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Abstract

Zooplankton consumption of aggregates, such as marine snow, is an important factor in determining the effi-
ciency of the biological carbon pump. However, the feeding rates of aggregate-associated small harpacticoid and
poecilostomatoid copepods are largely unknown, as are the factors that influence these rates. We measured the
functional responses of pellet production (PP) of aggregate-feeding copepods on appendicularian houses, algal
and detrital aggregates, and on Trichodesmium spp. tufts. The PP rates of all copepods increased with increasing
aggregate concentrations, but the response varied depending on the aggregate type. The pelagic harpacticoid
copepod Microsetella norvegica had the highest PP rates on algal aggregates, while the poecilostomatoid copepod
Oncaea spp. and the benthic harpacticoid copepod Amonardia normanni PP rates were highest on
appendicularian houses. The ingestion rates of M. norvegica and Oncaea spp. were typically 0.04-0.13 ug C
ind.”!' d™', with the exception of ca. three times higher rates of Oncaea spp. on appendicularian houses and
ca. 10 times higher rates of M. norvegica on algal aggregates. The ingestion rates of the larger species, A. normanni,
were generally higher, 0.3-1.3 ug C ind.”' d™' on algal aggregates, and even ca. 10-fold higher on
appendicularian houses. Our results suggest that the aggregate degradation rates by copepods can vary many-
fold depending on the quality (origin) of the aggregate and the copepod species. This can have large conse-

quences for the attenuation of vertical carbon flux.

Degradation of sinking aggregates is one of the main pro-
cesses influencing the efficiency of the biological pump, and
therefore carbon sequestration in the ocean. It has been long
acknowledged that zooplankton play an important role in this
process through both fragmentation and direct consumption of
aggregates (Dilling and Alldredge 2000; Steinberg et al. 2008).
Feeding on aggregates by copepods is likely to be common in
the ocean. This notion is supported by findings of high concen-
trations of metazoans on aggregates (Green and Dagg 1997;
Kigrboe 2000), the demonstrated ability of some species to fol-
low chemical trails to find aggregates (Lombard et al. 2013),
and the observations indicating that some species are
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specialized in feeding on aggregated food (Koski et al. unpubl.).
Model results have suggested that zooplankton feeding can
remove most aggregates before they leave the euphotic layer
(Kigrboe 2000), and field observations combining the feeding
rates on aggregates and abundances of particle-colonizing cope-
pods suggest that these organisms are important for the carbon
budgets of the surface ocean (Koski et al. 2020).

Many zooplankton species have been observed feeding on
aggregates. These include amphipods (Lampitt et al. 1993b),
Polychaeta larvae (Bochdansky and Herndl 1992), euphausiids,
and large calanoid copepods (Dilling et al. 1998; Van der
Jagt 2020) that can ingest whole aggregates similar to feeding
on large phytoplankton cells or ciliates, as well as small non-
calanoid copepods, nematodes, meroplankton larvae, and cope-
pod nauplii that colonize the aggregates and feed on
their component parts (Shanks and Walters 1997; Kiorboe
2000). There is evidence that small harpacticoid and
poecilostomatoid copepods might be particularly important
degraders of aggregates (Alldredge 1972; Ohtsuka et al. 1993;
Kierboe 2000) as their concentrations in aggregates are often
many-fold higher than their concentrations in the surrounding
seawater (Kigrboe 2000). These latter species include the pelagic
harpacticoid M. norvegica and oncaeid copepods that can be
extremely abundant in widely varying environments, from
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Arctic fjords (Arendt et al. 2013; Svensen et al. 2018) to sub-
tropical and tropical oceans (Bottger-Schnack 1995; Paffenhofer
and Mazzocchi 2003). These species appear to be more efficient
in feeding on aggregated food than on suspended phytoplank-
ton and can obtain high short-term feeding rates (Koski et al.
2005). In environments where particle-colonizing copepods
dominate the zooplankton community, zooplankton degrada-
tion of sinking particles could be equally important to
zooplankton-mediated production of sinking particles or active
carbon transport through vertical migration, which are the zoo-
plankton activities that have typically been considered impor-
tant for the biological carbon pump (Brun et al. 2019).

Despite the potentially high impact of aggregate-colonizing
copepods on the efficiency of the biological pump, we know
little of the factors influencing their feeding rates. To be able
to consume aggregates, copepods need to find and colonize
the aggregates, and to stay on them for the time that it takes
to fill their guts. While the encounter rates are influenced by
the concentrations and sizes of the aggregates and the chemi-
cal trails that they may leave in their wakes (Kiorboe 2000;
Lombard et al. 2013), the ability of copepods to extract
nutrition from aggregates could depend on the chemical com-
position, and therefore, origin of the aggregates. The concen-
tration, origin, and quality of aggregates can in turn vary
greatly between geographic areas, seasons, and water depths.
For instance, while diatoms are likely to be important constit-
uents of aggregates during spring phytoplankton blooms in
the North Atlantic (Daniels et al. 2015), Trichodesmium spp. fil-
aments form an important surface area for multiple micro-
organisms in the subtropical and tropical oceans (Sheridan
et al. 2002). Zooplankton-derived aggregates such as fecal pel-
lets and appendicularian houses can dominate in many sea-
sons and areas (Turner 2015). Consumption rates of copepods
on aggregates might therefore vary depending both on their
concentration and on their origin/quality.

We studied the interacting effects of aggregate type, con-
centration, and copepod species on the consumption of aggre-
gates to reveal (1) whether different aggregate-colonizing
copepod species have similar feeding rates and aggregate pref-
erences and (2) whether the aggregate type influences the
maximum ingestion rate. This is necessary information if we
are to quantify the effect of these abundant copepods on flux
attenuation, and therefore on the efficiency of the biological
carbon pump.

