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Krill species play a pivotal role in energetic transfer from lower to upper trophic levels. However, functional feeding
responses, which determine how food availability influences ingestion rates, are still not well defined for northern krill
species. Here, we estimated and compared the functional feeding responses on natural communities of phytoplankton
andmesozooplankton of two coexisting species,Meganyctiphanes norvegica andThysanoessa raschii. We tested the influence
of the presence of phytoplankton on the ingestion rate and the selectivity of both krill species when feeding
on zooplankton prey. We performed a series of feeding experiments using increasing concentrations of natural
phytoplankton (64 taxa; 2 to >50 μm) and mesozooplankton (28 taxa; ∼100–2000 μm) assemblages and the latter
in presence and absence of phytoplankton. Results revealed that both krill species exhibited a Holling type III
feeding response on phytoplankton. However, T. raschii was able to exploit efficiently the highest phytoplankton
concentrations. Our experiments highlighted that the presence of phytoplankton modified the functional feeding
response on mesozooplankton preys of M. norvegica, but not that of T. raschii. Similarly, the presence of phytoplankton
influenced the feeding selectivity on mesozooplankton preys, although both species showed contrasting selectivity
patterns. In addition, we estimated the energy needs in relation to the daily rations. T. raschii satisfied its energy needs
by feeding either on high phytoplankton concentrations or on lowmesozooplankton densities, whereas M. norvegica did
not cover its metabolic costs efficiently by feeding on phytoplankton only, even at high phytoplankton concentrations.

KEYWORDS: Meganyctiphanes norvegica; Thysanoessa raschii; functional feeding response; ingestion rate; prey selectivity;
daily rations

D
ow

nloaded from
 https://academ

ic.oup.com
/plankt/article/42/2/239/5811900 by guest on 20 April 2024



JOURNAL OF PLANKTON RESEARCH VOLUME 42 NUMBER 2 PAGES 239–252 2020

INTRODUCTION

North Atlantic krill communities are dominated by four
species (Einarsson, 1945) that play a significant role in
carbon flow (Mauchline and Fisher, 1969; Savenkoff et al.,
2013). Among them, Meganyctiphanes norvegica and Thysa-

noessa raschii coexist and occur in high abundance and
biomass (Agersted andNielsen, 2014; Plourde et al., 2014;
McQuinn et al., 2015). Both are omnivorous species that
are able to switch from filter feeding to ambush preda-
tion, allowing them to exploit several trophic levels, rang-
ing from small phytoplankton and detritus (>5–10 μm)
to large copepods (>3000 μm) (e.g. Mauchline, 1980;
Agersted and Nielsen, 2016; Cabrol et al., 2019a). How-
ever, their functional feeding responses, reflected by their
ingestion and clearance rates in relation to food availabil-
ity (Holling, 1959), are still not well defined. Especially, in
T. raschii no functional response on carnivorous feeding is
available. Furthermore, the presently available functional
feeding responses do not provide sufficient quantitative
detail to model and predict krill feeding rates in relation
to the prey diversity encountered in nature (Benkort et al.,
2019). Most of the available functional feeding responses
are based on a limited number of prey types (McClatchie,
1986, 1988; Beyer, 1992; Agersted et al., 2011; Teglhus
et al., 2015; Agersted and Nielsen, 2016). Moreover, these
studies do not consider interactions between different
prey types (e.g. phytoplankton and zooplankton) on the
functional feeding responses, which is usually the case in
nature.
Numerous factors affect the functional feeding responses

(e.g. Frost 1972, 1975; Pilditch and McClatchie, 1994;
Kiørboe et al., 1996, 2018; Kiørboe, 2008). Among them,
prey diversity with the occurrence of alternative prey
was shown to drastically affect the type of response,
as obtained from laboratory experiments (Kiørboe
et al., 2018). When offered large mesozooplankton
(mostly Calanus spp.), M. norvegica showed a sigmoidal
(Holling type III) functional feeding response (Agersted
and Nielsen, 2016), whereas a linear relationship was
found when feeding on an assemblage dominated by
small copepods (e.g. Centropages sp.; McClatchie, 1985).
When offered both phytoplankton and zooplankton
simultaneously, Euphausia superba showed selective feeding
(Granéli et al., 1993). To date, the only study assessing
the effect of phytoplankton on zooplankton predation
of northern krill (M. norvegica) did not find an effect of
phytoplankton on zooplankton ingestion (Agersted and
Nielsen, 2016). However, the authors also concluded
that the natural phytoplankton community used in their
experiments could have been composed of cells, which
were too small (<10 μm) to be ingested by M. norvegica.
The main objective of this experiment was to deter-

