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Abstract

Over the past 40 years, the significance of microzooplankton grazing in oceanic carbon cycling has been highlighted with
the help of dilution experiments. The ecologically relevant Western Antarctic Peninsula (WAP) ecosystem in the Southern
Ocean (SO), however, has not been well studied. Here we present data from dilution experiments, performed at three stations
around the northern tip of the WAP to determine grazing rates of small zooplankton (hetero- and mixotrophic members of
the 0.2-200 um size fraction, SZP) on auto- and heterotrophic members of the <200 pm plankton community as well as their
gross growth. While variable impacts of SZP grazing on carbon cycling were measured, particulate organic carbon, not the
traditionally used parameter chlorophyll a, provided the best interpretable results. Our results suggested that heterotrophic
picoplankton played a significant role in the carbon turnover at all stations. Finally, a comparison of two stations with diverg-
ing characteristics highlights that SZP grazing eliminated 56-119% of gross particulate organic carbon production from
the particulate fraction. Thus, SZP grazing eliminated 20-50 times more carbon from the particulate fraction compared to
what was exported to depth, therefore significantly affecting the efficiency of the biological carbon pump at these SO sites.
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Introduction

In vast areas of the Southern Ocean (SO) phytoplankton
growth is controlled by ‘bottom up’ factors such as trace
metal concentrations (mainly iron), and/or light availabil-
ity (Martin et al. 1990; Boyd 2002). Top-down regulation
by micro- and nanozooplankton grazing on the plankton
community, has not received much attention (Tsuda and
Kawaguchi 1997; Garzio et al. 2013). However, both factors

< Sebastian Béckmann
sebastian.boeckmann @awi.de

Department of Marine Botany, University of Bremen,
Bremen, Germany

Department of Ecological Chemistry, Helmholtz Center
for Polar and Marine Research, Alfred Wegener Institute,
Bremerhaven, Germany

Chair of Aquatic Ecology, Institute for Biosciences,
University of Rostock, Rostock, Germany

Fachbereich 2, Hochschule Bremerhaven, Bremerhaven,
Germany

crucially define the fate of photosynthetically fixed carbon
(~50 Pg annually in the world ocean (Field et al. 1998)),
which can have large implications on global carbon cycling.
In contrast to phytoplankton cells sedimenting directly to
depth, the majority of global primary production (PP) is
remineralized between 0 and 200 m depth (Henson et al.
2012), often facilitated by heterotrophic grazers. Consump-
tion of PP occurs either via short, efficient food chains
(Ryther 1969), resulting in fecal pellets or carcasses which
export a fraction of the originally bound carbon to depth
(Turner 2015), or, conversely, the PP is recycled and respired
to dissolved organic and inorganic carbon in the microbial
loop (Azam et al. 1983; Calbet and Landry 2004; Turner
2015). The composition and activity of the microbial loop
community thus has a large influence on the sequestration
potential of the greenhouse gas CO, in the ocean (McNair
et al. 2021).

The microplankton is a diverse community (Steinberg and
Landry 2017) and ranges in size from 20 to 200 um (Dus-
sart 1965), which includes herbivorous protists (Paffenhtfer
1998) such as ciliates and dinoflagellates (Sherr and Sherr
2002). Microzooplankton grazing constitutes the largest
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phytoplankton biomass sink in the oceans (Calbet and Lan-
dry 2004; Schmoker et al. 2013), exceeding in numbers
larger mesozooplankton like copepods (Calbet and Landry
2004; Loder et al. 2011). While in the North Sea grazing
by microzooplankton can occasionally exceed PP rates and
thus reduces the standing stock biomass of phytoplankton
(Loder et al. 2011), in polar waters the median percentage
of PP grazed by microzooplankton is 53-57% (Schmoker
et al. 2013). Hence, assuming a respiratory cost of ~50%
(Calbet and Landry 2004), microzooplankton in polar waters
can reduce carbon export to depth by 26.5-28.5%, even
after only one trophic transfer (Calbet and Landry 2004;
Schmoker et al. 2013). In addition to its daily consump-
tion of PP, microzooplankton organisms also provide food
for larger heterotrophs by secondary production, partially
sustained by feeding on particle sizes too small for the for-
mer to graze upon (Berk et al. 1977; Calbet and Saiz 2005;
Schmidt et al. 2006). Thus, selective grazing of dominant
microzooplankton species can influence the ecosystem by
allowing less-grazed phytoplankton species to bloom (Loder
etal. 2011).

One approach to estimate the impacts of microzooplank-
ton grazing in the field is the dilution technique (Landry and
Hassett 1982). This approach assumes that for small pro-
tists, even motile ones, grazing is governed by the encounter
rates between predator and prey. This is due to the fact that
small plankton operates at low Reynolds numbers and the
forces of viscosity dominate over those of inertia (Orchard
et al. 2016). Thus, if the encounter rate between predator
and prey is reduced via serial dilution, less grazing will
occur. This method is not undisputed. Results deviating
from the typical linear regression with a negative slope are
difficult to interpret, and may occur due to selective feeding,
saturated grazers, complex nutrient recycling, mixotrophy,
toxic substances or trophic cascades inside the incubation
bottles (Teixeira and Figueiras 2009; Calbet et al. 2011,
2012; Calbet and Saiz 2013). Nonetheless, it represents
the best approach for estimating microzooplankton grazing
and gross growth rates available. Since its first publication
in 1982, numerous dilution studies have been conducted
worldwide, but only 16 studies were conducted in the SO,
of which only three papers (Burkill et al. 1995; Tsuda and
Kawaguchi 1997; Garzio et al. 2013) and one dissertation
(Price 2012) focused on the Western Antarctic Peninsula
(WAP) region. Even though the latter four studies agree that
microzooplankton is an important sink for primary and sec-
ondary production at the WAP, large fluctuations between
sampling sites exist. The WAP is one of the most biologi-
cally diverse and productive parts of Antarctica (Meredith
et al. 2017) and supports seasonally high PP (Steinberg et al.
2012) and large numbers of grazers like krill and salps, as
well as top predators like seabirds and marine mammals
(Ducklow et al. 2007; Steinberg et al. 2012). Additionally,
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with a 3.4-5.7 °C increase in mean annual air temperature
per century (Vaughan et al. 2003) the WAP is one of the
fastest warming regions on the planet and this change is
expected to influence the dynamics of zooplankton predator/
prey relationships (Steinberg and Landry 2017). Bockmann
et al. 2021 for example, described how a shift from krill to
salp dominance already being observed in the SO (Atkinson
et al. 2004, 2019) affects the bioavailability of the essential
trace metal iron to phytoplankton and thus influences PP
(Bockmann et al. 2021). The WAP’s ecological relevance
and climatic vulnerability, combined with the lack of data
on microzooplankton grazing (Price 2012), necessitates a
closer investigation of microzooplankton grazing and its role
in the biological pump. While former dilution studies pre-
sented grazing rates as solely from microzooplankton, graz-
ing by nanozooplankton indisputably also takes place (Agis
et al. 2007). Hence, this study speaks of ‘small zooplankton’
(SZP) comprising all heterotrophic and mixotrophic organ-
isms from 0.2 to 200 um, as opposed to microzooplankton,
defined as 20-200 pm.