Materials

We investigated the functional response of copepod feed-
ing on diverse types of aggregates, using fecal pellet produc-
tion (PP) as an indication of feeding rate. The copepod species
included the pelagic harpacticoid Microsetella norvegica, the
semi-benthic harpacticoid Amonardia normanni, and the
poecilostomatoid copepod Oncaea spp. (Table 1). The aggre-
gates included discarded houses of the appendicularian
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Oikopleura dioica, laboratory-created algal aggregates from dia-
toms, cyanobacteria, and a diatom-dominated mixture of
algae, field-collected tufts of the cyanobacteria Trichodesmium
sp., and field-collected detritus and algal aggregates (Table 2).

Copepods and aggregates

The experiments were conducted during different cruises or
laboratory campaigns between 2005 and 2014 (Table 1). All
copepods were collected during spring or summer, using a
WP2 net with a 90-100-um mesh size and non-filtering cod
end, with plankton tows that typically extended from below
the chl-max to the surface. Copepods were individually sorted
into air-tight closed culture flasks (M. norvegica and Oncaea
spp.) or open containers (A. normanni), and fed with an excess
(>300 ug CL™") concentration of the diatom Thalassiosira
weissflogii until their use in experiments. The experiments at
sea or in field stations were conducted within 48 h from the
capture of the copepods. The laboratory experiments with
M. norvegica and Oncaea spp. were conducted within 1-3
months of the capture of the copepods, whereas A. normanni
was grown in the laboratory for > 100 generations before the
start of the experiments. The incubation temperature was
close to the in situ temperature during the cruises, and typi-
cally 15°C in the laboratory experiments (Table 1), and all
experiments were conducted in the dark. T. weissflogii that
was fed to copepods prior to experiments was grown in semi-
continuous batch cultures with 16 : 8 h light : dark cycle, at
18°C, using F/2 (+ Si) media (Guillard 1975). The cultures
were diluted three times per week to keep the algae in an
exponential growth stage.

Appendicularian houses were collected from a culture of
O. dioica, kept in the laboratory at DTU (Lombard and Kiorboe
2010). The houses were collected shortly after they had been
produced, using a wide-mouth pipette and with help of illumi-
nation from below the culture containers. The houses used in
experiments were > 1-h old (see Lombard and Kiorboe 2010).
In situ houses were collected from a zip-on 3-L Plexiglass cod
end after a surface tow with a 200-um net, using a pointed
light source and wide-mouth pipettes. Algae and detritus
aggregates from the Iceland Sea and PAP site were collected
from a marine snow catcher (Cavan et al. 2017), while
Trichodesmium sp. filaments both at the PAP site and Sargasso
Sea were collected from plankton tows. The algae aggregates
from the Iceland Sea consisted mainly of a mixture of
Phaceocystis sp. and diatoms. The algae aggregates originating
from a mesocosm were produced by incubating the water
from two different mesocosms in rotating containers
(Moriceau et al. 2018). The plankton community in both
mesocosms was dominated by diatoms and dinoflagellates,
with smaller contributions from other algal groups. The aggre-
gates were collected on day 17 of the mesocosm experiment,
at the time when the chlorophyll a (Chl a) had stagnated and
the algae, therefore, had likely reached a stationary growth
phase (Moriceau et al. 2018). Diatom and cyanobacteria
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Table 2. Aggregate characteristics. Type, origin, volume (mm?; mean + SD), Chl a content (ug aggregate™'), and carbon content
(ug C aggregate ') of the different types of aggregates used in experiments. The carbon content is either calculated from the volume
according to Alldredge (1998), or from the Chl a content using the Chl a to carbon ratio from Roman (1978). The volumes of detritus
aggregates from the PAP site and Trichodesmium tufts (printed in italics) were estimated based on the calculated carbon concentrations,
using Alldredge (1998). The numbers of measured aggregates are indicated in parenthesis. ID refers to the numbers of experiments as

listed in Table 1.

ID (#) Type Origin Volume (mm?) Chl a (ug) Carbon (ug C)
(a) Experiments with multiple aggregates

1-3,8,12-13 Houses DTU; laboratory 4.3+3.2(30) 1.9

4 Algae (Phaeocystis spp. and diatoms) Iceland Sea 0.36+0.85(48) 0.42
9,10 Algae (diatoms and dinoflagellates) Mesocosm 2.4+4.3(30) 1.5

5 Detritus Iceland Sea 5.4+5.5(55) 2.1

6 Detritus PAP site 396 0.17(1) 22.2

7 Tricho PAP site 12,025 0.97(1) 131

11 Tricho Sargasso Sea 3680 0.42+0.12(5) 70.8
14 ™ DTU; laboratory 0.08+0.07(19) 0.26
15 TP DTU; laboratory 0.154+0.29(19) 0.37
16 NOD DTU; laboratory 0.18+0.41(10) 0.40
(b) Experiments with single aggregates

17 NOD DTU; laboratory 0.01-32.4(16) 0.08-6.0
18 ™ DTU; laboratory 0.01-17.0(20) 0.08-6.0
19 APH DTU; laboratory 0.3-1.6(7) 0.5-1.3
20 House DTU; laboratory 0.2-25.8(24) 0.5-5.4

APH, Aphanizomenon flos-aquae;, Houses, appendicularian houses; NOD, Nodularia sp.; TP, Thalassiosira pseudonang; Tricho, Trichodesmium sp.; TW,

Thalassiosira weissflogii.

aggregates were produced from senescent cultures of
T. weissflogii, Thalassiosira pseudonana, Nodularia sp., and
Aphanizomenon flos-aquae, by slowly rotating (at 0.5 RPM) a
high concentration of algae (>1000ugCL™") in air-tight
closed bottles in a rolling table. Aggregates of different sizes
started forming after 1-2 d of rotation. The algae were grown
in batch cultures with 16 : 8 h light : dark cycle, at 18°C.
T. weissflogii and T. pseudonana were grown in F/2 (+ Si)
media, at the salinity of ca. 30 ppm. Nodularia sp. and A. flos-
aquae were grown under brackish (ca. 5 ppm) salinity, using a
modified Z8 media (Lehtiméki et al. 1994). Nodularia sp. is
known to produce the toxin nodularin, while A. flos-aqua
strain was non-toxic. The aggregates thus differed in quality
and included both aggregates that consisted mainly of a single
algae (experiments 7, 11, 14-19) and a mixture of algae
(experiments 4, 9, 10), as well as appendicularian houses
(experiments 1-3, 8, 12-13), and detritus aggregates (experi-
ments 5-6) that likely contained both algal remains and a
microbial community (Table 1).