mine functional feeding response of the two dominant

northern krill species, M. norvegica and T. raschii, under
more realistic in situ conditions. The specific objectives
were to (1) quantify the clearance and ingestion rates
of both krill species in relation to prey concentration of
diverse phytoplankton and mesozooplankton communi-
ties, (2) evaluate the effect of the presence and absence of
phytoplankton on the feeding rates of mesozooplankton
and (3) assess the effect of phytoplankton on the feed-
ing selectivity on mesozooplankton for both krill species.
Laboratory feeding experiments were carried out using
natural phytoplankton (64 taxa, ranging between 2 and
>50 μm) and mesozooplankton (28 taxa ranging between
∼100 and 2000 μm) assemblages.

MATERIAL AND METHOD

Krill sampling

Sampling took place in October 2015 in the lower St.
Lawrence Estuary (SLE) where large krill aggregations
occurred (Maps et al., 2014; McQuinn et al., 2015; Lavoie
et al., 2017). Three days before the experiments, krill
were sampled by successive short oblique tows, using
a 1-m-diameter ring net with a mesh size of 303 μm
equipped with a strobe light and a large cod end for
gentle sampling. M. norvegica and T. raschii were sorted
just after the catch. Krill handling was minimized, and
all transfers were performed in water to reduce damage
to appendages (Noyon et al., 2009). In the laboratory, krill
were maintained in 360 L flowing seawater tanks (6◦C,
∼29 PSU) and fed twice daily using dried phytoplankton
(Instant Algae®, N-RichTM High PRO; Campbell, CA,
USA) and a natural assemblage of frozen copepods to
acclimate them to laboratory conditions and to recover
from potential sampling stress (Ollier et al., 2018). Twelve
hours before the experiments, krill were kept without food
to avoid satiation and to limit disparity between feeding
states.

Design of functional feeding response
experiments

Two different sets of experiments were performed to
assess functional feeding responses of krill on both phy-
toplankton and zooplankton using food assemblage stock
solution, divided into the experiments/controls with var-
ious dilutions. In addition, the effect was determined by
the presence of phytoplankton on the mesozooplankton
ingestion rates and their selectivity. The first set of experi-
ments tested the feeding on six concentrations of the same
natural phytoplankton stock assemblage (Fig. 1A), while
the second series of experiments tested the feeding on
five concentrations of the same natural mesozooplank-
ton stock assemblage, with and without phytoplankton
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(Fig. 1B). Note that grazing of krill on phytoplankton
in mixed prey experiments was not calculated due to
possible food chain effects (Atkinson and Snyder, 1997).
Experiment duration was 6 h, and all experiments

were performed in darkness at 6◦C and ∼ 29 PSU to
mimic natural conditions found in the SLE (Galbraith
et al., 2017). According to preliminary tests and the
difference of carbon content between both krill species,
we used three and six adults of M. norvegica and T. raschii,
respectively, assuming no interindividual competition.
Only healthy and active adult krill of similar size were
chosen (all limbs and antennae intact). Twelve liters of
polycarbonate buckets was used for replicates, controls,
space, prey concentrations and time of preparation. At
the beginning of each experiment, a subsample was taken
(∼15% of the initial volume) to determine the initial prey
concentration in each replicate.
At the end of the experiments, krill wet and dry (48 h

at 60◦C) weight was determined and converted to car-
bon content using carbon-dry weight conversion factors
of 50.01% and 44.91% for M. norvegica and T. raschii,
respectively (Cabrol et al., 2019a). Total length of krill (in
mm, from the tip of the rostrum to the end of the telson)
was estimated using the length–weight relationship of krill
from the SLE (Fig. S1, see online supplementary data for
a color version of this figure). Mean lengths (mean± SD)
were 29.1± 2.5 mm for M. norvegica and 21.8± 2.3 mm
for T. raschii.

Prey assemblage: phytoplankton
community

To mimic phytoplankton community composition of a
spring bloom, 16 indoor microcosms (40 L each) were
filled with subsurface water from the lower St. Lawrence
Estuary (position: 48◦N 38′ 34.85′′, 68◦W 10′ 1.23′′).
Microcosms were inoculated with natural phytoplank-
ton pre-filtered over a 63 μm mesh size to remove
mesozooplankton and left to grow at 6◦C with a
light/dark cycle of 16:8 h and a photosynthetically
active radiation of 997 μmol.m−2.s−1. The phytoplankton
biomass (μgChl a.L−1) was measured fluometrically
(Parsons et al., 1984) so that six concentrations could be
targeted (see Fig. 1). Chl a concentrations were converted
into carbon content assuming a C/Chl a ratio of 42.7
(Juul-Pedersen et al., 2006). Samples for taxonomic
quantification (∼200 mL fixed in acid Lugol’s solution)
were taken from the initial phytoplankton stock solution
before each experiment. Taxonomic identification was
performed (Fig. 1) according to the procedure detailed in
Cabrol et al. (2015).
At the end of each experiment, 200 mL from each con-

tainer was filtered over a 63 μm to avoid the presence of

mesozooplankton in Chl a measurement and taxonomic
determination.