The objective of this study was to elucidate the impor-
tance of SZP grazing in the carbon cycling of the upper
water column at three locations around the WAP. While pre-
vious studies relied on chlorophyll a (Chl a) as a measure of
phytoplankton biomass, this study investigated SZP grazing
on a wide array of parameters and plankton groups, includ-
ing particulate organic carbon (POC), particulate organic
nitrogen (PON) and cell abundances of heterotrophic bacte-
ria as well as autotrophic pico- and nanoeukaryotes (PE and
NE respectively).

Material and Methods

This study was performed in the framework of the POSER
project (Population shift and ecosystem response—krill vs.
salps), aboard RV Polarstern (PS112) between March and
May 2018. Dilution experiments were performed at stations
in the Drake Passage (PS112_26: LAT — 62°14.19ILONG
— 64°33.44), Scotia Sea (PS112_61: LAT — 60°41.80ILONG
— 54°34.25) and Bransfield Strait (PS112_106: LAT
— 61°59.25ILONG — 53°59.37; Fig. 1), hereafter referred
to as 26, 61 and 106 respectively. Using a polyethylene line
connected to an ALMATEC membrane pump, Antarctic
seawater was sampled carefully (laminar flow, 3-6 L min~},
bubble free bottle filling) using trace metal clean techniques,
successfully used since 2014 (Cabanes et al. 2020; Bock-
mann et al. 2021; Balaguer et al. 2022). Microscopic analy-
sis of the collected water was conducted to ensure that the
plankton community was intact. Water was sampled from
a depth of 25 m at stations 26, 61 and 106 near the WAP
(Fig. 1) at a surface temperature of 1.2 °C, 1.4 °C and 0.9 °C
respectively. The seawater was pumped directly into a trace
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Fig. 1 Sampling sites of three
dilution experiments: PS112
stations 26 in the Drake Pas-
sage, 61 in the Scotia Sea and
106 in the Bransfield Strait

60"

metal free laboratory container. The seawater was then fil-
tered through a 200 um mesh in order to exclude larger mes-
ozooplankton grazers as described in Balaguer et al. 2022.

Experimental setup

At each sampling site, initial samples were taken to char-
acterize the ambient plankton community, including POC,
PON, Chl a, abundance of autotrophic and heterotrophic
pico- and nanoplankton and macronutrients. A serial dilu-
tion was then set up by filling triplicate 2 L polycarbonate
bottles with either 100% whole seawater (1.0 dilution), or
diluting them to 75, 50 and 25% whole seawater (0.75, 0.5
and 0.25 dilution respectively) with 0.2 um filtered seawater
(Acropak capsule, PALL) from the same station. All bottles
were incubated in front of full spectrum growth light set to a
light intensity of 30 umol photons m~2 s~! under a light—dark
cycle of 10:14 h at 2 °C, mimicking in situ conditions. The
incubations lasted three days (Caron et al. 2000; Garzio et al.
2013), during which the bottles were mixed by gentle turn-
ing at least once per day. The experiments were terminated
by sampling for plankton community composition, including
POC, PON, Chl a, and macronutrients.

POC & PON

POC and PON were sampled, by filtering whole water
(POC,, and PON,;) and 2 pm filtrate (POC_, ,,, and
PON, ) onto precombusted (15 h, 500 °C) glass fiber
filters (GF/F, pore size ~0.6 pm, Whatman). The filters were
stored at —20 °C and dried for> 12 h at 60 °C prior to sam-
ple preparation. The analysis was performed using a Euro
Vector CHNS-O elemental analyzer (Euro Elemental Ana-
lyzer 3000, HEK Atech GmbH, Wegberg, Germany) and by

-6000 -4000 -2000 0

utilization of the Callidus 5.1 software. Contents of POC and
PON were corrected for blank measurements and normal-
ized to filtered volume.

Chlaand PP

Chl a samples were collected by filtering samples onto glass
fiber filters (GF/F, pore size ~0.6 pm, Whatman). These fil-
ters were stored frozen until subsequent analysis via stand-
ard fluorometric methods (Welschmeyer 1994) on a Trilogy
Fluorometer (Turner Designs) using the non-acidification
module. PP measurements were carried out according to
Koch et al. 2011. Briefly: 0.37 MBq of '*C-bicarbonate (Per-
kin Elmer) was added to triplicate bottles and incubated in
an on deck incubator, allowing for ambient temperature and
light conditions. Incubations were terminated after 24 h by
filtering up to 100 mL from each bottle onto 0.2 um pore size
polycarbonate filters. At the beginning and end of the incu-
bation, a 250 uL aliquot of each bottle was removed to quan-
tify total activity. After degassing the filters to remove any
left over '“C-bicarbonate and adding scintillation cocktail,
samples were measured with a scintillation counter (Pack-
ardCarb2100TR) and rates calculated according to JGOFS
(UNESCO 1994).

Abundance of autotrophic and heterotrophic pico-
and nanoplankton

Light microscopy samples (200 mL unfiltered seawater)
were taken to qualitatively determine the initial micro-
plankton community. The samples were preserved with
Lugol (1% final concentration). Preserved samples were
stored at 4 °C in the dark until further analysis by inverted
light microscopy (Axio Observer.D1 microscope, Zeiss).
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After transfer of an appropriate amount of sample (volume
based on the present Chl a at the different stations) into the
Hydrobios sedimentation chambers for the three stations
(50 mL, 10 mL and 25 mL for stations 26, 61 and 106,
respectively) and settling of the cells for 24 h, taxonomic
groups were enumerated according to the method of Uter-
mohl, following the recommendations of Edler (Utermohl
1958; Edler 1979).

Samples for flow cytometric determination of hetero-
trophic- and cyanobacteria, as well as nano- and picoeu-
karyotes were taken at each station and from each treatment
bottle, fixed with phosphate buffered formalin (final con-
centration 1%), shock frozen in liquid nitrogen and stored in
the dark at — 80 °C. For measurement on a BD Accuri™ C6
Flow Cytometer, (Becton Dickinson) samples were defrosted
in a water bath of ambient temperature (20 °C) and 2.11 um
rainbow fluorescent glass beads (Spherotech) were added to
each sample. Fluorescence was induced by laser excitations
at 488 nm and 640 nm and light emissions were detected
in the following four wavelengths: FL.1 533/30 nm, FL2
585/40 nm, FL3 > 670 nm, FL4 675/25 nm. In a first run,
autofluorescent nano- and picoeukaryotes as well as cyano-
bacteria were determined. Afterwards, 2 uL. of SYBR™
Green II solution (ThermoFisher) was added, samples were
allowed to incubate for 10 min in a dark fridge and were then
analyzed a second time for abundance of heterotrophic bac-
teria. The analysis of the results was performed using the BD
Accuri C6 software and resulted in the characterization of
4 populations of autotrophic picoeukaryotes <2 um, which
were differentiated by increasing size (PE 1-4) and one pop-
ulation of autotrophic nanoeukaryotes (>2 um, NE), which
represent a subset of all nanoflagellates in the size spectrum
of 2-5 um, counted under the microscope. Cyanobacteria as
well as high- and low DNA containing heterotrophic bacteria
(Gasol et al. 1999) (HDNA bacteria and LDNA bacteria,
respectively) were also characterized and counted. Addition-
ally, two group parameters were calculated from these data:
bacteria all and PE all.

