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ABSTRACT

Zooplankton form an integral component of epi- and mesopelagic ecosystems, and there is a need to better
understand their role in ocean biogeochemistry. The export and remineralisation of particulate organic matter at
depth plays an important role in controlling atmospheric CO, concentrations. Pelagic mesozooplankton and
micronekton communities may influence the fate of organic matter in a number of ways, including: the con-
sumption of primary producers and export of this material as fast-sinking faecal pellets, and the active flux of
carbon by animals undertaking diel vertical migration (DVM) into the mesopelagic. We present day and night
vertical biomass profiles of mesozooplankton and micronekton communities in the upper 500 m during three
visits to an ocean observatory station (P3) to the NW of South Georgia (Scotia Sea, South Atlantic) in austral
spring, alongside estimates of their daily rates of ingestion and respiration throughout the water column. Day and
night community biomass estimates were dominated by copepods >330 pm, including the lipid-rich species,
Calanoides acutus and Rhincalanus gigas. We found little evidence of synchronised DVM, with only Metridia spp.
and Salpa thompsoni showing patterns consistent with migratory behaviour. At depths below 250 m, estimated
community carbon ingestion rates exceeded those of metabolic costs, supporting the understanding that food
quality in the mesopelagic is relatively poor, and organisms have to consume a large amount of food in order to
fulfil their nutritional requirements. By contrast, estimated community rates of ingestion and metabolic costs at
shallower depths were approximately balanced, but only when we assumed that the animals were predominantly
catabolising lipids (i.e. respiratory quotient = 0.7) and had relatively high absorption efficiencies. Our work
demonstrates that it is possible to balance the metabolic budgets of mesopelagic animals to within observational
uncertainties, but highlights the need for a better understanding of the physiology of lipid-storing animals and
how it influences carbon budgeting in the pelagic.

1. Introduction

the constituent carbon is isolated from the atmosphere and hence
‘sequestered’ (Kwon et al., 2009). Quantifying and understanding the

The photosynthetic production of organic matter in the surface
ocean, and its subsequent export and remineralisation at depth, plays a
fundamental role in controlling atmospheric CO; levels (Boyd et al.,
2019). The depth at which sinking organic particles are consumed and
respired by midwater organisms influences the timeframe over which

myriad processes that make up the ocean’s ‘biological gravitational
pump’ (BGP), and how it will respond to future climate, remain major
goals of contemporary biological oceanography.

The majority of sinking particulate organic matter (POM) that leaves
the base of the euphotic zone is remineralised within the mesopelagic
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zone, which extends down to 1000 m (Buesseler et al., 2007; Steinberg
et al., 2008; Giering et al., 2014). The collective respiratory demands of
organisms within this zone should, at steady state, equal the removal of
sinking carbon flux. However, until recently, attempts to compare the
biological requirements for organic carbon with that supplied have
produced considerable mismatches, with the former exceeding the latter
by up to two orders of magnitude (reviewed by Burd et al., 2010). In
2014, the first balanced mesopelagic carbon budget was published for
the long-term monitoring site at the Porcupine Abyssal Plain, NE
Atlantic (Giering et al., 2014), highlighting the importance of mesope-
lagic animals and their interactions with sinking particles. Zooplankton
and micronekton communities contribute to, and interact with, the BGP
passively via the production of sinking particles such as faecal pellets
and carcasses, and actively via feeding on sinking particles and through
diel vertical migrations (DVM) which remove carbon from surface wa-
ters and transport it to below the euphotic zone (See reviews by Stein-
berg and Landry, 2017; Le Moigne, 2019).

Zooplankton and micronekton feeding in the epipelagic re-package
slow-sinking organic matter into dense, faster sinking faecal pellets
that increase the gravitational flux of carbon (Turner, 2015). The
magnitude of particle flux and sinking speeds varies with pelagic com-
munity biomass, composition, grazing rates and behaviour (Zgllner
et al., 2009; Manno et al., 2015; Belcher et al., 2016, 2019a; Polimene
et al.,, 2017; Liszka et al., 2019; Yang et al., 2019). Particle sinking
speeds, including those of faecal pellets, can be modified through frag-
mentation (Briggs et al., 2020). Indeed, particle fragmentation by the
feeding activities of zooplankton resident in the mesopelagic has been
suggested to arrest a significant fraction of the sinking flux and may
therefore influence how deep particles penetrate into the ocean’s inte-
rior (Mayor et al., 2014, 2020).

DVM of zooplankton and micronekton, where animals reside at
depth during the day and migrate to feed at the surface at night, is
widely reported in marine ecosystems (reviewed by Bandara et al.,
2021). These migrations actively transport carbon ingested in the
epipelagic to the mesopelagic where it may be released via excretion,
respiration, egestion and mortality at depth (Steinberg and Landry, 2017
and references therein), and so are often incorporated into biogeo-
chemical models (e.g. Longhurst et al., 1990; Hansen and Visser, 2016;
Archibald et al., 2019; Kelly et al., 2019). Mesopelagic micronekton can
generate a significant proportion of total respiratory fluxes (e.g. Hidaka
et al., 2001; Ariza et al., 2015; Belcher et al., 2019b), but direct mea-
surements from the mesopelagic are limited as it is difficult to collect
animals for incubation measurements without damaging them, and it is
also hard to replicate the changing temperature and pressure conditions
experienced in situ during migration. Mesopelagic organisms can
therefore play an important role in the biological carbon pump, yet
quantifying how they affect the numerous carbon flow pathways that
they are involved in remains challenging.

