protistol. 34, 10-17.

[51] Sommer, F., Saage, A., Santer, B., Hansen, T., Sommer, U., 2005. Linking foraging strategies of
marine calanoid copepods to patterns of nitrogen stable isotope signatures in a mesocosm

study. Mar. Ecol. Prog. Ser. 286, 99-106.

[52] Marshall, S.M., Orr, A.P., 1955b. On the biology of Calanus finmarchicus. VIIl. Food uptake,

assimilation and excretion in adult and stage V Calanus. J. Mar. Biol. Ass. U.K. 34, 495-529.

[53] Mullin, M.M., 1963. Some factors affecting the feeding of marine copepods of the genus Calanus.

Limnol. Oceanogr. 8, 239-250.

[54] Conover, R.J., 1956. Oceanography of Long Island Sound, 1952-1954. VI. Biology of Acartia

clausi and A. tonsa. Bull. Bingham Oceanogr. Coll. 15, 156-233.

[55] Halsband, C., Hirche, H.-J., 2001. The reproductive biology of dominant calanoid copepods in the

North Sea. Mar. Ecol. Prog. Ser. 209, 219-229.

[56] Marshall, S.M., Orr, A.P., 1956. On the biology of Calanus finmarchicus. IX. Feeding and

digestion in the young stages. J. Mar. Biol. Ass. U.K. 35, 587-603.

[57] Runge, J.A., 1988. Should we expect a relationship between primary production and fisheries?

The role of copepod dynamics as a filter of trophic variability. Hydrobiol. 167/ 168, 61-67.

[58] Turner, J.T., 1984. The feeding ecology of some zooplankters that are important prey items for

larval fish. NOAA Technical Reports NMFS7, Washington, DC, p. 1-28.

[59] Mann, K.H., 1993. Physical oceanography, food chains, and fish stocks: a review. ICES J. Mar.

Sci. 50, 105-119.

[60] Hitchcock, G.L., 1982. A comparative study of the size dependent organic composition of marine

diatoms and dinoflagellates. J. Plankton Res. 4, 363-377.

[61] Stattrup, J.G., Jensen, J., 1990. Influence of algal diet on feeding and egg-production of the

calanoid copepod Acartia tonsa Dana. J. Exp. Mar. Biol. Ecol. 141, 87-105.



440

441
442

443
444
445

446
447
448
449

450
451
452

453
454

455
456

457
458
459

460
461

462

463

464

[62] Kleppel, G.S., 1993. On the diets of calanoid copepods. Mar. Ecol. Prog. Ser. 99, 182-195.

[63] Jonasddttir, S.H., Kigrboe, T., 1996. Regulation of zooplankton biomass and production in a

temperate, coastal ecosystem. 1. Copepods. Limnol. Oceanogr. 39, 493-507.

[64] Turner, J.T., Levinsen, H., Nielsen, T.G., Hansen, B.W., 2001. Zooplankton feeding ecology:
Grazing on phytoplankton and predation on protozoans by copepod and barnacle nauplii in

Disko Bay, West Greenland. Mar. Ecol. Prog. Ser. 221, 209-219.

[65] Ban, S., Burns, C., Castel, J., Chaudron, Y., Christou, E., Escribano, R., Umani, S.F., Gasparini,
S., Ruiz, F.G., Hiffmeyer, M., lanora, A., Kang, H.-K., Laabir, M., Lacoste, A., Miralto, A., Ning,
X., Poulet, S., Rodriguez, V., Runge, J., Shi, J., Starr, M., Uye, S.-l., Wang, Y., 1997. The

paradox of diatom - copepod interactions. (Note) Mar. Ecol. Prog. Ser. 157, 287-293.

[66] Jonasddttir, S.H., Kigrboe, T., Tang, K.W., St. John, M., Visser, AW., Saiz, E., Dam, H.G., 1998.
Role of diatoms in copepod production: good, harmless or toxic? (Comment) Mar. Ecol. Prog.

Ser. 172, 305-308.

[67] Murray, M.M., Marcus, N.H., 2002. Survival and diapause egg production of the copepod

Centropages hamatus raised on dinoflagellate diets. J. Exp. Mar. Biol. Ecol. 270, 39-56.

[68] Takahashi, K., Tiselius, P., 2005. Ontogenetic change of foraging behaviour during copepodite

development of Acartia clausi. Mar. Ecol. Prog. Ser. 303, 213-223.

[69] Sommer, U., 2008. Copepod growth and diatoms: insensitivity of Acartia tonsa to the composition
of semi-natural plankton mixtures manipulated by silicon:nitrogen ratios in mesocosms. Oecol.

DOI 10.1007/s00442-008-1193-9.

[70] Ismar, S.M.H., Hansen, T., Sommer, U., 2008. Effect of food concentration and type of diet on

Acartia survival and naupliar development. Mar. Biol. 154, 335-343.



465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480

481
482

Figure legends

Figure 1 - Centropages hamatus. Ingestion rates of males (m; filled) and females (f;
open) on Rimostrombidium caudatum (a), Thalassiosira weissflogii (b), and Rhodomonas sp.
(c). Error bars indicate Mean + standard error. Square symbols are outliers for males (filled)
and females (open). Note the different scaling of the x- and y-axes. Lines are fitted

regressions, see table 2 for details.

Figure 2 - Centropages hamatus. Ingestion rates of males (m; filled) and females (f;
open) on a mixture of Rimostrombidium caudatum (a) and Thalassiosira weissflogii (b) (see
section 2 for details). Square symbols are outliers for males (filled) and females (open). Error
bars indicate Mean * standard error. Note the different scaling of the x- and y-axes. Lines are

fitted regressions, see table 2 for details.