Dissolved inorganic nutrients

Samples for inorganic macronutrients were taken by filtering
10 mL samples from all treatments through a 0.2 um syringe
filter (ThermoFisher Scientific) into a 15 mL polyethylene
sample vial (Falcon). Samples were stored at — 20 °C until
analysis. The inorganic nutrients were measured on an
Evolution III autoanalyser (Alliance Instruments GmbH,
Salzburg, Austria). Methods were modified after Grasshoff
et al., 1999 and manufacturer’s instructions (Seal Analytical,
https://seal-analytical.com, accessed June 27, 2019) (Grass-
hoff et al. 1999). Ammonium was determined with a slightly
modified method after Holmes et al. 1999.
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Definition of terms

Coefficients that are measured/calculated during dilution
experiments have been assigned multiple and sometimes
confusing abbreviations in the existing body of literature.
To avoid confusion, we have compiled all definitions in the
supplementary material (Online resource 1). Particularly,
we define the term ‘gross absolute POC production’ as the
rate of gross POC increase per day. In comparison to PP,
which is autotrophic POC production from dissolved inor-
ganic carbon, gross absolute POC production comprises all
POC production, including the POC production of hetero-
trophic organisms from dissolved organic carbon (DOC).
Furthermore, by using the term small zooplankton (SZP,
0.2-200 pum) grazing instead of the commonly used micro-
zooplankton grazing, we acknowledge that inside dilution
experiments, grazers of both, the nanoplankton and the
microplankton, exert grazing pressure on the community
(Agis et al. 2007).

Data calculation and statistics
Apparent growth rates (r) for all 12 defined groups were cal-

culated for each parameter and each individual bottle using
Eq. I from Landry and Hassett 1982:

LN(PQ&) )

t

r =

where t is the time of the incubation in days, f; is the dilution
factor in decimal writing, P, is the value of a given meas-
ured parameter after the incubation, and P is the respec-
tive initial value of a given parameter, before the incuba-
tion. A simple linear regression (Altman and Krzywinski
2015) was performed, in which the deviation of the regres-
sion’s slope (grazing mortality, g) from 0 was tested at the
p=0.050 significance threshold with the r-values of the
respective experiments plotted against the decimal dilution
factors. 95% confidence bands, grazing induced mortality
rate (g) and the gross growth rate of the respective param-
eter (k=y-intercept), as well as their respective uncertainties
were calculated using SigmaPlot (Systat Software GmbH)
and plotted into each graph. Normality statistics for sample
sizes < 5000 (Shapiro—Wilk) as well as constant variance
tests were performed at the p=0.050 significance threshold.
All published data passed the tests. Net growth rates (u) in
the ambient seawater of all parameters yielding significant
regressions were calculated by subtracting the grazing mor-
tality (g) from the gross growth rate (k) with standard errors
(SE) propagated.

Absolute rates for parameters with determinable k, g and
M (Kupeo Zanse and ) were determined by using Egs. 2, 3
and 4
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kabsz(Po*ekt—Po)*; (2
" 1

8abs =(PO * e t_Po) * ; (3)
« 1

luubs=(P0*eMt_Po)*? (4’)

where P is the respective initial value of a given parameter
and t is the smallest calculable time interval in days (= 107!
d, Microsoft Excel). t was chosen to be so small, because in
exponential functions the slope increases with the increasing
independent variable. Since formula 2 assumes a system in
which no grazing occurs and formula 3 assumes a system in
which no growth occurs, the errors of both models increase
with increasing t. Hence, t is chosen small to obtain realis-
tic Kype, Zans and Wy for a very short time interval, which is
then multiplied with 1/t to calculate a close approximation
of the true value for the period of 1 day in order to achieve
comparability with other sources. Residence times of the
parameters were determined by dividing the initial pool by
the g, with standard deviations propagated.

Results
Initial plankton communities

Dissolved inorganic macronutrient concentrations were high
throughout the study region, indicative of HNLC waters
(Table 1). Dissolved phosphate (PO,™) and dissolved inor-
ganic nitrogen (NO,) were close to Redfield ratios (Redfield
et al. 1963; Martiny et al. 2014) at all stations and through-
out all dilution steps (Table 1). The biggest differences were
detected in dissolved silicate, with concentrations at stations
61 and 106 being~2 and 3 times higher than at station 26,
respectively. While particulate organic carbon measured for
the entire community (POC,;;) was highest at station 26,
followed by stations 61 and 106 (Table 1), the community’s
particulate organic nitrogen (PON,;) was similar at stations
26 and 61 and markedly higher than at station 106 (Table 1).
This resulted in C:Ny;, ratios almost matching the Redfield
ratio at station 61 (6.4 mol:mol) and exceeding this ratio
at stations 26 and 106 (7.8 and 9.4 mol:mol, respectively).
Interestingly, the C:N ratio of the <2 um size fraction of the
plankton (C:N_, ;) was markedly higher than the commu-
nity’s (C:N,;) at all three stations (Table 1). In contrast to

Table 1 Initial characterization

. Parameter 26 n 61 n 106 n
of the ambient seawater
sampled at the 3 stations (26: NOy [umol L] 269+0.18 2 2924008 2 297+0.10 2
Drake Passage, girafgoggosrza PO, [umol L] 172002 2 194000 2 194000 2
performance of the dilution N:P [mol mol™] 15.7+0.31 2 15.9+0.84 2 16.1+0.55 2
experiments Si [umol L™!] 235+0.18 2 58.5+1.09 2 77.5+0.29 2
POC,; [pg L™ 65.8+2.7 3 55.9+3.3 3 48.9+3.1 2
PON,; [ug L7!] 9.8+0.39 3 102+0.16 3 5.9+0.27 3
C:N,;; [mol mol™'] 7.8+0.3 3 6.4+0.3 3 9.4+04 2
C:N_, y [mol mol™'] 12.7+0.2 2 7.7+06 3 12.4+0.1 2
Chla[ug L™} 0.09+0.01 3 0.53+0.03 3 0.36+0.05 2
POC:Chl a [pg pg™'] 731+30.4 3 105+6.2 3 136+8.5 2
Nanoflagellates 2-5 um [cells mL™'] 1026 1 2132 1 803 1
NE [cells mL~!] 106 +24 3 29+5 2 87+2 2
PE,, [cells mL™'] 1429+ 105 3 2099+198 3 844+49 3
Bacteria, * 10° [cells mL™] 391+13.7 3 433+8.9 3 219+12.7 3
Bacteriagpya * 10° [cells mL™!] 216+3.7 3 215+7.9 2 156+12.3 3
Bacteriay py, * 10% [cells mL™'] 175+10.0 3 220+1.9 3 63+32 3
PP [ugCL™'d™ 1.65+0.08 3 8.21+0.52 3 2.16+0.02 3