Prey assemblages: zooplankton community

Mesozooplankton were collected 2 days before the exper-
iments commenced, using a zooplankton net (1 m diam-
eter and 158 μm mesh size) from ∼100 m to the surface
at the same station where krill were caught. Zooplank-
ton was poured through a 2000 μm sieve to remove
potential krill competitors (e.g. Hyperiidae, chaetognaths,
gelatinous organisms) and large copepods or advanced
stages of as, for instance, Paraeuchaeta sp. and Calanus

hyperboreus. At the laboratory, zooplankton was kept in
500 L tanks and fed once daily with dried phytoplank-
ton. Dead animals were removed before the experiments
following the procedure as described in Granéli et al.
(1993). Then, abundance and composition of zooplank-
ton were determined to the lowest taxonomic level on sub-
samples of 100 mL (n = 5–8), using a stereomicroscope
(Leica Mz12.5). Zooplankton assemblage stock solution
was gently mixed to homogenize and to keep organisms
in suspension and was then divided into various dilutions
for the feeding experiments/controls targeting the five
planned prey concentrations (10–300 ind.L−1).
At the end of the experiment using zooplankton as

feed,mesozooplanktonwere retrieved using a 63 μmmesh
size sieve kept in water to reduce damage to appendages
and were fixed in formaldehyde solution (3% v/v final
concentration). All remaining zooplankton organisms
of all replicates were counted and identified. As krill
might only partially ingest their prey, copepods with
clear injuries (e.g. lack of antennae or missing limbs) were
considered as eaten (Ohman, 1984) although these obser-
vations were rare (less than 0.5% of total observations).
The carbon content of preys was determined either by
direct carbon measurements of mesozooplankton from
the study area when available (Table I, see Cabrol et al.
(2019a) for methods) or was converted from length–
carbon regression curves from literature except for
juvenile of Temoridae where a weight–length relation
was used as the % of carbon was known. Body length
(L; μm) was measured of ∼20 individuals.

Ingestion and clearance rates

Ingestion rates (μgC.mgC−1.h−1) were calculated by
the difference in prey concentrations between the
start and the end of the experiments, corrected by
control experiments, expressed in carbon. Clearance
rate (ml. mgC−1.d−1) was determined based on Madsen
and Riisgård (2010). The best Holling type response
(type I= linear; type II= rectangular hyperbola; type
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Fig. 1. Experimental design of experiment with phytoplankton only (A) and mesozooplankton with and without phytoplankton (B) conducted
with Meganyctiphanes norvegica and Thysanoessa raschii. Krill drawings modified from Agersted et al. (2011 and references included).
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Table I: Carbon content of zooplankton preys (μgC.ind−1) from direct carbon measurements of mesozoo-
plankton sampled in the study (see Cabrol et al. (2019a) for methods) or from algorithms used to convert
body length (L, μm) to carbon content.

Species Developmental

stages

% of Carbon Dry weight (μg.ind−1) Mean C content

(μgC.ind−1)

Carbon range

observed (μgC.ind−1)

Acartia sp.∗ C5–C6 34.32 ± 8.64 16.3 ± 3.39 5.59 8.46–3.31

Cypris larvae Larvae 32.12 ± 4.67 11.02 3.54 4.06–3.03

Bradyodus similis C5–C6 46.75 ± 2.74 94.5 ± 35 44.2 64.11–26.2

Calanus spp.∗ C1–C3 41.43 ± 7.97 34.3 ± 27.63 14.21 30.6–2.23

Calanus spp.∗ C4–C6 56.84 ± 5.26 378.9 ± 127.57 215.34 314.5–129.61

Metridia spp.∗ C5–C6 45.17 ± 6.30 143.4 ± 38.17 64.76 93.45–40.89

Metridia longa Copepodite y = 5.39e−9 x L(μm)3.0167 (Hirche and Mumm, 1992)

Microstella norvegica Adults 13.64 ± 9.71 12.7 1.73 2.97–0.5

Nauplii of copepods Nauplius 43.07 ± 3.35 3.7 ± 0.96 1.59 2.16–1.09

Oithona spp.∗ Adults 29.95 ± 7.21 10.3 ± 1.97 1.97 3.95–0.24

Oncaea spp.∗ C5–C6 37.63 ± 5.75 94.9 ± 12.49 3.09 4.57–1.9

Oncaea sp. Copepodite y = 2.51e−8 x L(μm)2.90 (Satapoomin, 1999)