Aggregate volumes were estimated by measuring the main
dimensions of the aggregates, using a stereo microscope with a
precision of 19.6 ym, and an appropriate geometric formula.
Seven to fifty-five aggregates of diverse types were measured in
each experiment. The aggregates were grouped roughly into
three size classes, whereas most algal aggregates were small (0.1-
0.4 mm?®), appendicularian houses, algal aggregates originating

from a mesocosm, and detritus aggregates from the Iceland Sea
were ca. 10 times larger (2.4-5.4 mm?®) and Trichodesmium tufts
and detritus aggregates from PAP site were ca. 100 times larger
(> 400 mm?; Table 2). Aggregate volumes were converted to car-
bon according to Alldredge (1998). Trichodesmium spp. tufts and
detritus aggregates from PAP site were not measured, but their
carbon content was estimated based on Chl a. For this, groups
of ca. 40 aggregates were pipetted onto GF/F filters (after rinsing
them carefully in filtered seawater) and extracted in acetone for
24 h. The Chl a was converted to carbon using the chl : carbon
ratio of Roman (1978).

Set up

Incubations were conducted either with increasing num-
bers of aggregates (experiments 1-16) or with increasing size
of a single aggregate (experiments 17-20), with typically 2-3
replicate experiments for each aggregate type and
density (Table 1). The aggregate numbers ranged from zero to
280 L', which in most experiments corresponded to carbon
concentrations ranging from zero to 320 ug C L~! or volume
concentrations from zero to 700 ppm, with the exception of
Trichodesmium spp. tufts where the large size of the tufts
resulted in peak carbon concentrations > 18 mg C L' (Table
1). The lower half of these concentrations are within the range
of the peak aggregate abundances and concentrations that
have been measured in, e.g., Baltic Sea (28 aggregates L™ ';
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Moller et al. 2012), North Sea (130 ppm; Tiselius and
Kuylenstierna 1996), and northeast Atlantic (50-100 ppm or
12 aggregates L™!; Lampitt et al. 1993a). Most experiments
were conducted in a rotating plankton wheel turning at a
speed of 1 RPM, which kept most of the aggregates suspended
in the water. However, in experiments 1 and 13, the bottles
were not rotated and the aggregates were allowed to settle to
the bottom of the container.

The set up was similar in all experiments. Adult females or
late copepodites (CIV-V) were collected from the culture flasks,
and starved in < 0.2 ym filtered seawater for a minimum of
12 h before the start of the incubations. After the starvation
period, 5-15 females or late copepodites were individually
sorted out, placed into 70- or 100-mL flat tissue culture flasks
containing filtered seawater and the target concentration of
aggregates, and the flasks were closed air-tight and placed into
the plankton wheel. The aggregates were added to the bottles
individually using a wide-mouthed pipette: aggregates with
roughly similar sizes were selected for experiments 1-16,
whereas as many aggregate sizes as possible were used for exper-
iments 17-20. After 24 h, the contents of the bottles were care-
fully filtered onto a 15-um net and flushed into Petri dishes
(A. normanni) or poured directly into Petri dishes (M. norvegica
and Oncaea spp.). Copepods were counted and their condition
(dead/alive) was checked, and their prosome (A. normanni and
Oncaea spp.) or total (M. norvegica) lengths were measured using
a stereo microscope with 18-um precision. The numbers of pel-
lets were counted using a stereo microscope. In most experi-
ments, the food concentration was not likely to decrease below
ca. 40% of the original concentration (estimated based on the
ingestion rates and densities of copepods), and aggregates or
their remains were visible in the bottles after the incubations.
However, in incubations where copepod ingestion rates were
highest (see Results section), > 50% of the original food source
was consumed (Table 1), and the ingestion rates should there-
fore be considered as conservative estimates.

The possible occurrence of coprophagy was tested by plot-
ting the saturated PP (in numbers of pellets ind.”* d™') as a
function of copepod density in incubations (copepods L),
assuming that if coprophagy was important, the PP would be
density-dependent and decrease at higher copepod densities.
There was no relationship between the PP and copepod den-
sity in incubations with A. normanni and Oncaea spp. (linear
regression; p > 0.05), whereas the PP of M. norvegica tended to
increase with increasing copepod density (linear regression; R
= 0.39; p < 0.01; data not shown). Therefore, coprophagy was
assumed not to be important in the current experiments.