Respective sample size given in column (n). Sum of nitrate, nitrite and ammonia (NOx), phosphate (PO,),
ratio of dissolved NO, and PO, (N:P), dissolved silicate (Si), particulate organic carbon of entire com-
munity (POC,), particulate organic nitrogen of entire community (PON,;), ratio of POC:PON for whole
community (C:N;) and for the <2 pm size fraction (C:N_, ), chlorophyll a (Chl a), ratio of POC:Chl
a and cell numbers of nanoflagellates in size range 2—5 um, autotrophic nanoeukaryotes (NE), autotrophic
picoeukaryotes all size fractions (PE,;), all heterotrophic bacteria (Bacteria,;), high DNA heterotrophic
bacteria (Bacteriagpya), low DNA heterotrophic bacteria (Bacteria; pys) and primary production (PP).
Please note that bacterial cell numbers need to be multiplied with 10°. All values are given as means + SD.
N:P ratio represents the mean =+ standard deviation (SD) of the initial samples and measurements from all
dilution steps. For nanoflagellates 2—5 um one sample was counted, therefore no SD
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POC and PON, the Chl a was lowest at station 26, followed
by 106 and highest at 61 (Table 1) resulting in POC:Chl a
ratios which were lower at stations 61 and 106 than at 26
(Table 1).

At all 3 stations the nanoplankton community (2-20 um)
was dominated numerically by nanoflagellates (2-5 um),
with this group contributing > 80% of the total cells > 2 um
at all stations (Table 1). Low numbers of NE, identified by
their Chl a fluorescence, in comparison to the absolute num-
ber of nanoflagellates in the size range of 2-5 um counted
under the microscope at a magnification of 640x (both
shown in Table 1) suggested an abundant community of het-
erotrophic nanoflagellates (data accessible via PANGAEA).
The total number of heterotrophic bacteria was highest at
station 61 and lowest at 106. PE were most abundant at sta-
tion 61 (Table 1). PP was highest at station 61 and lowest at
station 26 (Table 1).

This study focuses on POC since using this parameter
constitutes a novel approach for dilution experiments and
measurements of this parameter were more reliable and con-
sistent compared to Chl a. Moreover, calculated POC net
growth from the dilution series were nearly identical with
net growth in the 100% bottles, which represented in situ
conditions. To stress the value of the dataset, the parameters
Chl a, PON and bacterial numbers were closely examined
focusing on their consistency with the POC values. Results
of PE and NE, wherever their apparent growth rates were

Table2 Net growth rate (u), grazer induced mortality (g), gross
growth rate (k) and residence time for the parameters: commu-
nity particulate organic carbon (POC,;), community particulate
organic nitrogen (PON,;), Chlorophyll a (Chl a), heterotrophic low
DNA Bacteria (Bacteria;pya). heterotrophic high DNA bacteria

significantly correlated to the dilution factor, are listed in
the supplements (Online resource 2).

Growth and grazing mortality

At least three or more groups/parameters at all three stations
responded to the dilution treatment and are shown in Table 2
and online resource 2, meaning that a significant regres-
sion (p < 0.050) between the decimal dilution factor and the
apparent growth rate (r), of a parameter was observed. At
station 26, 83% of the 12 parameters showed a significant
response to SZP grazing, while at stations 61 and 106 fewer
parameters were affected (25% and 50%, respectively). In
addition, the net growth rate (), calculated from the grazer
induced mortality rate (g) and the gross growth rate (k) of
each parameter matched the measured apparent growth rate
(r) in the raw, undiluted seawater (1.0 dilution) bottles, vali-
dating our calculations (Table 2 and online resource 2). Due
to low concentrations of Chl a in the 0.5 bottles of station
106, this treatment was excluded from the dataset.

POC & PON

Concentrations of POC and PON integrate all autotrophic
and heterotrophic organisms > 0.6 um. The apparent growth
rate of POC (rpgc 4) Was significantly correlated to the dif-
ferent dilutions at each station. At station 26, the grazer

(Bacteriagpya), all heterotrophic bacteria (Bacteria,;) at the three
locations (Drake Passage (26), Scotia Sea (61) and Bransfield Strait
(106)) that showed a significant correlation between dilution and
apparent growth rate (r)

Station ~ Parameter pd g[d™] k[d!] T100% boutes [d 1] Residence time [d] ~ R? p n

26 POC,, -0.09+0.07 0.54+0.06 045+0.04 —0.06+0.03 1.8+0.2 0.908 <0.0001 11
26 PON, -0.12+0.03  0.22+0.03 0.09+0.02 —0.11+0.02 4.6+0.7 0.875 <0.0001 11
26 Chla 0.14+0.04  0.08+0.03  0.22+0.02 0.12+0.02 123+4.6 0.486 0.0546 8

26 Bacteria py, 0.05+0.08  0.64+0.07  0.68+0.05 0.07+0.01 1.6+0.1 0.903 <0.0001 12
26 Bacteriagpy, 0.02+0.04  0.28+0.03  0.30+0.02 0.01+0.01 3.5+0.5 0.901 <0.0001 11
26 Bacteriay 0.03+0.09  0.52+0.06  0.54+0.04 0.03+0.01 25+03 0.872  <0.0001 12
61 POC,, 0.22+0.06  0.28+0.05 0.50+0.04 0.25+0.04 3.5+0.7 0.753 0.0003 12
61 Bacteria py, 0.04+0.09  041+0.07 0.45x0.05 0.07+0.03 25+05 0.797 0.0005 10
61 Bacteriay 0.1940.08  0.25+0.06  0.44+0.05 0.23+0.03 40+1.1 0.627 0.0037 11
106 POC,, 0.16+0.08  030+0.06 0.46+0.04 0.19+0.05 33406 0.703 0.0007 12
106 Chla 0.12+0.05  0.11+0.04  0.23+0.03 0.12+0.04 9.1+38 0.580 0.0281 8

106 Bacteria; py, 0.07+0.08  046+0.07  0.53+0.05 0.11+0.01 22+03 0.842 0.0002 10
106 Bacteriagpya 0.13£0.02  0.16+0.02  0.29+0.01 0.13+£0.02 6.3+0.9 0.863 <0.0001 12
106 Bacteriay 0.12+0.04  0.22+0.03  0.34+0.02 0.13+0.00 45+0.8 0.814  <0.0001 12

u was calculated from k-g. p and the growth measured in the 100% bottles (r}oy boules) ShowWed overlapping standard errors (SE) in all cases,
underlining the consistency of the dataset. Number of replicates in analysis (1), coefficient of determination (R?), significance of regression slope
(). k, g 1 and Ty00q poutes Values given as means + SE and in the unit d~!. The residence time is given as mean +standard deviation and in the

unit d
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induced mortality of POC (gpg o) Was higher than the gross
growth rate (kpgc ;) yielding a negative net growth of POC
(Upoc an)- At stations 61 and 106, the kpge o Was higher
than the gp 4 resulting in positive Upoe 4 It 1 notewor-
thy that the kpge . Was similar at all stations (overlapping
standard errors), but at 26 the gpoc , Was almost twice as
high as at the other two stations. The rpgy . Was only cor-
related significantly to the dilution at station 26, yielding
here a kpon . and gpoy o that resulted in a negative Hpoy an
(Table 2). Direct comparison of k and g for PON,, of sta-
tion 26 with the other two locations is not possible, since the
dilution experiments did not yield significant regressions for
the measured rpqy . values with the dilution factor at 61 and
106. Most interestingly the C:N,;, ratios in all experiments
significantly (n=31, p<0.0001) increased with increasing
dilution, resulting in > 100% higher ratios than in the initials
(Fig. 2).