The COMICS (Controls over Ocean Mesopelagic Interior Carbon
Storage) programme was designed to deliver new insights into the
processes influencing carbon cycling in the mesopelagic zone and hence
the storage of carbon in the ocean (Sanders et al., 2016). Quantifying the
vertical distribution and movements of zooplankton, along with their
feeding behaviours and metabolic requirements, is integral to under-
standing how ocean biology contributes to this process. The region
downstream from South Georgia in the Scotia Sea, South Atlantic, is an
iron-fertilised hotspot of productivity that supports an extensive
phytoplankton bloom and high biomass of mesozooplankton and
micronekton (Korb et al., 2012; Ward et al., 2012), resulting in high
levels of carbon export to the deep ocean. Station P3, a long-term
mooring observatory (Scotia Sea open-ocean biological programme of
Sustained Observation, British Antarctic Survey, NERC; Manno et al.,
2015) in this region, which forms part of a programme of sustained
observations in the open-ocean Scotia Sea, was chosen as the site for
COMICS fieldwork (Sanders et al., 2016). Day and night depth profiles of
mesozooplankton and micronekton biomass were collected to estimate

Deep-Sea Research Part II 210 (2023) 105296

the magnitude of DVM. The respiration rates of mesozooplankton and
micronekton communities were determined using a combination of
Electron Transport System (ETS) and biomass measurements combined
with allometric calculations. Grazing experiments were also conducted
for resident and potentially migratory mesopelagic mesozooplankton
species. These data were used to generate carbon budgets of the meso-
pelagic zooplankton and micronekton communities in the Scotia Sea.

2. Methods

Sampling for this study was conducted during a research cruise to the
Scotia Sea in the Southern Ocean in austral spring (DY086; November
12, 2017-December 19, 2017) aboard the RRS Discovery (cruise report:
Giering et al., 2019a). Sampling was focused at station P3, a long-term
observation site (Tarling et al., 2012; Manno et al., 2015, 2022),
located to the northwest of South Georgia (52.40 °S, 40.06°W). The
same station was occupied on three occasions, defined as stations P3A
(15 - 22nd November), P3B (29th November — 5th December) and P3C
(9-15th December). Vertical profiles of temperature were obtained from
Conductivity-Temperature-Depth (CTD) unit (SBE 9 plus) deployments.
Daylight hours and lunar phase for each sampling date were taken from
SunriseSunset.com for the latitude and longitude of P3.

2.1. Mesozooplankton and micronekton

2.1.1. Net sampling

To effectively sample across the size range of organisms (0.1
mm-300 mm) encompassed by the classifications of mesozooplankton
to micronekton, we required a multi-net-sampling strategy (Table 1) as a
result of differing sampling efficiencies (Wiebe and Benfield, 2003). A
Hydrobios Mammoth Net (hauled at 0.2 msD) and a
motion-compensated opening/closing Bongo net (hauled at 0.3 ms™*)
were deployed vertically to sample mesozooplankton. The Bongo was
generally set out in two sequential deployments with one sampling the
top 150 m, and the other sampling from 150m to 500 m. Mammoth
deployments were repeated day and night, but Bongo deployments for
biomass measurements only took place during the day. Additional
Bongo deployments at the same depths were made in order to collect live
animals for grazing experiments. The water volumes filtered by the
Bongo and Mammoth nets were calculated using the net dimensions and
depth of water sampled assuming 100% efficiency (Ward et al., 2012).

To collect the larger mesozooplankton and micronekton, we
deployed a MOCNESS (Multiple Opening and Closing Nets and Envi-
ronmental Sampling System, Wiebe and Benfield, 2003) and an RMT25
(opening and closing 25 m? rectangular mid-water trawl net, Baker
etal., 1973; Piatkowski et al., 1994). Both nets were towed obliquely at a
speed of 2 knots, and deployments were repeated day and night. The
MOCNESS was towed for 10 min in each depth layer, and the volume
filtered was calculated using a flow meter and estimated effective mouth
area. The RMT was towed for 40 min in each depth layer, and the vol-
ume filtered was calculated using the net dimensions and the distance
travelled by the net.

2.2. Sample handling and biomass measurements

2.2.1. Biomass

One net of the Bongo catches was preserved in 4% borax buffered
formaldehyde for particle enumeration using a FlowCam Macro
(Yokogawa Fluid Imaging Technologies Inc.). One set of preserved
Bongo samples was also sent to the NMFRI Plankton Sorting and Iden-
tification Centre, Poland, for species identification and enumeration.