Analysis

Quantifying the feeding rates of small copepods that will
only ingest part of an aggregate is complicated, since their
activity does not necessarily result in a measurable reduction
of aggregate concentration or volume in experiments. We,
therefore, used the PP of copepods as an indirect measure of

Aggregate-feeding by copepods

ingestion, and existing empirical relationships between inges-
tion and fecal PP on diatom diets to convert PP to ingestion. PP
was converted to ingestion using the linear regression between
the PP (in pellets ind.”* d™') and carbon ingestion (I; ug C
ind.”* d~!; Supporting Information Fig. S1). The regression rela-
tionship for A. normanni (R> = 0.63; p < 0.0001; n = 139) was
based on data obtained at 15°C with the same laboratory cul-
ture as used in the present experiments, whereas the regression
for M. norvegica was obtained for copepods collected from a
north Norwegian fjord Balsfjord (R* = 0.51; p < 0.0001; n = 52;
Koski et al. unpubl.). The diatom T. weisslogii was used as food
in both experiments. The regression relationship of M. norvegica
was also used for Oncaea spp. The ingestion rates corresponding
to the maximum PP rates obtained through these regressions
were compared to maximum ingestion rates estimated assum-
ing that weight-specific PP would account for 20-40% of the
weight-specific ingestion as estimated for diverse copepod spe-
cies and diets by Debs (1984), Dutz et al. (2008), and Franco-
Santos et al. (2018). However, this percentage depends on food
concentration and quality, with diatoms inducing proportion-
ally higher PP than, e.g., flagellates (Besiktepe and Dam 2002),
which could result in an overestimation of feeding on diatom-
dominated aggregates, although the ingestion rates estimated
by different methods agreed in most cases reasonably well
(Supporting Information Table S1).

To estimate the weight-specific PP, the pellet volumes of
M. norvegica and Oncaea spp. were estimated based on the lin-
ear regression between copepod body size and pellet size from
a data set including both M. norvegica and Oncaea spp. (Uye
and Kaname 1994). The pellet volume of A. normanni was esti-
mated based on the measured lengths and widths of 53-211
pellets and assuming a cylindrical shape. The pellet volume
was 247,300 um® when feeding on appendicularian houses,
301,700 /un3 when feeding on diatoms, and 193,900 /un3
when feeding on cyanobacteria aggregates (Supporting Infor-
mation Table S1). Pellet volume was converted to carbon by
averaging the carbon to volume ratios of Ploug et al. (2008)
and Svensen et al. (2014). Body sizes of M. norvegica and
Oncaea spp. were obtained from measurements conducted in
the study area at the time of the copepod collection or from
measurements in nearby areas (Supporting Information Table
S1) and converted to carbon using the length-weight regres-
sions of Uye et al. (2002) and Satapoomin (1999), respectively.
The body size of A. normanni in earlier experiments was mea-
sured to be 2.2 ug C ind.™! (Koski et al. 2005).

Ingestion rates obtained through regressions were plotted
against the aggregate concentration (in carbon), and the
Holling II (Holling 1965) equation was used to estimate the
search volume rate (f), handling time (z), and maximum
ingestion rate (i)

pCprey

"7 + pzCprey (1)
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a) Microsetella norvegica

b) Oncaea spp.
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¢) Amonardia normanni

7 7 35
6] Houses ¢ | Houses 5 | Houses
2 51 5 25
®
= 41 4 20
K]
s 3 %} L4 é 3 15
el
g 2 2 10 -
® O Exp.1Set 5 s -
z ] @ Exp2Susp 1 @ Exp.12 Susp
e, (] A Exp3NS 0 () @® Exps ol O Exp.13 Set
0 200 400 600 800 1000 0 100 200 300 400 500 600 0 100 200 300 400 500 600
50 25 20
o Algae Algae Algae
5 401 ° 20
£
H
= 301 15 -
Ke]
8 20 4 % 10 A
8 A
& A +
+ 10 5
(0]
% ° ® oo ® Exp9 Exp.14 TW
o 0 @ Exp4 A Exp.10 Exp.15 TP
13 . . ; 0L ; . ; . .
0 20 40 60 80 100 0 100 200 300 400 500 600 0 10 20 30 40 50
. 3, -1 . -
Volume concentration (mm” L") Volume concentration (mm?> L™ Volume concentration (mm?® L™
20 20 20
> Detritus and cyanobacteria Cyanobacteria Cyanobacteria
© 15 15
£
®
c
o 10 4 10
©
>
©
<t
Q 54 5
B /ﬁ/ @ Exp.5Det
=z QO Exp.6 Det A
a 0 A Exp.7 Tricho o1 A Exp.11 Tricho 0 @ Exp.16 Nod
0 200 400 600 800 1000 0 100 200 300 400 500 600 0 10 20 30 40 50
Volume concentration (mm>L™") Volume (mL) Volume concentration (mm®L™)
T T T T 1
0 500 1000 1500 2000
Volume (mL)

Fig. 1. Functional response of (a) M. norvegica, (b) Oncaea spp., and (c) A. normanni pellet production (pellets ind.”' d~'; mean + SE) on increasing
aggregate volume (mm? L~"). Different symbols represent different experiments (cf. Table 1). (Susp) aggregates that were suspended in the water, (Set)
aggregates that were allowed to settle on the bottom of the incubation flasks, (NS) aggregates collected from the North Sea, (Tricho) Trichodesmium
sp. aggregates, (Det) detritus aggregates, (TW) aggregates made from T. weissflogii, (TP) aggregates made from Thalassiosira pseudonana, and (Nod)
aggregates made from Nodularia spumigena. The gray symbols indicate the experiments where the aggregate volume is presented in the secondary x-axis
(experiments 6 and 7). The lines indicate the significant Holling Il or Il (A. normanni on Nodularia sp. aggregates) types of functional responses that were
fitted to the observations. Note that the figure presents the pellet production and aggregate volume and not the rates converted to carbon, which were

used to calculate the parameters in Table 3. Note different scales of the axis.