Chla

Chl a values integrate all autotrophic organisms > 0.2 pm
present in the incubation bottles, including pico- nano- and
microphytoplankton. The rq,; , values were correlated sig-
nificantly to the dilutions at stations 26 and 106 (Table 2). At
both stations, the k¢, , and g, , were similar (overlapping
SE) but resulted in positive Uey 5

Bacteria

TLDNA bacteria Values showed a significant correlation to the
dilution factor at all stations, while rypNa pacteria ValUES wWere

Change of the final C:N ratio
relative to the initial [%]

-20 T T T "
0.2 04 0.6 0.8 1.0
Decimal dilution factor

Fig.2 The change of the final, relative to the initial C:N_ ratio versus
the decimal dilution factor. Data shown was pooled from all 3 experi-
ments. 1.0 corresponds to undiluted seawater. The regression (solid
line) was highly significant (n=31, p <0.0001). Dashed lines indicate
95% confidence intervals. An increase of C:N,; ratios with increasing
dilution of >100% (right to left) was observed. Please note that the
x-axis terminates at 0.2

only significantly correlated to the dilution factor at stations
26 and 106 (Table 2, Fig. 3b and f). At station 26, both k
and g were higher for LDNA bacteria compared to HDNA
bacteria. The K, (eria o Tanged from 0.34 +0.02 at station
106 t0 0.54 £ 0.04 at station 26. The gy, (eria a1, OWEVET, Was
much higher at station 26 in comparison to the other two sta-
tions. This resulted in a very low, but still positive W, ieria an
at station 26 (Table 2) in comparison to 6 and 4 times higher
Upacteria anl At 61 and 106, respectively.

Discussion

The dilution method has previously been applied success-
fully in numerous studies (Schmoker et al. 2013) and proven
to be a powerful tool for estimating SZP grazing in aquatic
systems. A significant negative correlation (p <0.050)
between the apparent growth rate (r) and the dilution fac-
tor is accepted as an ‘interpretable result’. This implies that
during the experiment, grazing and growth on the respective
parameters occurred in the incubation bottles and that the
increase of growth due to a decrease of grazing was propor-
tional to the dilution. Criticism on the method (Calbet and
Saiz 2013) mostly revolves around challenging results such
as graph shapes and the underestimation of the SZP grazing
impact (Calbet et al. 2011). In contrast to this reasonable
criticism, this study’s results suggest a dominant SZP graz-
ing impact at all investigated stations (Table 2 Fig. 3).

Three contrasting stations

During this study, the investigated parameters responded
very differently to the dilutions at the 3 stations. At off-shelf
station 26, a strong grazing pressure of SZP, particularly on
heterotrophic organisms was observed, due to i) the high
number of parameters (83%) resulting in significant regres-
sions, ii) the 2 times higher gp at station 26 in comparison
to the other 2 stations (Table 2), iii) the losses from the ini-
tial samples relative to the undiluted seawater (1.0 dilution,
data accessible via PANGAEA) after the experiment and iv)
the 8 times higher gpnc than g¢,; , (Table 2).

Compared to 26, at station 61, SZP grazing played only
a minor role, since only 25% of all measured and calculated
parameters resulted in significant regressions (Table 2),
although growth of several parameters was observed via
an increase in the undiluted seawater bottles (1.0 dilution)
compared to the initials. Though weaker than at the other
two stations, SZP grazing still accounted for > 50% of POC
loss (Fig. 4b) at station 61, possibly due to the dispropor-
tionately strong grazing pressure on the bacterial population
(Table 2). Like at the other 2 stations, the g; pys Was the
highest measured g among all parameters at station 61.
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Fig.3 Result of dilution series
at the three stations 26 (a, b),
61 (c, d) and 106 (e, f) for low
DNA (LDNA) and high DNA
(HDNA) bacteria. Apparent
growth rates (r) on abscissa,
dilution factor on ordinate. 1.0
corresponds to undiluted sea-
water. Slope = grazer induced
mortality (g), y-intercept = gross
growth rate (k). Significant
results obtained for LDNA
bacteria at all stations and for
HDNA bacteria at stations 26
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At the on-shelf station 106, SZP grazing had a moder-
ate influence on the plankton community, with 50% of
measured and calculated parameters yielding significant
regressions with the dilution factor. Similar to station 26, a
higher ppoc than pgy, , was observed, suggesting an impor-
tant contribution of heterotrophic organisms to POC,;. In
line with this observation and similar to station 26, the
LDNA bacteria were the main drivers of the bacterial
turnover and carbon cycling at station 106. Overall 66%
of the gross absolute POC production was eliminated from
the particulate pool by SZP grazing at station 106.
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SZP grazing reduced C:N of particulate organic
matter

A relieve of SZP grazing pressure resulted in a highly sig-
nificant increase of the C:N,, ratio of the total particulate
organic matter (integrating living cells and dead particles)
of >100% (Fig. 2). Such a change could be the result of
either an increase of POC by growth, or a decrease of PON
by remineralization. A remineralization of PON, however,
would not be dependent on the dilution factor, since it
would likely be happening to the particulate organic matter
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Gross POC production of autotrophic + heterotrophic organisms
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Fig.4 Budget for particulate organic carbon (POC) integrated over
the upper 100 m of the water column at station 26 (A) and 61 (B).
Carbon (C), dissolved organic carbon (DOC), dissolved inorganic
carbon (DIC). All numbers are given as means + standard deviation
and in mg C m~2 d~'. Percentages reflect the share in gross absolute
POC production rates. At station 26 more than the gross absolute
POC production rate was lost by microzooplankton grazing hence,
the POC standing stock was diminished and no POC production
remained for export to depth. At station 61, microzooplankton still

in all treatments to the same extend. The opposite was
observed here (Fig. 2). Furthermore, while targeted nitro-
gen remineralization in a system that was high in dissolved
nitrogen (Table 1) is not likely, a remineralization of nitro-
gen from dead particles to an extend that could yield such
a C:N shift would likely have to entail a decrease of PON
in the particulate organic matter, which was not observed.
Relative to the initial samples and taking the dilution fac-
tor of each treatment into consideration, POC and PON
increased in 32 and 25 out of 36 bottles, respectively (3
experiments times 12 bottles each, data accessible via
PANGAEA). Hence, an increase of POC is the more prob-
able reason for the C:N shift. Two likely scenarios exist

constituted the biggest loss term of gross absolute POC production
in the water column, but after microzooplankton grazing, a net abso-
lute POC production remained. Only ~3% of the original gross abso-
lute POC production was lost from the upper 100 m by sedimenta-
tion, mostly in form of krill and salp fecal pellets (Pauli et al. 2021a).
The lion’s share of net absolute POC production therefore must have
remained in the upper 100 m, likely either due to consumption and
recycling, or as an addition to the POC standing stock

for this observation, both focusing on the <2 um plankton
community:

High C:N picoplankton growth

It is possible that the increase of the C:N,, ratio was due to
the growth of very small (<2 um), fast reproducing cells
with high C:N ratio. At all three stations, size-fractionated
initial POC:PON values revealed that the C:N ratio in
the <2 um size fraction was 20—63% higher than the C:N_
ratio of the whole community (Table 1, statistically signifi-
cant only at station 26 (n=3, p=0.0017)). It is important
to keep in mind that this community of pico-cells is still
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a diverse mixture of different bacteria and picoeukaryotes
with variable C:N ratios. LDNA bacteria outgrew all other
measured parameters at stations 26 and 106 when grazing
pressure was relieved. Although bacteria are known to have
low C:N ratios of 3.6-6.8 (Fagerbakke et al. 1996; Fukuda
et al. 1998) the sources do not discriminate between HDNA
and LDNA bacteria. According to Geider and La Roche
2002, DNA, RNA and proteins are characterized by a par-
ticularly low C:N ratio (2.6, 2.5 and 3.8 respectively) and
can contribute significantly to the cells’ biomass (0.5-3%,
3-15% and 30-65%, respectively) of phytoplankton and
cyanobacteria. The C:N ratio of an organism containing
low ratios of these compounds would therefore be driven
by compounds with a high carbon content, such as lipids,
carbohydrates and phosphoglycerides and consequently
exhibit a high C:N ratio. Consistent with this, the highest
growth— and mortality rates measured in all three experi-
ments were those of POC and LDNA bacteria, which by def-
inition carry low quantities of DNA. The fast gross growth
rates of LDNA bacteria were countered by almost equally
high grazing rates at all stations, resulting in balanced p
values in the undiluted seawater (1.0 dilution) bottles. With
increasing dilution however, the gross growth rate of every
parameter remained unaltered, while the SZP grazing pres-
sure decreased sequentially from the undiluted (1.0 dilu-
tion) to the strongly diluted (0.25 dilution) bottles. Since the
community’s POC:Chl a ratio also increased with increas-
ing dilutions at all three stations by a factor of ~2.1,~3.1
and ~2.3 at stations 26, 61 and 106, respectively (compari-
son between the stations’ initial samples and the strongly
diluted 0.25 bottles yielded increases of 26: 731 + 30 to
1523 +303 ug pg~', 61: 105+6 to 326+ 38 ug pug~" and 106:
136+9 to 317 +28 pg ug™"), it can be assumed that mainly
heterotrophic organisms were responsible for the shift of
the communities C:N_, ratio. Therefore, it is plausible that
heterotrophic bacteria and potentially other groups of hetero-
trophic picoplankton with high growth rates and putatively
very high cellular C:N ratios thrived, once grazing pressure
was released, thus leading to the observed increase in C:N,
of the whole community.

Transparent exopolymer particles

Conversely, the increasing C:N ratio with increasing dilution
could be explained by the production of transparent exopoly-
mer particles (TEP). TEP can contribute to the POC concen-
tration equally to conventional particles (Mari 1999; Engel
and Passow 2001). Furthermore, TEP have a C:N of 26 (Engel
and Passow 2001) which is 4.3 times higher than the expected
C:N ratio of phytoplankton in eutrophic polar waters (C:N:P
of 78:13:1 equals C:N of 6 (Martiny et al. 2013)). The possibly
high concentration of TEP in concert with their high C:N ratio,
generally enables them to influence the C:N ratio significantly,
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as was observed in this study with increasing dilution. Bacteria
increase TEP concentrations in multiple ways, even in concert
with phytoplankton. First, bacteria produce TEP themselves
(Sugimoto et al. 2007). While the appearance of TEP in situ
is usually best explained by the amount of Chl a (Zamanillo
et al. 2019), bacteria are the second most important group to
explain TEP occurrence (Corzo et al. 2005) particularly under
the mixed layer (Ortega-Retuerta et al. 2009). Second bac-
teria have been observed to indirectly mediate TEP produc-
tion on a scale that exceeded total bacterial carbon utilization
by 1-twofold (Sugimoto et al. 2007). And third bacteria have
been observed to induce TEP production in phytoplankton
(Van Oostende et al. 2013).

Since TEP are routinely measured by filtering samples on
a 0.4 um polycarbonate filter (Passow and Alldredge 1995),
a significant share of TEP would have been retained by the
GF/F filters (pore size ~0.6 um) used in this study. High
gross growth rates of bacteria were observed in the experi-
ments at all 3 stations. Therefore, it is plausible that bacte-
ria increased POC far beyond their own incorporation of
DOC into bacterial biomass by direct formation of TEP, the
mediation of the TEP-precursors’ aggregation to TEP and
the induction of TEP formation in the present phytoplank-
ton. The observed strong increase of POC with increasing
dilution, in comparison with the only moderate increase of
PON is in line with this argumentation.

TEP themselves, which can reach up to 100 um in size
(Passow and Alldredge 1995), aggregates bound by TEP
(Larsson et al. 2022) as well as their dissolved precursors
can be directly utilized as a carbon source by heterotrophic
grazers (Tranvik et al. 1993; Passow and Alldredge 1999).
There is no reason to believe that the TEP production rate
was affected by the dilution itself. Consequently, it appears
plausible that TEP have characteristic features of a prey
item in the context of a dilution experiment and that with
decreasing grazer concentration more TEP could prevail. As
a side effect, the increasing dilution thusly also increased the
C:N ratio of the particulate organic matter. Furthermore, the
ecological role of TEP is far more complex than serving as
prey for heterotrophic organisms. TEP constitute substrate
for bacteria (Corzo et al. 2005) and as a coagulation agent
(Engel and Passow 2001; Larsson et al. 2022), amplify the
sedimentation of particulate organic matter. If indeed TEP
significantly reacted to the dilution in these experiments, the
presence of SZP grazers reduced the potential for carbon
sequestration far beyond the direct disintegration of living
cells into DOC and DIC by a direct consumption of TEP.