Ostracode nd 37.63 ± 5.751 94.9 ± 12.49 35.7 46.58–26.27

Paraeucheta

norvegica

C5–C6 47 ± 3.33 783 ± 219 368.04 504.32–246.34

Paraeucheta sp. Copepodtie y = 1.15e−23 x L(μm)6.92 (Tönnesson et al., 2006)

Pseudocalanidae∗ Adults 45.88 ± 12.32 37.5 ± 17.42 17.22 31.99–6.75

Temoridae∗ Adults 37.46 ± 7.69 15.1 ± 3.42 5.67 8.38–3.48

Temoridae C1–C3 44.6 y = 1.4715e−8 x L(μm)3.064 (Ara, 2002)

Trochophore∗ Larvae 45 0.51 0.02

∗ Asterix indicate dominant species.

III= sigmoidal; Holling, 1959) was determined by fitting
clearance rate raw data. Once the Holling type was
determined, equations were fitted according to equations
presented in detail in Agersted et al. (2011) and Schultz
and Kiørboe (2009). The half-saturation (Km) constant,
corresponding to the prey concentration at which the
ingestion rate is half of the maximum ingestion rate, was
used to compare potential differences in ingestion rates
between species (M. norvegica andT. raschii) and treatments
(with and without phytoplankton). Finally, maximum
ingestion rates were converted to daily carbon rations
(DR=% bodyC.d−1). All calculations were performed
for each species and treatment using the NLS2 package
(V.1.1.456; R Core Team, 2017; Grothendieck, 2013).

Feeding selectivity

To detect selectivity of mesozooplankton prey of
each krill species, the relative contribution of each
mesozooplankton prey ingested (% prey ingested) was
plotted against the relative contribution at the start of
the experiment (% prey available). Prey positioned above
the 1:1 diagonal was positively selected as it was eaten in
higher proportion compared to the relative contribution
in the initial prey assemblage. Negatively selected preys
are below the diagonal. Only mesozooplankton species
that contributed more than 1% to the total abundance or
total carbon content were included in the analyses. Data
are presented as means ± standard error (n = 3).

RESULTS

Functional feeding response:
phytoplankton ingestion

Phytoplankton communities used during experiments
were composed of 64 taxa dominated up to 75% by
diatom species (Fig. 2). When offered an increasing
concentration of this phytoplankton assemblage, both
krill species displayed a Holling type III functional
response (Fig. 4). The threshold to trigger feeding
response was similar in both species (∼62 μgC.L−1).
However, M. norvegica clearly showed lower clearance
and ingestion rates than T. raschii. The half-saturation
constant (Km) was reached by M. norvegica at 304 μgC.L−1

(∼7.1 μgChl a.L−1) and at an ingestion rate of 0.04
μgC.mgC−1.h−1. In comparison, T. raschii reached Km
at a phytoplankton concentration of 555.9 μgC.L−1

(∼12.9 μgChl a.L−1), showing an ingestion rate of
0.24 μgC.mgC−1.h−1. Daily rations (DRs), at maximum
ingestion rates of phytoplankton, corresponded to 0.19
and 1.15% DR for M. norvegica and T. raschii, respectively.

Functional feeding response: zooplankton
ingestion

The zooplankton prey assemblage was composed of 28
taxa dominated by intermediate-sized zooplankton vary-
ing between 500 and 1500 μm (almost 70%; Fig. 3).When
offered increasing concentrations of this assemblage in
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Fig. 2. Composition of phytoplankton assemblage used as prey during phytoplankton and zooplankton feeding experiments. Data are expressed
as phytoplankton types in % of total and the dominant species within each type (taxa % by type).

absence of phytoplankton, M. norvegica showed a Holling
type II response and a Holling type III response in pres-
ence of phytoplankton. Furthermore, the Km of zoo-
plankton ingestion was almost 3.5 times higher when phy-
toplankton was absent as compared to the one in presence
of phytoplankton (584.4 and 168 μgC.L−1, respectively).
When converted into DRs, ingestion rates on mesozoo-
plankton with and without phytoplankton present cor-
responded to 2.97 and 5.1% of body carbon per day,
respectively.
In contrast, the differences of the clearance and inges-

tion rates of T. raschii on mesozooplankton with and
without phytoplankton were less marked as in M. norvegica

(Fig. 5). Km of T. raschii was reached at prey concentra-
tions of 775.3 and 1084 μgC.L−1 (∼120 and 160 ind.L−1)
with ingestion rates of 1.54 and 1.29 μgC.mgC−1.h−1

in presence and absence of phytoplankton, respectively.
The DRs of T. raschii in the treatments with and without
phytoplankton were comparable, with 6.24 and 7.4%
bodyC.d−1, respectively.