MOCNESS catches were split into two aliquots, using a Folsom
plankton splitter, with one half being preserved in 4% borax buffered
formaldehyde for biomass analysis. These were sent to the NMFRI
Plankton Sorting and Identification Centre, Poland, for species identi-
fication and enumeration of subsamples containing at least 500
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Table 1
Summary of multi-net sampling strategy. Bongo nets were only deployed during the day, all other net deployments were repeated day and night.
Sampler Target group Mesh size ~ Mouth Net depth Analysis
(mm) area (mZ) strata (m)
Bongo (n = Small mesozooplankton: microcopepods, small 0.1 0.29 0-150 - Abundance: FlowCam Macro
16) calanoid copepods 150-500 - Biomass: Abundance x mass (Table 52)
- Community respiration: Whole sample ETS
- Copepod grazing (Table 2)
- Community ingestion: Biomass x daily ration (Table S7)
Bongo (n=1)  Small mesozooplankton: microcopepods, small 0.1 0.29 0-75 - Biomass specific respiration: Whole sample ETS
calanoid copepods 75-150
150-250
250-500
Mammoth (n Mesozooplankton: large calanoid copepods, larval 0.3 1 0-33 - Biomass specific respiration: Whole sample ETS
=4 euphausiids 33-63
63-125
125-188
188-250
250-313
313-375
375-438
438-500
MOCNESS (n Large mesozooplankton and small micronekton: fast 0.33 1 0-62 - Abundance: Manual
=4) swimming small euphausiids, chaetognaths, salps 62-125 - Biomass: Abundance x mass (Ward et al., 2012)
125-187 - Community respiration: Biomass x specific respiration
187-250 - Community ingestion: Biomass x daily ration (Table S7)
250-312
312-375
375-437
437-500
RMT25 (n = Micronekton: Krill, mesopelagic fish, cephalopods, 4 25 0-250 - Wet weight (WW)
6) large cnidarians 250-500 - Biomass: WW:Dry Mass (DM; Tables S5 and S6)
- Community respiration: Individual ETS (Fish,
euphausiids); WW to respiration (Table S3); DM to
respiration (Table 54)
- Community ingestion: Biomass x daily ration (Table S7)
Table 2
Summary of copepod grazing experiments.
Species Station  Stage No. Incubation vol Water collection depth Average % cells
animals (L) (m) remaining
Oithona similis (applied to cyclopoid and harpacticoid P3A CV- 20 0.2 20 80
copepods) CVI
CV- 20 0.2 350 89
CVI
P3B CIHI-IV 20 0.2 30 80
P3C Cv- 20 0.2 75 88
CVI
CIHI-IV 30 0.2 75 86
Calanoides acutus (applied to Calanus spp.) P3A CIV- 5 1.1 30 94
Ccv
P3B Ccv 7 1.1 30 94
P3C cv 5 1.1 30 79
Rhincalanus gigas P3A CVI 1 1.1 30 88
P3B CVI 1 1.1 30 95
P3C CVI 1 1.1 30 85
Ctenocalanus spp. (applied to small calanoid copepods) P3A CV- 20 1.1 30 87
CVI
Metridia spp. (applied to Metridinidae and Euchaetidae) P3B CVI 8 1.1 30 80

individuals, and the data were used to calculate biomass by applying a
published mass factor to each taxonomic entity (Ward et al., 2012). For
euphausiids sampled by the MOCNESS net (all except Euphausia superba
where composite weight was measured from the RMT25) we estimated
the biomass of the enumerated species using literature-derived estimates
of wet mass (WM). For Thysanoessa spp. we estimated a representative
WM of 46.6 mg using a length of 20 mm taken from Siegel (1987) and
the length-weight relationship of Siegel (1992). For the remaining
euphausiid species (of which Euphausia frigida was the dominant spe-
cies), we estimated a representative WM of 34.5 mg using a mean length
of 18 mm (Kittel et al., 1985; Siegel, 1987) and the relationship of Siegel
(1992). The second MOCNESS aliquot was used to collect animals for

other analyses including lipid content. Replicate samples of two C6 fe-
male Rhincalanus gigas or five C5 Calanoides acutus were rapidly picked
into glass vials in a controlled temperature laboratory set at the in situ
surface temperature (2 °C) and immediately stored at —80 °C.

RMT25 catches were analysed immediately to determine taxonomic
composition, abundance and WM of the whole sample. Fish were
identified and weighed individually, whilst other taxa were counted and
weighed in batches. The mean individual WM of micronekton species
from the RMT25 net was calculated using the total abundance and total
WM for each species.

Weighted Mean Depth (WMD) of total biomass and selected taxa
from the MOCNESS and RMT nets were calculated using equation (1):
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WMD (m) = 3 (b, x d)) / B (eq 1)
Where b; is the biomass (mg C m~3) innet i, d; is the mid-depth (m) of net
i, and B is the biomass in all nets. Day WMD was subtracted from night
WMD to determine the depth change due to diel migration (AWMD).

2.2.2. FlowCam macro

The preserved Bongo samples were sub-sampled using a Folsom
splitter where necessary, such that a minimum of 2000 particles were
counted. Images were collected using a 5 mm flow cell, a flow rate of
700 mL min~! and an auto-image mode rate of 10 frames per second.
Images were classified manually into broad taxonomic groups (cyclo-
poid copepods, small calanoid copepods, large calanoid copepods,
Rhincalanus gigas, Metridia spp., polychaetes, gastropods, ostracods,
appendicularians, euphausiids) to determine abundance using Visual-
Spreadsheet software (Version 4.3.55). These data were used to calcu-
late biomass by applying mass factors (Ward et al., 2012) to the
abundance of each taxonomic entity (see Supplementary Table S1).
Mass factors were calculated from published values (Ward et al., 2012)
weighted by the relative abundance of the species within a taxonomic
entity found in the Bongo net samples that were sent for taxonomic
analysis. This had the effect of placing more emphasis on the taxa that
dominated in the respective broad taxonomic groups.

2.2.3. Metabolic rates

One net of the Bongo catches was size fractionated (100-200 pm,
200-500 pm, 500-1000 pm, 1000-2000 pm, >2000 pum) and frozen at
—80 °C for later measurement of Electron Transport System (ETS) ac-
tivity (Owens and King, 1975). During one station (P3C), a set of Bongo
net samples taken from 0 to 75m, 75-150m, 150-250m and 250-500m
were frozen, without size fractionation, for measurement of the ETS
activity of the total community. Separate Bongo deployments collected
animals for grazing experiments, which were diluted in fresh seawater
and immediately moved to a controlled temperature laboratory set to in
situ surface temperature (2 °C).

Mammoth catches were frozen at —80 °C for later measurement of
ETS activity of the >300 pm mesozooplankton community. A sub-
sample of the dominant taxa found in the RMT catch was immediately
flash frozen in liquid nitrogen and stored at —80 °C for later measure-
ment of ETS activity. 10-40 replicate ETS samples were taken for each
taxa.