Assessing the use of POC for dilution experiments—
Carbon complements Chl a

Dilution studies conducted in general, and around the WAP
in particular (Burkill et al. 1995; Tsuda and Kawaguchi
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1997; Garzio et al. 2013), rarely reported carbon based
results (Calbet and Landry 2004) and instead relied on Chl
a and cell counts. However, our results underline that it is
important to include POC into the set of measured param-
eters for several reasons: POC provided significant corre-
lations with the dilution factor more reliably than Chl a.
While Chl a only yielded interpretable results for stations
26 and 106, POC was interpretable at all three stations. POC
measurements also allowed for a direct assessment of carbon
dynamics, independent of Chl a/carbon conversion factors.
Former studies either calculated total PP, or the percent-
age of PP grazed by SZP (Calbet and Landry 2004; Pearce
et al. 2008) based on Chl a results. However, it is crucial
to keep in mind that this Chl a derived PP only represents
a share of the total POC production in the system. The size
of this share may be highly variable in between stations, as
shown in this study, where the gross growth rate of POC
was approximately twice as high as the gross growth rate of
Chl a at station 26. Furthermore, depending on the stations
characteristics, the actual share of grazed carbon may not be
depicted with certainty based on Chl a derived carbon values
alone. As seen at station 26 the share of SZP grazing induced
mortality of Chl a in the gross Chl a production (g¢y; 5:kcp o)
amounted to only 36 +16% (calculated from g and k num-
bers in Table 2). If Chl a represented the carbon dynamics
accurately, the 1.0 dilution bottles should show an increase
in POC after the experiment, something that was not consist-
ent with the 16% less POC at the end of the experiment. In
contrast, the share of grazed POC in the gross POC produc-
tion (gpocikpoc), amounted to 119+ 16% at station 26 and
thus may explain the loss of POC in the 1.0 dilution bottles.
This difference between measured Chl a and carbon dynam-
ics is crucial for the determination of the POC’s fate in the
context of SZP grazing. Also, it is important to note that
POC included heterotrophic organisms, not just Chl a con-
taining phototrophs and that especially in HNLC regions of
the SO, where phytoplankton are Fe-limited, Chl a may not
necessarily be a good indicator of phytoplankton biomass
or changes thereof (Twining and Baines 2013). Addition-
ally, the production and consumption of TEP would not be
included if only Chl a based growth rates were used.

As a general remark, the results suggested that '*C PP
measurements should be interpreted cautiously in the con-
text of dilution experiments, since the 14C PP measurements
in this study showed increasing gaps to the gross absolute
POC production rate (U,,, poc) With increasing grazing
intensity. At station 61, PP (Table 1) accounted for ~67%
of the p,, poc (Fig. 4b), at station 106 only for~28% of
the Wy, poc (763745 mg C m~2 d~!) and at station 26,
the PP (Table 1) was positive, while the p,, poc (Fig. 4a)
was negative. Since phytoplankton and SZP are inseparable
by filtration, phytoplankton growth and SZP grazing occur
simultaneously in the bottles of the “C assay, with the latter

possibly affecting the former (Moigis 1999; Marra et al.
2012). 'C is fixed, grazed, incorporated into SZP biomass,
respired into the DIC pool and egested into the DOC pool
all at the same time. While some studies dismiss grazing as
a significant factor for '“C uptake assays (Calbet and Lan-
dry 2004; Mosby and Smith 2015), published discussion on
the topic and our results, suggest that respiration and DOC
excretion may constitute a significant sink of particulate
14C, especially when the grazing activity is high, potentially
decreasing the measured PP. Together, our results suggest
that the addition of POC to the set of measured parameters
in dilution experiments leads to much better interpretation
of SZP grazing activity.

SZP grazing recycled 20-50 times more carbon
than was exported to depth

Upon relieve of grazing pressure, the observed increase of
the C:N,, ratios in the plankton communities at all three sta-
tions (Fig. 2) suggested that SZP might either prey on cells
with a comparatively high POC content, or on TEP, which
have a high C:N ratio, indicated by the 2.5 times higher gpo
in comparison to the gpgy (g values from station 26). How-
ever, whether this was a result of the SZP targeting these
high carbon, low nitrogen particles, or an effect of cells
with a low C:N ratio being better protected against grazing
remains unresolved. Calbet & Landry (2004) postulated a
50% loss of carbon ingested by microzooplankton due to
respiration. Taking this into account it can be assumed that
an additional share of POC in the dilution experiments was
converted to DOC and excreted. In addition to the carbon
released from particles egested by the microplankton, organ-
isms with a low C:N ratio may have been avoided, leading
to species with predominantly low C:N being transferred to
higher grazers, which then form fecal pellets which facili-
tate carbon export. Thus via these two processes, SZP may
attenuate or even impede carbon export to depth. Thusly, the
higher the SZP’s consumption of POC production, the lower
the potential carbon export to depth.

Comparing all 3 stations investigated during this study,
the absolute SZP grazing on POC calculated from Eq. 3 was
highest at station 26 and lowest at 61. Figure 4 shows a com-
parison of these two contrasting stations, assuming a rela-
tively well-mixed upper water column to a depth of 100 m.
The observations made at the two stations are not intended
to represent general regional characteristic features, but
attempt to highlight the variable influence SZP grazing can
have on the plankton community in the SO. At station 26,
119% (3567 +290 mg C m~2 d~!, Eq. 3) of the gross abso-
lute POC produced was eliminated from the POC pool by
SZP grazing (Fig. 4a) leaving no POC production for export
to depth and resulting in a turnover time of 1.8 +0.2 days for
the total POC pool (Table 2). In contrast, at station 61 only
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56% (1565+310 mg C m~2 d~") of the gross POC produc-
tion (Fig. 4b) was eliminated from the particulate pool by
SZP grazing. This value represents the middle of a range
of grazing values calculated from Chl a, by Burkill et al.
1995. Consequently, 44% (1230+850 mg C m~2 d~!) of
gross absolute POC produced was left for net POC produc-
tion. Pauli et al. 2021a, b reported a particulate carbon flux
of 69+24 mg C m~2 d~! (Pauli et al. 2021a) at a depth of
100 m during PS112 off Elephant Island, that predominantly
consisted of krill and salp fecal pellets, meaning only <3%
of produced POC at station 61 was exported. Furthermore,
20 times more POC was eliminated from the particulate pool
by SZP grazing than by carbon export at station 61 and at
station 26, 50 times more POC was eliminated by SZP graz-
ing than was exported at station 61. The remaining 41% of
gross absolute POC production at station 61 must therefore
have been retained in the upper 100 m, possibly due to the
activity of mesozooplankton grazers (Iversen et al. 2017) or
as an addition to the standing stock particulate carbon pool.
In line with previous studies, our work demonstrates that
SZP plays a dominant role in the carbon cycling of the upper
SO (Tsuda and Kawaguchi 1997; Schmoker et al. 2013).
Interestingly, across all 3 stations, SZP grazing was fur-
ther evidenced by the short residence times of POC, which
ranged between 2 and 3 days (Table 2). Since the residence
times of LDNA bacteria at stations 26 and 106, were ~7.7
and ~4.1 times lower than the residence times of Chl a,
respectively (Table 2), it is likely that a significant portion
of POC recycling encompassed the growth and consumption
of small heterotrophic organisms in contrast to Chl a con-
taining autotrophs. Furthermore, the significance of SZP in
POC recycling raises the question, if their grazing activity
might also significantly contribute to the recycling of other
potentially limiting nutrients and trace elements like iron and
manganese (Balaguer et al. 2022) or vitamins (Koch et al.
2011), as suggested in the literature (Sarthou et al. 2008).