Cprey is the aggregate concentration. If the regression was not
significant, the ingestion rate was estimated as the average of
all ingestion rates in that experiment (excluding filtered sea-
water), and the handling time was estimated as an inverse of
that rate. We also fitted all data with the Holling III type of
functional response according to

i=ope! T (2)

where « is the threshold food concentration for feeding. For
most of the copepod-aggregate combinations, no obvious
feeding threshold was detected and Holling 2 resulted in
higher or similar R* as Holling 3, although both functions
gave roughly similar maximum ingestion rates. Holling 2 was
therefore used to estimate the search volume rates and han-
dling times for most copepod-aggregate combinations. The
exception to this was A. normanni feeding on Nodularia
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Table 3. Parameters from the functional responses of copepod feeding. Search volume rates (3; mL ind.”' d~"), handling times (z;
days) and maximum ingestion rates (Imax; #g C ind.”' d™') of the three copepod species on different types of aggregates. Adjusted R?,
level of significance and numbers of observations (in parenthesis) from the Holling 2 or Holling 3 (only Amonardia on Nodularia sp.)
types of functional responses relating ingestion rates (xg C ind.”' d™') to aggregate concentrations (ug L") are indicated in the table.
), (), (**), and (***) significant at the level of p < 0.1, < 0.05, < 0.01, and < 0.001, respectively. (NS) not significant (p > 0.1). The max-
imum ingestion rates in experiments where the equation was not significant represent the mean (4 SD) of all measured rates in the
presence of aggregates, and the handling time is calculated as the inverse of the maximum ingestion rate. The value in parenthesis after

B (Amonardia on Nodularia sp.) indicates the threshold food concentration for feeding (in ug L.

Copepod Aggregate R (mLind.'d™™ 7 (d) Imax (g Cind.”"d™") R?

M. norvegica Houses 0.74 32.6 0.04 0.37%(9)
Settled houses 0.0440.02 NS (12)
Algae 4.2 1.2 0.85 0.73*** (16)
Tricho 0.03 8.2 0.13 0.40* (12)
Detritus (Iceland Sea) 0.01 8.4 0.12 0.65*** (12)
Detritus (PAP) 23.2 0.0440.03 NS (10)

Oncaea sp. Houses 0.3 3.2 0.32 0.78*** (10)
Algae 13.7 0.0740.06 NS (12)
Algae 14.0 0.074+0.02 NS (10)
Tricho 0.02 8.6 0.12 0.58** (12)

A. normanni Houses 5.5 0.08 13.2 0.44*** (46)
Settled houses 2.2 0.76 1.3 0.68* (7)
™ 9.9 0.78 1.3 0.64*** (21)
TP 1.7 3.2 0.31 0.44** (20)
NOD 3.1(33.9) 9.5 0.10 0.65*** (26)

APH, Aphanizomenon flos-aquae; Houses, appendicularian houses; NOD, Nodularia sp.; TP, Thalassiosira pseudonana; Tricho, Trichodesmium sp.; TW,

Thalassiosira weissflogii.

sp. aggregates, where Holling 3 resulted in a better fit. The
maximum ingestion rate for A. normanni on Nodularia
sp. was calculated as affe’ and handling time was assumed
to be an inverse of this rate (Almeda et al. 2018). In most
cases, the maximum ingestion rates estimated by the model
corresponded well to the maximum rates measured in exper-
iments. The exceptions to this were experiments where feed-
ing did not saturate, including M. norvegica on algal
aggregates, and Oncaea spp. and A. normanni on
appendicularian houses (Fig. 1; Supporting Information
Table S1).

PP was tested for differences between copepod species,
aggregate types, and aggregate numbers using a three-way
ANOVA, and between aggregate types and numbers using a
two-way ANOVA, separately for each species. The aggregate
numbers for the analysis were pooled into four groups (10-20,
30-50, 80-120, and > 120 aggregates L™'). However, since all
copepod-aggregate type-aggregate number combinations were
not represented, the degrees of freedom in the analysis varied
(Supporting Information Table S2). All data were tested for
normality and equal variance, and if the conditions were not
met, square-root transformed. A link with access to all data
along with associated metadata will be available from https://
ecotip-geo.iopan.pl/geonetwork/.

Results

Differences between species, aggregate types, and aggregate
numbers

The three copepod species differed in their response to
aggregate types, although the PP of all species increased with
increasing aggregate numbers (three-way ANOVA, F; 140 =
19.1; p<0.001; Fig. 1; Supporting Information Table S2).
M. norvegica had significantly different PP rates both between
different types of aggregates and between different aggregate
numbers, with a significant interaction between the two (two-
way ANOVA, Fy,47; = 4.7; p <0.001; Supporting Information
Table S2). Thus, different aggregate types induced a different
shape of the functional response (Fig. la). Typically, PP on
appendicularian houses was lower than on other aggregate
types, while the PP on algal aggregates was higher (Tukey
HSD; p < 0.05; Fig. 1a).

The maximum ingestion rates of M. norvegica on
appendicularian houses, detritus, and Trichodesmium aggre-
gates were ca. 0.04-0.13 ug C ind.”! d"', and the maximum
ingestion rate on algal aggregates was ca. 0.85 ug C ind.”* d™*
(Table 3). This corresponded to weight-specific ingestion rates
of 0.2-0.7ug C (ug C) ' d' on houses, detritus, and
Trichodesmium and 4.6 ug C (ug C)~' d™! on algal aggregates
(Supporting Information Table S1). The ingestion rates were
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Fig. 2. Pellet production (pellets ind.”' d~'; mean + SE) of A. normanni
as a function of aggregate volume (mm?) in incubations with single (a)
appendicularian house, (b) cyanobacteria aggregate, or (c) diatom aggre-
gate, compared to the functional response of the pellet production in
incubations with increasing aggregate numbers (cf. Fig. 1; dashed line).
(Open symbols; APH) A. flos-aquae, (closed symbols; NOD) Nodularia
sp. Note different scales of the axis.

Aggregate-feeding by copepods

estimated based on the regression between PP and ingestion,
and the ingestion rates were estimated assuming that weight-
specific PP corresponded to 20-40% of the weight-specific
ingestion, deviated by ca. 30% (Supporting Information Table
S1). The search volume rate (f) was low irrespective of the
aggregate type, ranging from 0.01 to 4.2 mL ind.”* d™!, and
the handling times of 1-23 d suggested that one M. norvegica
individual would be unlikely to consume a whole aggregate of
a size used in these experiments (> 0.4 mm?). The low search
volume rate with Trichodesmium spp. aggregates was likely an
artifact due to the large size and correspondingly high-carbon
content in the incubations with these aggregates.