2.3. Acoustic sampling

A multi-frequency (18, 38, 70, 120 and 200 kHz) drop-keel mounted
echosounder (Simrad EK60) collected acoustic backscattering data (Sy,
dBrelm™ ) throughout the cruise, where acoustic backscatter is used as
a proxy for mesozooplankton and micronekton biomass (depending on
frequency). The echosounder was calibrated using standard sphere
techniques (Demer et al., 2015) in Stromness Harbour, South Georgia on
27/11/2017. Raw data were collected to 1500 m at a ping rate of 3 s.
Frequency specific mean values of sound speed (Mackenzie, 1981) and
absorption coefficient (Francois and Garrison, 1982) were derived from
CTD profiles for the typical depth ranges ensonified by each frequency,
limited by the maximum depth of data used here (1000m, 1000m,
750m, 500m, 250m (18, 38, 70, 120 and 200 kHz respectively)). Data
were processed in Echoview V10 (10.0.293.38183), this included:
updating values of sound speed and absorption; cleaning noise (transient
(set to —999 dB), intermittent (set to —999 dB) and background noise
removed); removing periods when the vessel was on station (ship speed
<2 knots); and resampling to then export Sy (dB re 1 m 1) in cells of 1m
vertical resolution and 10 min horizontal. These data were allocated to
day or night categories and further averaged to generate profiles of day
and night distribution.
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2.4. Respiration

2.4.1. Electron transport system (ETS) activity

To estimate respiration, we carried out ETS activity assays following
the method of Owens and King (1975) with modifications from Gomez
et al. (1996). Frozen specimens were reweighed in the laboratory. We
used a weighed sub-sample, taken from just behind the head, for fish
species caught by the RMT, whole individuals for other micronekton
species, and the whole net sub-sample (split or size fraction) for meso-
zooplankton measurements. See Belcher et al. (2020) for further details
about the specific mesopelagic fish respiration results.

Each sample was homogenised in a phosphate buffer, using either an
electric homogeniser or a sonicator, for 30-60 s, before being centri-
fuged at 4000 rpm for 10 min at 0°C. 100 pL of the homogenate su-
pernatant and 300 pL of reaction buffer (0.1 M, pH 8.5) containing
substrates nicotinamide adenine dinucleotide (NADH) and nicotinamide
adenine dinucleotide phosphate (NADPH) (saturating concentrations of
1.7 and 0.25 mM, respectively) were added to a semi-micro quartz
cuvette. 100 pL 2-p-iodophenyl-3-p-nitrophenyl monotetrazolium chlo-
ride (INT, 4 mM) was added to each cuvette to commence the reaction.
All procedures were carried out on ice. The reaction was measured
continuously for 8 min at a wavelength of 490 nm in a Cary 60 UV-Vis
spectrophotometer (Packard and Christensen, 2004). The temperature
of the reaction was controlled at 12 °C. To take into account the
non-enzymatic reduction of INT (Maldonado et al., 2012), a blank assay
was also performed without ETS substrates for each sample. Reagent
blanks were taken daily.

Formazan is produced during the kinetic assay as INT is reduced. INT
takes the place of oxygen as the electron acceptor in the ETS, and accepts
two electrons (oxygen would accept four). Therefore, the rate of for-
mazan produced is related to oxygen consumption by a factor of two.
Using the formazan production rate and our measured INT extinction
coefficient (measured at 490 nm for each batch of INT; 13.3-16.4 mM !
ecm 1) we calculated the potential respiration rate (®, pmol O, )
following Packard and Christensen (2004). Using a conservative respi-
ration to ETS (R:ETS) ratio of 0.5 (Ikeda, 1985; Hernandez-Leon and
Gomez, 1996), we then estimated the respiration at the experimental
temperature of 12 °C. Where a subsample was taken (i.e. for fish), the
total respiration rate per individual was calculated based on the ratio
between the subsample and the total weight of the fish. To estimate the
respiration rate at in situ temperatures, defined as the temperature from
the CTD averaged over the net depth horizon, we used the Arrhenius
equation and an activation energy of 62.8 kJ mol™! (15 kcal mol~};
Packard et al., 1975; Ariza et al., 2015; Hernandez-Ledn et al., 2019b).
Respiration rates per hour were multiplied by 24 to give respiration rates
per day, and a respiratory quotient of 0.9 was used to convert from
oxygen to carbon (Ariza et al., 2015).

2.4.2. Mesozooplankton respiration

For the samples where we measured ETS activity, carbon specific
respiration rates were calculated and applied to the biomass estimates
from Bongo and MOCNESS samples described above and integrated over
the volume filtered by the net to give daily respiration rates per m>. WM
of the ETS samples were converted to DM using a conversion factor of
0.25 (Kigrboe, 2013) and then to C using a conversion factor of 0.45
(Giering et al., 2019b). The carbon specific respiration @™ of the
equivalent Mammoth net was applied to the biomass from the MOCNESS
net samples. For station P3B, where no Mammoth net ETS measure-
ments were taken, the mean P3A and P3C specific respiration rates were
applied. For the Bongo net, the carbon specific respiration (d™!) of the
appropriate size fraction was applied to each particle (based on area
based diameter (ABD) measurements made by the FlowCam Macro) and
summed for all particles in the Bongo sample.

2.4.3. Micronekton respiration
For the species where we measured ETS activity, we calculated
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allometric regressions (see Supplementary Table S2) relating WM (mg)
to ETS-derived respiration (1LOz Ind ! h™!), with equations in the form
of equation (2) where a, and a; are constants:

Ln (Respiration) =a, + a; x Ln (WM) (eq. 2)

We found no significant relationship between ETS-derived respira-
tion and WM for E. triacantha, and thus we used the mean measured
respiration rate of 13.925 pLO, Ind~* h™2.