Possible factors influencing microzooplankton
grazing induced mortality

In line with previous studies (Garrison 1991; Garzio et al.
2013), which assessed the role of microzooplankton in the
SO, SZP abundance and grazing induced mortality rates on
the plankton community differed at the three stations. This
can be explained by the following aspects:

Top down: microzooplankton abundance

During this study, heterotrophic microplankton (including
heterotrophic dinoflagellates, tintinnids, aloricate ciliates
and micrometazoans) showed a heterogeneous distribution,
varying greatly in abundance in the South Shetland area
(3-84 individuals L") and around Elephant island (4-81
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individuals L_l), areas close to all stations in this study
(Monti-Birkenmeier et al. 2021). Although not measured it
is plausible, that the density and activity of higher consum-
ers capable of feeding on microzooplankton influenced their
abundance. The mesozooplankton community composition
also differed greatly between the chosen experimental sta-
tions (26: 889 individuals m™>, 106: 68 individuals m™%)
and over time (61: 496 and 2539 individuals m~> within a
sampling period of 18 days) (Plum et al. 2021). Salps (von
Harbou et al. 2011; Pauli et al. 2021b) and Krill (Wick-
ham and Berninger 2007; Siegel 2016; Pauli et al. 2021b)
graze on members of the micro- and mesozooplankton and
occur as dense swarms capable of locally grazing down the
phytoplankton community with high efficiency, outcompet-
ing other zooplankton (Perissinotto and Pakhomov 1998;
Siegel 2016). However, during the PS112 expedition, both
grazers had a patchy distribution (Pauli et al. 2021a), with
salps ranging from 3 to 4750 ind. 1000 m~3, 47-2707 ind.
1000 m~ and 0-251 ind. 1000 m~ close to stations 26,
61 and 106, respectively (R. Driscoll, Bremerhaven, per-
sonal communication). In comparison, adult krill was much
less abundant, but also patchy, with densities of 0-8 ind.
1000 m™?, 0-147 ind. 1000 m™ and 0112 ind. 1000 m™ at
stations 26, 61 and 106, respectively (R. Driscoll, Bremer-
haven, personal communication).

Hence, the group-specific influences that different graz-
ers imposed on the system at the time it was sampled were
likely very different, even within a comparably small area.
Therefore, the presence of higher consumers are one aspect
that may explain the patchiness of SZP grazing rates, illus-
trated by the differences between the investigated stations.
The focus of historical studies on mesozooplankton graz-
ing combined with a lack of studies examining SZP activity
have resulted in a general disregard of the importance of
the microbial loop in the tertiary productivity of Antarctic
ecosystems, many of which suffer from low primary produc-
tivity compared to lower latitude systems (Azam et al. 1991).

Bottom up: nutrient supply

While the dilution series method is based on the premise
that only the encounter rate of predator and prey are reduced
while the water chemistry remains the same, it does result
in reduced demand for resources in the highly diluted treat-
ments compared to the undiluted control. Some dilution
studies thus add dissolved inorganic macronutrients to the
incubations (nitrate, phosphate, silicate), in order to prevent
nutrient limitation from reducing the apparent growth rates
(r) of the undiluted treatments. Nutrient limitation of the
undiluted bottles could increase the slope of the regression,
thus overestimating the SZP grazing induced mortality (g).
This was not done in this study for three main reasons: (i)
Macronutrient amendments are necessary in coastal regions,
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which harbor high biomass and where macronutrients, espe-
cially dissolved inorganic nitrogen, often limit phytoplank-
ton production. In contrast, in the SO, where macronutri-
ents are generally high and biomass is low (Table 1) those
amendments are not necessary. (ii) 11 of the published 16
dilution studies performed in the Southern Ocean (Burkill
et al. 1995; Froneman and Perissinotto 1996a, b; Tsuda and
Kawaguchi 1997; Li et al. 2001; Froneman 2004; Safi et al.
2007; Pearce et al. 2008, 2010; Mosby and Smith 2015;
Christaki et al. 2021) did not add nutrients. (iii) The origi-
nal method instructs that it is important to not artificially
increase growth factors during the incubation (Landry and
Hassett 1982). Therefore, no trace metals were added since
iron limitation at these SO ocean sites was expected. An
addition of iron in this context would have entailed the risk
to fertilize the experimental bottles, and thereby deviate
from the ambient conditions in the ocean, resulting in artifi-
cially increased r and significantly underestimated g values.
The fact that the measured g values in this study even fall in
the lower range of values published in the literature for the
SO (Table 2 in Garzio et al. 2013), validates the decision not
to add iron. Some studies have suggested that heterotrophic
bacteria in the SO may be limited by the availability of car-
bon, rather than iron (Fourquez et al. 2020). Since DOC was
not monitored during the experiments, we cannot rule out
that DOC limitation may have acted together with SZP graz-
ing to influence the mortality rates of bacteria (g ,ceria ai)
in the undiluted bottles. However, it is worth noting that
in those bottles more DOC was likely produced by higher
absolute grazing intensity (Pearce et al. 2010) and that the
Zpacteria a 11 this study fell well into the range of bacterial
g values published in the literature for the Southern Ocean
(Table 3 in Garzio et al. 2013) strengthening the validity of
the measured values of this study.

Conclusion

Our study highlights the regionally variable influence of
SZP grazing on carbon cycling, by characterizing 3 very
different systems. The study suggests that POC can be a
valuable addition to Chl a measurements in the context of
dilution experiments. Relatively short geographic distances
between stations were enough to alter the influence of SZP
grazing dramatically, likely due to the patchy distribution
of SZP organisms and higher grazers. However, the strong
overall contribution of SZP grazing to the loss of gross abso-
lute POC production (56%-119%) suggests that SZP plays
an important role in the carbon cycling at these SO sites.
Furthermore, it was found that in the absence of SZP graz-
ing, community C:N ratio rose significantly. Remineraliza-
tion of carbon in the top 100 m was responsible for 20-50
times more POC recycling than was exported to depth. Thus,

SZP grazing is an important removal factor to consider in
global carbon cycle models since it may drastically impede
the amount of carbon being exported to depth. The rates
presented here fall within the range of the previously pub-
lished 0.03-0.52 d~! for the SO and corroborates previously
published work, which showed that SZP grazing is highly
variable in the SO in general (Schmoker et al. 2013) and
around the WAP in particular. As a result, the WAP region is
characterized by a high degree of patchiness and adaptability
to short-term change (Tsuda and Kawaguchi 1997), such as
phytoplankton bloom events due to episodic iron inputs. To
investigate the existence and effects of reoccurring rhythms
in this system, far more research is necessary than has been
so far directed towards the climatically and ecologically piv-
otal system that is the WAP.
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