Also the PP of Oncaea spp. differed between the aggregate
types and aggregate numbers (two-way ANOVA; F3 3, = 12.2;
p<0.001), but there was no significant interaction between
the two (Supporting Information Table S2). The PP rates of
Oncaea spp. on appendicularian houses and Trichodesmium
spp. tufts were higher than the PP on the two types of algae
aggregates (Tukey HSD; p<0.001; Fig. 1b). The maximum
ingestion rate varied from 0.07 to 0.32 ug C ind.”! d~* (0.06-
0.24 ug C (ug C)~' d7') with a similarly low search volume
rate and long handling time as with M. norvegica (Tables 3,
S1). Similar to the experiments with M. norvegica, the
extremely low search volume rate with Trichodesmium spp.
aggregates was likely due to the high-carbon concentrations of
aggregates in the incubations. The ingestion rates estimated
by the two methods deviated by 20-40% (Supporting Informa-
tion Table S1).

A. normanni had the highest PP rate on appendicularian
houses, which at 27 + 18 pellets ind.”* d~' was >2 times
higher than the peak PP on other types of aggregates (Fig.
1c). These high PP rates were only obtained when the aggre-
gates were suspended in the water column, while the PP rates
of the aggregates that were allowed to settle on the bottom of
the experimental flasks were ca. half of the rates of the
suspended aggregates. There was no significant interaction
between the aggregate type and aggregate number
(Supporting Information Table S2), suggesting that
A. normanni PP responded to increasing amounts of aggre-
gates in a similar way with all aggregate types. The high PP
on suspended houses was mainly due to efficient feeding and
the absence of saturation in the investigated concentration
range (Fig. 1c; Table 3), rather than due to the differences in
search volume rate, which ranged from ca. 4 to ca. 12 mL
ind.”! d™! among all suspended aggregates. The non-
saturated feeding also resulted in a high maximum ingestion
rate of 13.2 ug C ind.”* d™! (6.0 ug C (ug C)~' d™'), whereas
the maximum ingestion rate on other types of aggregates
ranged from 0.1 to 1.3 ug C ind.”* d! (0.05-0.6 ug C (ug
C)"! d!; Tables 3, S1). In contrast to all other copepod-
aggregate combinations, the functional response of
A. normanni PP on cyanobacteria aggregates followed
Holling-11I-type sigmoidal response, with a feeding threshold
that was estimated to be ca. 34 ug C L™! (Fig. 1c).
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Table 4. Maximum ingestion (I; ug C ind.”' d~") and weight-specific ingestion (W-spec I; ug C (ug C)~' d™") rates of (a) M. norvegica,
(b) Oncaea spp., and (c) A. normanni estimated using different methods and compared to previous estimates. The body weight (ug C
ind.~") that was used to estimate the weight-specific ingestion rate is indicated in parenthesis. All reported rates are for late copepodites
(CIV-V) or adults. If not reported in the original article, the respiration rate was converted to carbon ingestion by using the respiratory
quotient of 0.97 (lkeda et al. 2001). To estimate the ingestion based on reproduction, we used the maximum reproduction rate
reported in the article, assuming a gross growth efficiency of 0.3 (Straile 1997).

I W-spec. | (weight) Method T Food Reference
(a) M. norvegica

0.04-0.85 0.19-4.6(0.18-0.21)  Pellet production 6-17  Aggregates This study

0.08 0.46(0.18) Size-based | (model) 15 Diverse Kigrboe and Hirst (2014)
0.05 0.30(0.18) Size and T-based R (model) 15 Diverse lkeda et al. (2001)

0.6 1.5(0.4) Particle disappearance 15 T. weissflogii Koski et al. (2005)

0.43 2.4(0.18) Gut Chl 12 In situ Koski et al. (2020)

0.24 1.3(0.18) Respiration 12 FW Koski et al. (2020)

0.26 0.26(1.0) Reproduction 20 In situ Uye et al. (2002)

0.31 1.53(0.20) Reproduction In situ Koski et al. (2021)

0.48 0.20(0.42) Reproduction 8 In situ Barth-Jensen et al. (2020)
(b) Oncaea spp.

0.07-0.32  0.06-0.24(0.5-2.0) Pellet production 15-22  Aggregates This study

0.63 0.63(1.0) Size-based | (model) 15 Diverse Kigrboe and Hirst (2014)
0.19 0.19(1.0) Size and T-based R (model) 15 Diverse lkeda et al. (2001)

3.2 0.87(2.8) Particle disappearance 20 Gymnodinium  Paffenhofer (1993)

4.66 3.01(1.55) Chl disappearance 0 Phaeocystis Metz (1998)

0.18 0.25(0.71) Gut chl 12 In situ Koski et al. (2020)

0.32 0.45(0.71) Respiration 12 FW Koski et al. (2020)

0.012 0.015(0.8) Respiration 3 In situ Nishibe and lkeda (2008)
1.33 2.90(0.46) Carbon demand 18 Aggregates Koski et al. (2017)

0.04 0.24(0.16) Reproduction 23 In situ Béttger-Schnack and Schnack (2005)
0.07-0.09 0.10-0.13(0.70) Reproduction >21 In situ De Melo et al. (2021)

(c) A. normanni

0.1-13.2 0.05-6(2.2) Pellet production
2.0 0.91(2.2) Particle disappearance
0.88-1.2 0.90(0.84) Particle disappearance, gut chl, pellet production 20

15 Aggregates This study
Koski et al. (2005)

Souza-Santos and Castel (2013)

15 T. weissflogii
Nitzschia sp.

R, Respiration; T, temperature.