It was not feasible to sample and conduct ETS assays on all species,
thus we used allometric relationships from the literature to estimate
respiration rates (ULOy Ind ! h™1) for those species we were not able to
measure (See Belcher et al., 2020 for a comparison of ETS and allo-
metrically derived respiration in these samples). Taking the data from,
and following the form of the regressions given in, Ikeda (2014),
(equation (3) below), we calculated taxa specific linear regressions using
multiple predictors (dry mass (DM, mg), temperature (T) and habitat
depth (z, m)) with no interaction terms, where a,, a;, a; and ag are
constants. See Supplementary Table S3 for allometric equations.

Ln (Respiration) =ay + a; x In(DM) + a, x 1000/T + a; x In(z)  (eq. 3)

For cephalopods, we used the data of Ikeda (2016) and carried out
the same procedure as above but using body mass as WM.

Where allometric equations required DM, we made appropriate
conversions using a combination of our own measurements from the
DY086 research cruise where possible (Supplementary Table S4) and
conversions from the literature (Supplementary Table S5). Once respi-
ration rates per individual had been calculated, we summed them for
each net deployment, and integrated over the volume filtered by the net
to give respiration rates m~>. For the RMT25 we summed all but the
small euphausiid species (all euphausiids excluding E. superba), and we
added this to the summed respiration of small euphausiids from the
MOCNESS to give the total micronekton respiration. Respiration rates
per hour were multiplied by 24 to give respiration rates per day, and a
respiratory quotient of 0.9 was used to convert from oxygen to carbon.

2.4.4. Total community respiration

Total community respiration was summed over the coarsest depth
ranges that samples were taken from, i.e. 0-250m and 250-500m
sampled by the RMT25. MOCNESS nets aligned readily into this range
(nets 2-5 = 250-500m, nets 6-9 = 0-250m). Bongo net samples, how-
ever, were taken from 0 to 150m and 150-500m. Bongo respiration per
m?® in 250-500m was assumed to be the same as that for 150-500m.
Bongo respiration in 0-250m (BR.250, mmolC m~2d1) was calculated
as a weighted mean of respiration rates for 0-150m (BRg.150, mmolC
m 3 d!) and 150-500m (BR150-500, mmolC m3dh (equation (4)).
Only respiration for Bongo net particles less than 300 pm were included
to avoid overlap with the MOCNESS respiration estimates.

BRO,250 = ((BRO,150 X 150) + (BR150,500 X 100)) /250 (eq. 4)

2.5. Ingestion

2.5.1. Copepod grazing experiments

All experimental work for grazing experiments was undertaken in a
controlled temperature laboratory set at in situ surface temperature
(2 °C). Experimental animals were collected using a motion-
compensated Bongo net (100 pm mesh) using a non-filtering cod end
(see section 2.1.1 above) and were sorted under dim light using a
dissection microscope. Experimental water was collected using Niskin
bottles attached to a CTD rosette or a Marine Snow Catcher (Riley et al.,
2012). Incubations were carried out using water collected close to the
subsurface chlorophyll maximum, and with water collected from addi-
tional depths for Oithona similis. Copepod grazing rates were examined
using particle-removal experiments (Mayor et al., 2006). In brief, glass
incubation bottles were filled with un-screened seawater a little at a time
to maximise homogeneity. Visibly discernible copepods were removed
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from the incubation bottle via a dip-tube. Experimental animals were
carefully introduced into bottles and incubated in triplicate alongside
triplicate control bottles in the dark on a plankton wheel rotating at 1
rpm for 24 h and were terminated by adding 1% acidified Lugol’s iodine.
Microplankton samples (200 mL) from the start of the experiment and
from each of the incubated bottles were collected and preserved with
acidified Lugol’s iodine (1%). Experiments were conducted for domi-
nant copepod species that represented different functional feeding types
in the copepod community: small particle associated copepods (Oithona
similis), small (Ctenocalanus spp.), intermediate (Calanoides acutus) and
large filter-feeding copepods (Rhincalanus gigas), strongly migrating
copepods (Metridia spp.). See Table 2 for a summary of experiments.
Copepod mortality in experiments ranged from 0 to 26% (mean 9%).

The concentrations of different cell types in 5 mL of the preserved
microplankton samples were counted using a FlowCam 8400 (Yokogawa
Fluid Imaging Technologies Inc.) fitted with a 10x objective and a
FOV100 flow cell, at a flow rate of 0.25 mL min~'. Images were collected
using auto-image mode at a rate of 37 frames per second. For the
experiment using water collected at 350m, where particle concentra-
tions were low compared to the surface, samples were settled for 48 h,
and reduced to 50% of the original volume before analysis. Libraries of
dominant cell types were created and used in conjunction with size fil-
ters to classify particles automatically into broad taxonomic groups
(flagellates, small dinoflagellates, large athecate dinoflagellates, large
thecate dinoflagellates, ciliates, pennate diatoms, centric diatoms and
unidentified cells) using VisualSpreadsheet software (Version 4.3.55).
Automatic classifications were checked manually, and corrected when
necessary (~50% of particles). Biomass (ug C) was calculated using
particle volume (um®) and published carbon to volume relationships
(Alldredge, 1998; Menden-Deuer and Lessard, 2000). Ingestion rates
were calculated using the equations of Frost (1972) and converted to
carbon specific ingestion rates using published estimates of copepod’s
biomass (Ward et al., 2012).