Selectivity on zooplankton

Selectivity on mesozooplankton prey varied between krill
species and treatments (Fig. 6). In absence of phytoplank-
ton, M. norvegica positively selected juveniles of Calanus

spp., Pseudocalanidae, Temoridae (adults and juveniles)
and trochophora larvae but negatively selected cyclopoid
copepods (Fig. 6A). When phytoplankton was present,
only juveniles of Temoridae and Calanus spp. were pos-
itively selected (Fig. 6C).
The selectivity patterns of T. raschii on mesozooplank-

ton prey were less affected by the presence or the absence
of phytoplankton. Only two taxa, Pseudocalanidae and

to a lesser extent juveniles of Calanus spp., were positively
selected (Fig. 6B and D), while other prey taxa were not or
negatively selected (e.g. Temoridae; Fig. 6B and D) with
and without phytoplankton.

DISCUSSION

Ingestion rates of krill on phytoplankton

Both krill species showed a Holling type III functional
response of their ingestion rates, when offered an increas-
ing concentration of a natural phytoplankton assemblage.
The Holling type III functional feeding response is typ-
ically related to prey switching (Holling, 1959; Kiørboe
et al., 1996) or a change in foraging effort with prey
concentration (Kiørboe et al., 2018). This sigmoidal curve
response was also observed when both species were feed-
ing on a monoculture of diatoms (Thalassiosira weissflogii;
Agersted and Nielsen, 2016), indicating the presence of a
phytoplankton concentration threshold to trigger a more
efficient feeding response. The phytoplankton threshold
concentration was comparable for M. norvegica and T.

raschii (Fig. 4), indicating that both species started to feed
more efficiently at almost similar phytoplankton con-
centrations. The presence of a sigmoidal response also
suggests that energetic costs for searching and handling
prey below these algal concentrations are higher than the
energy gain obtained (Lam and Frost, 1976).
Ingestion rates found during our experiments for T.

raschii were similar to those reported by Teglhus et al.
(2015) for Thysanoessa spp. in the Godthåbsfjord (SW
Greenland). The maximum ingestion rate was 11.52
μgC.mgC−1.day−1 in the present study, as compared
to 11.5± 4.6 μgC.mgC−1.day−1 from in situ calculation
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Fig. 3. Zooplankton prey composition (black bars; n = 13) and the respective carbon contents (empty dot) used during zooplankton experiments.
Only zooplankton which contributed more than 1% of total abundance or total carbon content has been included. Mean± SE.

in the Godthåbsfjord. Ingestion rates found at low
phytoplankton concentration for M. norvegica (i.e. 0.017
μgC.mgC−1.h−1 for 135 μgC.L−1 of prey) were similar to
results from McClatchie (1985), after carbon conversion
(0.014 μgC.mgC−1.h−1), and Agersted and Nielsen (2016)
when exposed to a pure culture of T. weissflogii (0.0092
μgC.mgC−1.h−1). However, ingestion rate of M. norvegica

found at high phytoplankton concentrations (>500
μgC.L−1) were 5–10 times lower than in the feeding
experiments by McClatchie (1985) and Agersted and
Nielsen (2016), respectively. This suggests a negative
effect of the high phytoplankton concentrations in
our experiments, which might have several causes (e.g.
phytoplankton size and composition, experimental setup).
Phytoplankton species composition might affect feed-

ing efficiency and ingestion rates. Lower ingestion rates
of M. norvegica as compared to those reported may be due
to the utilization of a natural phytoplankton assemblage
composed of different taxa, which might not be the
preferred prey of M. norvegica. However, 75% of the phy-
toplankton feeding assemblage was composed of diatoms,
including Thalassiosira spp., which is a well-known food
item. Size distribution of the phytoplankton might also
have an effect on ingestion rates. In the present study,
the phytoplankton assemblage ranged from 2 to 200 μm