Effect of aggregate size and aggregate number

The PP rates of A. normanni were linearly related to aggre-
gate size when the copepods were feeding on single diatom
aggregates, although aggregate volume only explained 26% of
the variation in PP ([pellets ind.”* d'] = 5.08 +0.18V
[mm?®]; R> = 0.26, n = 20, p < 0.05; Fig. 2). No relationship
between PP and aggregate size was evident when copepods
were feeding on appendicularian houses or cyanobacteria
aggregates (p > 0.05). In most cases, and particularly on cyano-
bacteria aggregates, A. normanni appeared to have higher PP
rates when feeding on a single aggregate (Fig. 2), compared to
the same aggregate volume divided between several aggregates
(Fig. 1), suggesting that A. normanni remained in the aggregate
that it found first. The response of A. normanni was not
influenced by the cyanobacteria species, although Nodularia
sp. was toxic and A. flos-aquae was not. No relationship was

observed between the encounter rate, handling time, or maxi-
mum ingestion rate of any of the copepods and the average
aggregate volume (Spearman rank correlation; p > 0.05; data
not shown).

Discussion

Species-specific feeding rates and aggregate preferences

Our results demonstrated that all types of aggregates could
be ingested by copepods, but that the ingestion rates varied
over two orders magnitude, from < 0.1 yg C ind.”* d"! to > 10
ug C ind.”' d!, depending on the aggregate type and cope-
pod species. Pelagic M. norvegica appeared best fit to feed on
algal aggregates, whereas semi-benthic A. normanni preferred
appendicularian houses, and Oncaea spp. appeared to have a
broad diet.
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The maximum ingestion rates of M. norvegica on houses,
detritus, and Trichodesmium aggregates were relatively similar
to rates that can be estimated based on size-specific ingestion
according to Kigrboe and Hirst (2014) or temperature- and
size-specific respiration according to Ikeda et al. (2001; Table
4). In contrast, the maximum ingestion rate on algae aggre-
gates was substantially higher than what would be expected
based on allometric relations, and more similar to the inges-
tion rates estimated based on reproduction rate, gut chloro-
phyll content, or particle disappearance (Table 4). Although
the model estimates of maximum ingestion rates on algal
aggregates were likely overestimated, with weight-specific rates
that exceeded the body size of M. norvegica several times, it
was clear that M. norvegica had substantially higher ingestion
rates on algal aggregates than on other types of aggregates.
The observations of high M. norvegica abundances in areas
with high algal biomass (Ohtsuka et al. 1993; Uye et al. 2002),
reproductive peak during and right after arctic spring bloom
(Svensen et al. 2018), and a high gut Chl a content (Koski
et al. 2020) suggest that M. norvegica may be more dependent
on phytoplankton than the two other species. In contrast,
appendicularian houses seemed to present a challenge for
M. norvegica, whose feeding might have been hampered by the
mucus glue of the houses.

The ingestion rates of Oncaea spp. fell within the range of
most previously measured values (Table 4), although the stud-
ies that have measured ingestion directly using algal cultures
as food tended to result in higher rates (Paffenhofer 1993;
Metz 1998). Nevertheless, Oncaea spp. appeared to be able to
obtain nutrition from aggregates at a similar rate than esti-
mated for diverse other (in situ) food sources (e.g., Bottger-
Schnack and Schnack 2005; De Melo et al. 2021), and
appeared less dependent on phytoplankton and better able to
feed on a gelatinous matrix of the appendicularian houses
than M. norvegica. Oncaea spp. diet includes gelatinous colo-
nies of Phaeocystis spp. (Metz 1998), diatoms (Wu et al. 2004),
and other crustaceans (Turner 1986; Kattner et al. 2003), indi-
cating that its feeding appendages are suitable for a broad
selection of food items. Oncaea species in current experiments
were not identified, and the species-specific feeding habits
could therefore have caused the observed differences in inges-
tion rates between, e.g., appendicularian houses and
Trichodesmium tufts. The species used in experiments with
houses was likely Triconia borealis, which is the dominant
oncaeid in the area where copepods for these experiments
were collected (Arendt et al. 2013), whereas O. media and
O. conifera were the dominant species during the collection for
the experiments with Trichodesmium tufts (Koski et al. 2007).
Although the feeding behavior of different Oncaea spp. on
aggregates is not known, the existing studies that have
included several Oncaea species do not suggest large species-
specific differences in the diet (Kattner et al. 2003; Wu et al.
2004). Our experiments indicate that the broad diet of Oncaea
spp. is likely to include several types of aggregates.

Aggregate-feeding by copepods

The ingestion rates of A. normanni on diatom aggregates
were similar to the few earlier measurements of ingestion rates
on different diatom species (Sousa-Santoz and Castel 2013;
Table 4), whereas the ingestion rates on cyanobacteria aggre-
gates were substantially lower and ingestion rates on
appendicularian houses substantially higher. The mouthparts
of A. normanni could be better adjusted to feed on the gelati-
nous matrix of appendicularian houses or on the phytoplank-
ton and bacteria trapped in the houses than the mouthparts
of the pelagic species. A. normanni nauplii seem to be able to
feed on bacteria by scratching them from the surface of dia-
tom cells (Decho and Fleeger 1988), and microbial food
sources appear in general to be common for benthic
harpacticoids (Couch 1989). It could be that benthic or semi-
benthic copepods profit from a larger size of an aggregate, and
that the feeding rates therefore were higher on
appendicularian houses that were > 10 times larger than the
phytoplankton aggregates offered to A. normanni. A. normanni
is a substantially slower swimmer than, e.g., M. norvegica
(Koski et al. 2005), and could therefore prefer to stay in an
aggregate once it has found it, as also indicated by the differ-
ence in PP rates between the experiments with single aggre-
gates compared to the experiments with multiple aggregates.
This is a common behavior for benthic organisms, which
might use aggregates as vehicles to return to the sea bed
(Shanks and Edmondson 1990).