Figure 3 - Centropages hamatus. Feeding of males (m; filled) and females (f; open) on
ciliates when offered a mixture of Rimostrombidium caudatum and Thalassiosira weissflogii

(see section 2 for details). Error bars indicate Mean + standard error.
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Table 1 - Centropages hamatus. Detailed overview over the experiments (functional response and

selective feeding).

Experiment

Functional response

Selective feeding

Prey species

Prey size
[ESD in um]

Temperature [°C]

Start concentration
-1
[mgCI7]

Start replicates
[hg CI7]

Treatment replicates

per concentration

Copepods per bottle

Control replicates
[wgCI”]

Copepod sampling day

Experiment day

Rhodomonas sp.
11

15

4.7,10.8, 17.3,
35.7,57.1, 75.0,
102.2

1 for
each
concentration

2 for each sex

5

2 for
4.7,35.7, and
102.2

12 July 2005

19 July 2005

T. weissflogii

12 -27

15
2.7,2.8,4.4,5.6,
8.4,18.8, 25.9,
28.8, 35.7, 47.6
1 for

each
concentration

2 for each sex

5

2 for
2.7,18.8, and
47.6

27 October 2005

31 October 2005

R. caudatum
35-50

10

3.9,5.6, 10.2, 26.4,
45.9, 58.8, 95.4,
99.9, 117.4, 176.6,
208.6, 266.3

1 for
10, 13, 60, 100,
and 300

2 for each sex

1 for
each concentration

8 May 2006

16 May 2006

T. weissflogii
R. caudatum
12 -27
35-50

10

463.6, 384.6,
379.9, 371.4,
313.7, 289.6,

266.6, 187.0,
116.6, 3.7

0.7,1.7,3.4,4.6,
9.2,14.4,28.1,
64.0, 130.2, 240.2

1 for
each concentration

2 for each sex

1 for
each concentration

13 June 2006

16 June 2006

ESD: Equivalent spherical diameter

Table 2 - Statistics for the ingestion rates of Centropages hamatus. Variables, predicted coefficients, and

significances. The model of the fitted regressionis | = (. .cN /(KN +6N) with C =K at | = '% and criteria for

type Il functional response of N > 1. For units see section table 3. Predicted maximum ingestion rates are shown

in bold, R? is observed vs. predicted values.

Ingestion

Functional response experiments

Prey Sex Imax N K R? p
R. caudatum male 7.1471 7.4913 117.2750 0.9965 <0.0001
female 16.4626 1.0227 164.8548 0.8692 0.0003
T. weissflogii male 0.9185 2.1966 5.9242 0.6783 0.0189
female 2.6154 1.3152 28.7718  0.9545 0.0004
Rhodomonas sp male no Imax data, so model fit is not possible
female 2.2012 10.2031 45,9913  0.9630 0.0014
Selective feeding experiment
R. caudatum male 7.3391 1.3020 16.7040  0.9514 <0.0001
female 12.4965 1.9930 33.6458  0.9117 0.0002



492

493
494

495
496
497
498

499
500

501
502
503

Table 3 - Abbreviations.

Abbreviation Unit Meaning
c - Carbon
d - Day
h - Hour
Ind - Individual
| - Litre
[ls] - Microgram
pm? - Cubic micrometer
In general
| Hg CInd*d*  Ingestion rate
| o Hg CInd*d?  Maximum ingestion rate
CR lind™d* Clearance rate
C ngclIt Average food concentration
C0 pg C " Food concentration at start of incubation time
Cl pg C " Food concentration in control bottles at end of incubation time
C2 pug C " Food concentration in treatment bottles at end of incubation time
K g C It Half saturation value
t h Incubation time
Selective feeding experiment
CR o cit lind™ d* Clearance rate of copepods on ciliates
CR o dia lind™ d* Clearance rate of copepods on diatoms
CRy gia lind™d* Clearance rate of ciliates on diatoms
EC" pg C " Weighted average ciliate concentration during incubation
Ccill pg C " Ciliate concentration in control bottles at end of incubation time
CCi|2 pg C " Ciliate concentration in treatment bottles at end of incubation time
Heil - Factor correcting for ciliate growth during incubation
Hia - Factor correcting for diatom growth during incubation
lgia - Additional factor correcting for diatom growth during incubation
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508 Table 4 - Selectivity index (D) of Centropages hamatus. D was calculated after Jacobs [37], with

509 D =1: preference, D = 0: no preference / no rejection, D = —1: rejection. ¢, are the start concentrations in the

510 replicates of ciliates and diatoms. Numbers in italic are defined as outliers (see section 3).

511

Selectivity index

Selective feeding experiments

Ciliate prey Diatom prey
male female male female

C, D D C, D D
0.7 0.24 0.79 463.6 -0.24 -0.79
1.7 0.95 0.92 384.6 -0.95 -0.92
3.4 0.95 1.00 379.9 -0.95 -1.00
4.6 0.78 1.00 371.4 -0.78 -1.00
9.2 0.91 1.00 313.7 -0.91 -1.00
14.4 1.00 1.00 289.6 -1.00 -1.00
28.1 1.00 1.00 266.6 -1.00 -1.00
64.0 1.00 0.79 187.0 -1.00 -0.79
130.2 1.00 1.00 116.6 -1.00 -1.00
240.2 1.00 1.00 3.7 -1.00 -1.00
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