2.5.2. Total community ingestion

Carbon specific ingestion rates (d~) were applied to the biomass of
appropriate taxa from net samples to calculate total daily ingestion rates
m 2. For Oithona, ingestion rates measured using deep water were
applied to deep nets; for all other taxa we applied ingestion rates
measured using surface water throughout the water column. As we
could not feasibly measure ingestion rates for all species, measured
copepod specific ingestion rates (see above) were applied to the biomass
of other copepods sharing similar body size and feeding traits (Table 2).
Published values for specific ingestion rates (daily ration), measured in
polar and sub-polar regions, were used for species or groups from Bongo,
MOCNESS and RMT25 samples for which we did not measure ingestion
(see Supplementary Table S6). Since the mesopelagic fish community in
the Scotia Sea is dominated by myctophids and bathylagids (Collins
et al., 2012) we applied a single daily ration to all fish species. A daily
ration of 3% was used for categories for which there was no suitable data
available in the literature (appendicularians, barnacle nauplii, carniv-
orous copepods such as Euchaetidae, cnidarians, gastropods, isopods,
mysids, cladocerans and polychaetes) based on the mean of the other
compiled data (see Supplementary Table S6, excluding Oithona similis
and Salpa thomsoni which had daily rations >20%). Only ingestion for
Bongo net particles less than 300 pm were included to avoid overlap
with the MOCNESS ingestion estimates.

2.6. Lipid analysis

Calanoides acutus C5 and Rhincalanus gigas C6 female lipid extrac-
tions were carried out on each homogenised freeze-dried (—60°C; 102
mBar) sample (1-60 mg). An internal standard (30-100 pL of 5a(H)-
cholestane; 101 ng pL~!) was added to each sample, followed by a
mixture of dichloromethane (DCM) and methanol (9:1; 15 mL). The
samples were then sonicated (15 min, x2) and the resulting extract was
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decanted into round bottom flasks. The solvent obtained was evaporated
to dryness under vacuum using a rotary evaporator at ~30°C. Each
sample was then passed through a Pasteur pipette filled with anhydrous
sodium sulphate using DCM (3 mL). The solvent was blown down with
nitrogen gas and the samples were stored (—20°C) before trans-
methylation and derivatisation with BSTFA.

GC-MS analyses were conducted using a GC Trace 1300 fitted with a
split-splitless injector and column DB-5MS (60m x 0.25 mm (i.d.), with
film thickness 0.1 pm, non-polar stationary phase of 5% phenyl and 95%
methyl silicone), using helium as a carrier gas (2 mL min~1). The GC
oven was programmed after 1 min from 60°C to 170°C at 6°C min?,
then from 170°C to 315°C at 2.5 °C min ! and held at 315 °C for 15 min.
The eluent from the GC was transferred directly via a transfer line
(320°C) to the electron impact source of a Thermoquest ISQMS single
quadrupole mass spectrometer. Typical operating conditions were:
ionisation potential 70 eV; source temperature 215°C; trap current 300
pA. Mass data was collected at a resolution of 600, cycling every second
from 50 to 600 Da and were processed using Xcalibur software.

Compounds were identified either by comparison of their mass
spectra and relative retention indices with those available in the liter-
ature and/or by comparison with authentic standards. Quantitative data
were calculated by comparison of peak areas of the internal standard
with those of the compounds of interest, using the total ion current (TIC)
chromatogram. The relative response factors of the analytes were
determined individually for 36 representative fatty acids, sterols and an
alkenone using authentic standards. Response factors for analytes where
standards were unavailable were assumed to be identical to those of
available compounds of the same class.

2.7. Data analysis

Given the inherent patchiness in zooplankton and micronekton dis-
tribution and abundance, we have limited the statistical analyses of
these complex communities and therefore do not extend our conclusions
beyond the data available. The total biomass of mesozooplankton and
micronekton did not change from P3A to P3C suggesting that our
measurements can be treated as replicate occupations of station P3
rather than separate stations. Wilcoxon rank sum tests were used to test
whether the total lipid content of C. acutus and R. gigas changed between
stations P3B and P3C. Spearman’s correlation was used to test whether
total pelagic community respiration and ingestion rates were correlated.

3. Results

Detailed description of the sampling environment can be found in
Ainsworth et al. (2023) and Giering et al. (2023). In brief, there were
deeper mixed layers during P3A and P3B (70m) compared to P3C (60m).
Water column temperature was fairly consistent (surface = 2.3-3.6 °C,
upper mesopelagic = 0.8-1.5 °C). Surface chlorophyll concentration
decreased from station P3A to P3C, but remained high throughout the
sampling period (>1 mg rn’3) (Ainsworth et al., 2023). The subsurface
chlorophyll depth (mean = 32 + 14m) and concentration (mean = 3.5
+ 1.8 mgm ) were variable, even within stations. POC concentrations
at the surface declined from station P3A to P3C, whilst concentrations in
the upper mesopelagic increased during this time (Giering et al., 2023).
Mean day length was 16 h £30 min and lunar phase was ‘new’ during
P3A, ‘full’ during P3B and ‘last quarter’ during P3C.

3.1. Biomass

The greatest concentration of biomass, by three orders of magnitude,
was found in mesozooplankton samples taken by the MOCNESS (>330
pm). The ranges of biomass found in Bongo (>100 pm), MOCNESS
(>330 pm) and RMT25 (>4 mm) net samples were 0.08-0.13,17.9-47.1
and 0.11-1.19 mmolC m 3 (0.96-1.62, 214.8-565.1 and 1.38-2.27 mgC
m~3) respectively; hereafter biomass data are given in molar units of
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carbon. The biomass in Bongo net samples was dominated by large co-
pepods and polychaetes (predominantly Pelagobia spp.) at both depths
(Fig. 1). The surface MOCNESS samples were dominated by Calanoides
acutus stages C4-5 (mean 74% of total biomass from the MOCNESS,
Fig. 1). In the rest of the water column C. acutus C4-5 and Rhincalanus
gigas C6 females constituted a mean 32-43% of total biomass from the
MOCNESS. The remainder of the biomass was made up of a number of
different species which individually contributed <5% to the total
biomass. Mesopelagic Bathylagus spp., myctophids (Krefftichthys ander-
ssoni, Gymnoscopelus braueri, Electrona antarctica and Protomyctophum
tenesoni), other fish and euphausiids formed >80% of the biomass from
RMT25 nets, with the fish being more dominant in the deeper samples
(Fig. 1). There were no obvious changes to the broad taxonomic
composition of mesozooplankton and micronekton biomass over the
duration of the cruise.