(Fig. 3), and the distance between adjacent setae on the
feeding appendages of M. norvegica is 25 μm (Berkes,
1973). Therefore, M. norvegica can likely efficiently exploit
phytoplankton cells from 20 to 140 μm (Artiges et al.,
1978), and it was found to ingest also cells of 10 μm in
the Gulf of St. Lawrence (Sameoto, 1980). This implies
that the offered phytoplankton assemblage was accessible
to M. norvegica feeding; however, the composition and
size distribution (Fig. 3) might have had a combined and
inhibitory effect when concentrations were high, though
we are not able to prove or disentangle these effects.
Several of the phytoplankton species might have been
suboptimal, not available for efficient feeding or have
affected the feeding behavior, leading to an overestima-
tion of the actually available phytoplankton concentra-
tion. Therefore, these feeding rates should be regarded as
conservative estimates.
Furthermore, we cannot completely exclude that differ-

ences found between studies may be related to different
experimental setups. Large volumes should be used in
experiments with pelagic animals, as smaller volumes are
known to induce a decrease of ingestion rates (Båmstedt
et al., 2000). Our experimental volume was a trade-off
between largest volume possible, space and handling
logistics, resembling more the setup byMcClatchie (1985)
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Fig. 4. Clearance rate (A; ml. mgC−1.d−1) and ingestion rates (B; μgC.mgC−1.h−1) of M. norvegica (black triangles, solid line; n = 18) and T. raschii
(empty inverted triangles, dashed line; n = 18) as a function of phytoplankton concentration (μgC.L−1) at 6◦C in the dark. Mean± SE (n = 3) for
each concentration.

than that of Agerstedt and Nielsen (2016). In addition,
a potential bottle effect for the larger species M. norvegica

could not be excluded and might lead to a decrease of
the ingestion rates.
Despite sharing similar threshold concentrations to

trigger a feeding response, both krill species exhibited
two contrasted saturation levels on phytoplankton (Fig. 4).
T. raschii showed a maximum phytoplankton ingestion
rate of one order of magnitude higher than M. norvegica,
indicating that T. raschii might exploit the highest density
patches of phytoplankton before reaching saturation (e.g.
highest prey concentration at Km; Fig. 4). These results
are in accordance with previous studies, showing that
T. raschii was more herbivorous than M. norvegica (e.g.
Falk-Petersen et al., 2000; Agersted et al., 2014; Cabrol
et al., 2019a). The comparison of phytoplankton con-
centrations at Km with in situ phytoplankton concentra-
tions found in the Estuary and Gulf of St. Lawrence

(EGSL; e.g. Blais et al., 2018; Cabrol et al., 2019b) suggests
that T. raschii could not reach feeding saturation in the
field, except in high-density phytoplankton patches. How-
ever, generalization from experiments to field conditions
should be made with caution, as the results from experi-
ments might change according to the experimental setup
(see review of Gorokhova and Hansson, 1999). Neverthe-
less, krill are not just passive particles but interact with
their biotic and abiotic environments (e.g. Tarling and
Thorpe, 2014; Weissburg et al., 2019). Krill, including
T. raschii, is able to detect phytoplankton concentration
gradients or odor and adapt their swimming behavior
(e.g. speed, path orientation, time spent sinking) to remain
near phytoplankton layers (Price, 1989). In agreement,
the large range of phytoplankton ingestion rates found in
the experiments demonstrate that T. raschii might feed on
a large range of food concentration, allowing to adapt to
heterogeneous preyscapes. For example, high food con-
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centrations in microlayers might allow to quickly fulfill
the metabolic needs of T. raschii. In contrast, M. norvegica

exhibited lower ingestion rates and prey concentration at
Km than T. raschii, indicating that this species was not
be able to exploit similarly high phytoplankton density
patches. Phytoplankton concentration found at Km was
slightly higher than the average concentration of phyto-
plankton found in the EGSL, suggesting that most of the
time M. norvegica might not reach saturation.
As both species showed in situ trophic overlaps

(Berkes, 1976; Agersted and Nielsen, 2016; Cabrol et al.,
2019a), differences in ingestion rates between both krill
species might be of importance in supporting the stable
coexistence occurring in someNorth Atlantic regions (e.g.

Plourde et al., 2014). Differences in ingestion efficiency
might permit exploitation of similar resources when
present at different concentrations in the space. Since T.

raschii might feed on a larger range of phytoplankton con-
centration than M. norvegica, this difference might result in
a potential spatial segregation of both species when feed-
ing at different concentrations. Consequently, this could
limit the potential competition for shared resources in
addition to other processes already observed in the EGSL
(see Plourde et al., 2014 and Cabrol et al., 2019a, b).