Zooplankton species that create a feeding current or species
that search for their prey, can be characterized as “active
feeders” and tend to have a type 3 functional response. In
contrast ambush feeders, forms that wait passively for their
prey that is captured by fast attacks, can be characterized as
“passive feeders” and tend to have a type 2 functional
response (Kigrboe 2016; Almeda et al. 2018). For suspension-
feeding copepods that feed on motile or non-motile prey that
is smaller than themselves, prey density, motility, and preda-
tion risk determine which feeding strategy is most efficient,
since active feeding is more efficient on non-motile prey and
passive feeding is less risky in terms of predation (Almeda
et al. 2018). Copepods that feed on aggregates could be con-
sidered active feeders, due to their demonstrated ability to sea-
rch and follow chemical trails to aggregates (Kigrboe 2000;
Lombard et al. 2013), but could also follow a passive ambush
feeding mode, assuming that aggregates have sufficiently high
sinking rates to be encountered efficiently. The observed low
search volume rates of 0.1-12 mL ind.”* d~! would be realistic
if the copepods remain passive in the water column waiting
for aggregates, whereas active searching should result in
higher search volume rates known from previous studies
(KosKi et al. 2005). If we estimate the search volume rates that
would result in the observed concentrations of harpacticoids
in aggregated particles (0.1-1 ind. aggregate !; Kigrboe 2000)
and assume a copepod abundance of 50 ind. L™!, which is the
average summer abundance of M. norvegica in the surface layer
in a subarctic fjord (Svensen et al. 2018), the expected search
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volume rates would range from 2 to 20 mL ind.”* d~'. How-
ever, the abundances of aggregate-colonizing copepods are
variable, and an abundance of 1-10 ind. L™! as measured,
e.g., in the North Sea (Dugas and Koslow 1984) would suggest
much higher search volume rates. The role of the species-
specific feeding behavior in copepod-aggregate interactions
clearly needs more attention in the future.

Effect of aggregate quality on copepod ingestion rates

The effect of aggregate type seemed generally to override
the effect of aggregate size. Besides the differences in copepod
behavior or morphology of the feeding appendages, the differ-
ences in feeding rates between the aggregate types could have
been due to the different nutritional contents of the aggre-
gates. In general, detritus can be expected to be of a poorer
nutritional quality than, e.g., living phytoplankton (Roman
1984). Aggregates that have different origin sustain different
primary production rates and heterotrophic activity, with
both rates being typically higher on diatom aggregates than
on appendicularian houses or fecal pellet aggregates
(Alldredge and Gotschalk 1989). Also, algal aggregates tend to
have lower C : N ratios than appendicularian houses or fecal
pellets, although the ratios both vary and overlap (Alldredge
1976; Dilling et al. 1998). The aggregates formed from living
phytoplankton cultures or collected from the North Atlantic
during the spring bloom were likely to have a high Chl
a content, ongoing photosynthesis, and a C : N ratio of 5-10
(Brzezinski 1985), whereas the appendicularian houses proba-
bly included the algae that the appendicularians had been
feeding on (the cryptophyte Rhodomonas salina) and bacteria
that were trapped in the feeding structures (Alldredge and
Gotschalk 1989) and likely had a C : N ratio ranging from 7 to
16 (Alldredge 1976). Trichodesmium tufts probably harbored a
rich microbial community of bacteria, diatoms, and proto-
zoans (Sheridan et al. 2002) and as N-fixing organisms had a
low C : N ratio of 3-5 (Roman 1978). These qualitative differ-
ences, however, did not seem to determine the ingestion rates
of copepods, which were perhaps more connected to their
ability to extract nutrition from different types of aggregates
(structure of the mouth parts) or to their swimming behavior,
although a low quality of some of the aggregates could also
have induced compensatory feeding, as demonstrated by
Roman (1984) for detritus.

Effect of aggregate-associated copepods on flux
attenuation

Although the effect of fecal PP and vertical migration of
large copepods on the efficiency of the biological pump can
be estimated (Brun et al. 2019), the effect of small non-
calanoid copepods on flux attenuation through their feeding
on aggregates has so far not been included in regional or
global models of any type. This is clearly a problem consider-
ing the potentially high maximum ingestion rates demon-
strated in this and previous studies (Table 4). The biomass of,

Aggregate-feeding by copepods

e.g., M. norvegica frequently exceeds 50 mg C m > (Uye et al.
2002; Arendt et al. 2013) and if we assume its average weight-
specific ingestion rate to be 1.3 ug C (ug C)~' d™! (the average
of present experiments), the population consumption rates of
M. norvegica alone can reach 64 mg C m >, and a similar rate
could be expected for Oncaea spp. This exceeds the net pri-
mary production in the upper mixed layer in the Western
North Atlantic (up to 21 mg C m~3; Fox et al. 2020), and,
assuming an even distribution of aggregate-colonizing cope-
pods in the upper mixed layer, also exceeds the spring bloom
export flux measured at 100 m in the North Atlantic (400-
600 mg Cm 2 d'; Martin et al. 2011). Aggregate-feeding
copepods could thus qualify as the “gate keepers” of the verti-
cal flux (Jackson and Checkley 2011).

The feeding rates of aggregate-associated copepods can vary
many-fold, depending not only on the species and aggregate
type, but also on the environmental conditions or the method
that is used to estimate these rates (Table 4). This presents a
challenge for modeling, and emphasizes the need for a better
understanding of the species-specific feeding behavior of
aggregate-colonizing copepods. For instance, the preference of
different types of aggregates by different copepod species
might modify both the quality and attenuation of vertical
flux. Obviously, particle degradation by aggregate-colonizing
copepods cannot be ignored if we are to understand the pro-
cesses influencing the efficiency of the biological pump and
predict the future carbon sequestration in the ocean.
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