The total biomass of mesozooplankton and micronekton did not
change from P3A to P3C (Fig. 2). Day/night profiles of total meso-
zooplankton and micronekton biomass showed no consistent evidence
of synchronised DVM (Fig. 2, Supplementary Figs. 1 and 2). The biomass
at night ranged between 28 and 183% of that during the day, with a
mean of 95.2 + 63.2%. In general, there was greater biomass in the
surface samples compared to deeper samples during both the day and
night. The change in weighted mean depth (AWMD) between day and
night was <50 m for total biomass of mesozooplankton from the
MOCNESS net and micronekton from the RMT25 net (Fig. 3), with no
consistency in whether total biomass was deeper or shallower during the
day. When considering specific taxa, there were consistent depth
changes for appendicularians (shallower during the day by < 50m),
Metridia spp. (deeper during the day by 20-110m), salps (deeper during
the day by 50-140m), bathylagids, myctophids and other fish (deeper
during the day by 50-115m) and decapods (deeper during the day by
10-110m).

Vertical profiles of acoustic backscatter at 18 and 38 kHz (indicating
fish and micronekton) showed little or no evidence of synchronised DVM
of the deep scattering layers (e.g. 250 m, 450 m and 700m) during P3A
and P3B, although there was greater biomass at night in the top 50m
compared to the day (Supplementary Figs. S1 and S2). There was evi-
dence for day/night differences in the top 125 m of the water column in
the higher frequency profiles of 120 and 200 kHz (indicating copepods
and smaller euphausiids). In general, there was more backscatter in
surface waters at night, but it was not possible to discern which depth it
had originated.

3.2. Respiration

Mean (+ s.d.) mesozooplankton daily carbon specific respiration
rates at in situ temperatures, 0.9-3.2 °C, were 0.96 + 0.77% d~L. For
comparison with wider literature we calculated respiration rates at
20 °C, using a standard Q¢ of 2 (although see Maas et al., 2021), giving
a mean (= s.d.) mesozooplankton daily specific respiration rate at 20 °C
of 3.3 + 2.5% d~!. Specific respiration at the in situ temperature in
Bongo net samples during P3C ranged between 0.15 and 0.95% d'.
Specific respiration rates in Mammoth samples at the in situ temperature
were higher during P3G (0.31-3.8% d™1) than P3A (0.10-1.7% d™1).
Carbon specific respiration rates were highest in surface samples,
decreased with depth to a minimum at around 400m, and were on
average 9% higher during the day compared to the night (Supplemen-
tary Fig. S3).

Total community respiration in Bongo (>100 pm), MOCNESS (>330
pm) and RMT25 (>4 mm) net samples ranged between 0.03-0.09,
0.31-1.40 and 0.002-0.02 mmolC m~3 d~! (0.34-1.04, 3.69-16.81
and 0.02-0.20 mgC m 3 d1) respectively. Pelagic respiration (mmolC
m > d~!) was dominated by the >330 pm mesozooplankton from the
MOCNESS samples (Fig. 4) and was higher in surface samples compared
to deeper samples from all net types. Total mesozooplankton respiration
was higher during P3C compared to the other stations in Bongo
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Fig. 2. Carbon biomass (mmolC m~3) of mesozooplankton (Bongo net >100 pm; MOCNESS >330 pm) and micronekton (RMT25 >4 mm) at station P3 (A-C) in the
Scotia Sea. Note the different scales on the x-axes. MOCNESS biomass samples were not collected during P3A.

(maximum 0.02, 0.02, 0.07 mmolC m~3 4! during P3A, B, C respec-
tively) and MOCNESS (maximum 0.24, 1.33 mmolCm >d ! during P3B,
C respectively) mesozooplankton samples. Micronekton respiration
from the RMT25 samples was dominated by euphausiid respiration but
was very low compared to mesozooplankton respiration. Micronekton
respiration was lowest during P3A (maximum 0.0008 mmolCm 3d};
0.01 mgCm ™2 d™1), highest during P3B (maximum 0.01 mmolCm3d~};
0.18 mgC m~> d 1) and was always higher at night compared to the day.

3.3. Ingestion

The phytoplankton community was dominated by diatoms larger

than 10 pum (Chaetoceros spp., Thalassionema nitzschioides, Fragilariopsis
kerguelensis, Eucampia antarctica, and Pseudo-nitzschia spp.) throughout
the study period with cell counts >500 cells mL™! (Ainsworth et al.,
2023). This was also apparent in the experimental incubation water
collected from the surface (Supplementary Fig. S4A), but deep incuba-
tion water was dominated by flagellates and unidentified particulate
matter.