Ingestion rates on zooplankton

Using the natural zooplankton assemblage, dominated
by intermediate-sized taxa (Fig. 3), M. norvegica and T.

raschii showed some differences in their feeding strategies.
The presence of phytoplankton did affect the type of
feeding response of M. norvegica switching from Holling
type II in absence of phytoplankton to a Holling type
III feeding function when phytoplankton was present. At
lowest zooplankton concentrations, ingestion was higher
when phytoplankton was present; however, this tendency
changed at higher zooplankton concentrations so that
ingestion was lower when phytoplankton was present.
Thus, the threshold concentration to trigger an efficient
feeding response of M. norvegica was lower in presence
of phytoplankton. This resulted in the lower Km in the
treatment with phytoplankton, demonstrating that M.

norvegica reached the saturation of its ingestion rate at
lower zooplankton prey density than in absence of phyto-
plankton. This result was unexpected, since M. norvegica

did not ingest large amounts of phytoplankton during
the phytoplankton experiment. Rapid saturation of zoo-
plankton ingestion observed in presence of phytoplank-
ton (Fig. 5A) might be related to the high phytoplank-
ton density used during zooplankton experiment. Back-
ground phytoplankton concentrations during the zoo-
plankton experiment were high and clearly above the half-
saturation constant on phytoplankton ingestion rate of M.

norvegica in the phytoplankton-only feeding experiments.
Hence, a decrease in ingestion rates might potentially
be due to an increase of searching or handling time of
appropriate prey, when obscured by a high number of
particles leading to a decrease of the feeding efficiency.
This has already been observed in high-turbidity environ-
ments when the number of inorganic particles became
too high for other krill species (e.g. Fuentes et al., 2016)
or other macrozooplankton species (e.g. mysids; Carrasco
et al., 2007). In contrast, T. raschii fed opportunistically on
zooplankton expressed by a Holling type II response in
both treatments. As the encounter probability increased
with increasing prey concentration, T. raschii was appar-
ently limited by the handling, ingestion and the digestive
time (Kiørboe et al., 2018). However, phytoplankton did
not influence the ingestion rate as well as the selectivity
on mesozooplankton of T. raschii (Figs 4b and 5).
Observed prey selectivity response during the zoo-

plankton feeding experiments with and without phyto-
plankton in the background showed high variability for
both krill species. This is not surprising, as krill is able
to feed on a broad size range of prey (e.g. Mauchline,
1980; Agersted and Nielsen, 2016), and thus the diet will
largely vary among individuals, depending on random
encounter events between prey and predator. This will
result in a high variability between replicates. Never-
theless, the results highlight that both species fed on all
mesozooplankton prey but with different degrees of selec-
tivity, indicating very responsive and adaptable feeding
strategies to the available prey type. According to the
optimal foraging theory (sensus MacArthur and Pianka,
1966), the individuals shouldmaximize the energy gain by
feeding on the easiest prey to catch or the most nutritious,
resulting in reality in a combination of both. Accord-
ingly, both krill species may show high selectivity for
lipid-rich copepods, as Calanus spp., or abundant species
like Temoridae. However, several species were not selected
independently of their availability, such as Oithona spp.
(the most abundant species, Fig. 3). Such feeding behav-
ior might be explained by a lack of detection or the
escape capacities of the prey. Interestingly, we found
that phytoplankton affected the selectivity; especially M.

norvegica selected less species in presence of phytoplankton
(Fig. 6A and C). In comparison, M. norvegica tended to
select several copepods (e.g. Temoridae, Oncaea spp., Pseudo-

calanidae juv., Calanus sp.), whereas T. raschii selected only
Pseudocalanidae strongly in treatments without phytoplank-
ton. These selectivity patterns were less pronounced in
feeding treatments with phytoplankton present. Never-
theless, these results confirm in situ results of estimated
diet composition of M. norvegica and T. raschii found in
the SLE using fatty acids and stable isotopes as trophic
markers (Cabrol et al., 2019a, b).
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Fig. 5. Clearance rate (A, B; ml. mgC−1.d−1) and ingestion rates (C, D; μgC.mgC−1.h−1) of M. norvegica (A, C) and T. raschii (B, D) as a function
of mesozooplankton concentration (μgC.L−1) in absence of phytoplankton (empty dots, dashed line; n = 14 for M. norvegica and n = 15 for T. raschii)
and in presence of phytoplankton in background (∼10.8 μgClh a.L−1; black dots, solid line; n = 15 for both species) at 6◦C in the dark. Mean± SE
for each concentration.

Daily rations

In our experiment, maximum DRs were similar to
values available from literature of < 2% for M. norvegica

feeding on phytoplankton (McClatchie, 1985; Agersted
and Nielsen, 2016) and of 0–33% feeding on zooplank-
ton (McClatchie, 1985; Båmstedt and Karlson, 1998;
Agersted and Nielsen, 2016). DRs in T. raschii were
0.5–1.5% when feeding on phytoplankton (Teglhus
et al., 2015; Agersted et al., 2011; Agersted and Nielsen,
2016). The values were also comparable with DRs
of other krill species, such as 1.0–1.5% in E. superba

(Meyer et al., 2010), although the maximum ingestion
rate could be up to 20% (Schmidt and Atkinson,
2016). From an energetic point of view, the DRs of
energy intake should be higher than the net cost of

respiration to allow energy accumulation available for
other processes such as growth or reproduction (Van-
Noordwijk and De Jong, 1986). Energy needs to fuel
routine metabolism amounts to at least 0.87± 0.11% in
M. norvegica and 0.91± 0.17% in T. raschii, based on the
oxygen consumption for the routine metabolism at 6◦C
from individuals sampled in the SLE (Ollier et al., 2018).
These percentages assume an oxycaloric coefficient of
11.72 kJ.g−1O2 (Kleiber, 1965 after unit conversion) and
an average energy content of 5.2± 0.45 kJ.j−1.g−1ww for
M. norvegica and 4.31± 0.58 kJ.j−1.g−1ww for T. raschii

in the EGSL (Guilpin et al. 2019). These calculations
are first-order estimates and will vary with numerous
factors (e.g. temperature, current state of the animal).
However, the estimate of energy needed by M. norvegica
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Fig. 6. Relative contribution of mesozooplankton prey (% ind. Ingested) to the diet of M. norvegica (A, C) and T. raschii (B, D) in absence (A, B) and
in presence (C, D) of phytoplankton in background (mean± SD; n = 15) against their relative contribution (% prey available). Straight dashed line
corresponds to 1:1 ratio, and dots above this line indicate positive selection. Only zooplankton which contributed more than 1% of total abundance
or total carbon content has been included.

(0.87± 0.11%) was significantly lower than 4.56% as
previously suggested by McClatchie (1985), whereas the
calculated value for T. raschii was similar to values of
0.5–1.2% recently found by Teglhus et al. (2015) and
Agersted et al. (2011). According to Agersted and Nielsen
(2016), energy requirements of 4.56% for M. norvegica

found by McClatchie (1985) might be overestimated,
which is also in line with our calculations. Hence, M.

norvegica did not satisfy its physiological needs during the
phytoplankton experiment, despite high phytoplankton
concentrations, while it easily met its physiological needs
ingesting mesozooplankton, even at low concentrations
(225 μcC.L−1 equivalent ∼34 ind.L−1, including small
species and early developmental stages). Therefore, M.

norvegica would be obliged to feed on both phytoplankton

and zooplankton or zooplankton alone to efficiently
accumulate energy reserves, which is in agreement with
in situ results found in the SLE (e.g. Cabrol et al., 2019a;
Benkort et al., 2019). Moreover, feeding on a single adult
Calanus specimen (∼200 μgC.ind−1) would allow M.

norvegica to meet its daily respiration cost at 6◦C.
We found that the phytoplankton assemblage as unique

food source could cover daily energetic requirements of
T. raschii, when available at high concentrations (up to
1200 μgC.L−1 equivalent to 28 μgChl a.L−1). However,
it is important to note that, in our experiment, like for
M. norvegica, almost 10% of all available phytoplankton
was likely too small (<5 μm) for consumption by T.

raschii, leading to a potential overestimation of the actual
prey concentration available, although such size class also
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occur in nature. In addition, as already observed for M.

norvegica, T. raschii could switch from a phytoplankton to
a zooplankton diet to quickly meet its energetic require-
ments, as already suggested by Cabrol et al. (2019a) in
the SLE and by Falk-Petersen et al. (2000) in high latitude
fjords.

CONCLUSION

In this study, we analyzed the functional feeding response
of the ingestion rates on natural phytoplankton and zoo-
plankton assemblages with increasing concentrations. We
illustrated that phytoplankton affected the ingestion rate
on zooplankton of M. norvegica, but not of T. raschii. The
occurrence of phytoplankton influences more the quan-
tity than the type of ingestedmesozooplankton, providing
new insights into functional feeding ecology of these two
ecologically relevant species in the Northern Atlantic.
These findings demonstrate the importance of including
prey diversity when modeling dynamics of northern krill
stocks. These data should contribute to improve param-
eterization of individual-based models of separate krill
stock dynamics and ecosystem-based food web models,
even though quantitative studies are still needed to assess
the amount of phytoplankton or zooplankton standing
stock, required to support krill populations. Extending
these results in view of the ecology of krill and their
role in ecosystem functioning, our study also suggests that
omnivory and the large feeding plasticity observed in both
krill species might enable them to efficiently exploit domi-
nant or profitable preys even if these are often distributed
heterogeneously in time and space.
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