Carbon specific ingestion rates measured ranged between 0.13 and
145% d~!. Mean carbon specific ingestion rates of O. similis were always
high compared to the other copepod species measured (Supplementary
Fig. S4B, Supplementary Table S6) and were on average three times
higher in younger O. similis stages (C3-4: 55.4-145.9% d~!) compared to
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Fig. 4. Total community respiration (mmolC m3d 1 of mesozooplankton (Bongo net >100 pm; MOCNESS >330 pm) and micronekton (RMT25 >4 mm) at station

P3 (A-C) in the Scotia Sea. Note the different scales on the x-axes.

older stages (C5-6: 2.4-59.0% d ). Ctenocalanus spp. and Metridia spp.
had intermediate carbon specific ingestion rates (7.7-11.2 and
5.1-10.6% d~! respectively), whilst C. acutus and R. gigas consistently

had low carbon specific ingestion rates (0.1-2.3 and 0.4-7.7% d!
respectively).
Oithona similis (all stages measured) incubated in water collected
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from the chlorophyll maximum ingested a high percentage of uniden-
tified cells (45.4-59.1% of total carbon ingested) which was largely
made up of phytodetritus, faecal pellets and aggregates (Supplementary
Fig. S4A). The rest of their diet was a mix of diatoms and dinoflagellates,
with some ciliates. The only exception to this was during P3A for
0. similis incubated in water collected at the surface, where 86.9% of the
diet was diatoms. O. similis incubated with water collected at 350m
ingested unidentified cells (66.7%) and ciliates (25.0%). Diatoms were
the largest component of the diet for all C. acutus (45.4-60.9%), R. gigas
(87.5-70.0%) and Ctenocalanus spp. (48.7%) (Supplementary Fig. S4A).
For both C. acutus and R. gigas, the rest of the diet was mainly composed
of ciliates during P3B (31.4% and 24.7% respectively) and di-
noflagellates during P3C (28.0% and 24.9% respectively). The diet of
Metridia spp. was fairly evenly split between diatoms (35.2%), di-
noflagellates (28.0%) and ciliates (32.7%) (Supplementary Fig. S4A).
There were few consistent patterns in feeding selectivity, however
O. similis tended to select against large thecate dinoflagellates, preferring
ciliates and phytodetrital aggregates, whilst all other copepods selected
for large thecate dinoflagellates and against phytodetrital aggregates.

Total community ingestion in Bongo (>100 pm), MOCNESS (>330
pm) and RMT25 (>4 mm) net samples ranged between 0.003 and 0.007,
0.53-1.30, 0.004-0.010 mmolC m2d? (0.03-0.09, 6.34-15.63 and
0.05-0.12 mgC m~3 d~!) respectively. Pelagic ingestion was dominated
by that of mesozooplankton >330 pm from the MOCNESS samples
(Fig. 5). Total ingestion from these MOCNESS samples was always
higher in surface samples compared to deep samples reflecting the
higher biomass in these nets. There was no substantial change in
ingestion rates over time.

3.4. Lipid content

The total lipid content (mg total lipid per g organic carbon (OC)) of
C. acutus changed from 924.1 + 233.9 to 785.1 + 232.5 mg g~ OC
between P3B (n = 3) and P3C (n = 3), respectively, although this
decrease was not significant (Wilcoxon rank sum test, W = 6, p = 0.35,
Table 4). For R. gigas however, there was a significant decrease in total
lipid content from 798.1 + 138.0 to 500.1 + 51.3 mg g~ OC between

Ingestion (mmolC m3 d‘1)
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P3B (n = 4) and P3C (n = 3), respectively (Wilcoxon rank sum test, W =
12, p < 0.05, Table 3).

3.5. Carbon budgets of the mesopelagic zooplankton and nekton
communities in the Scotia Sea

Total pelagic community respiration and ingestion rates were within
the same order of magnitude (Fig. 6) and were highly positively corre-
lated (Spearman correlation r = 0.81, p < 0.05, N = 16). These meta-
bolic rates did not vary with station or time of day in deep samples
where ingestion rates were always higher than respiration rates (mean
ingestion = 0.08 + 0.009 mmolC m ™~ d~!, mean respiration = 0.02 +
0.001 mmolC m~2 d™1). There was higher variability in the metabolic
rates from shallow samples. Rates were lower during P3B (mean
ingestion = 0.54 + 0.02 mmolC m > d~!, mean respiration = 0.58 =+
0.08 mmolC m~3 d~1), than during P3C (mean ingestion = 0.84 =+ 0.55
mmolC m3 d’l, mean respiration = 0.84 + 0.77 mmolC m >3 dh.
Though there was no consistent day/night change during P3B, the

Table 3

Total lipid content (mg total lipid per g organic carbon (OC)) of copepods Cal-
anoides acutus stage C5 and Rhincalanus gigas stage C6 female collected from
MOCNESS tows during stations P3B and P3C.

Species Station =~ MOCNESS Depth Total lipid content
Event (mg g~ 0C)
Calanoides acutus ~ P3B 217 0-62m 918.6
C5 234 187-250m  693.0
217 437-500m  1160.7
P3C 315 0-62m 1045.1
315 125-187m  597.3
315 375-437m  712.8
Rhincalanus gigas  P3B 234 0-62m 612.7
C6F 217 187-250m  928.0
217 250-312m  779.4
234 375-437m 872.3
P3C 315 125-187m  539.3
315 250-312m  518.9
315 375-437m 442.1
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Fig. 5. Total community ingestion (mmolC m~> d~1) of mesozooplankton (Bongo net >100 pm; MOCNESS >330 ym) and micronekton (RMT25 >4 mm) at station
P3 (A-C) in the Scotia Sea. Note the different scales on the x-axes.
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Table 4

P3 metabolic budgets. Estimated total mesozooplankton and micronekton
community rates of respiration (R, mmolC m > d~1), calculated using respira-
tory quotients (RQ) of 0.9 and 0.7, and ingestion (I, mmolC m > d™1).

P3B P3C
250-350  0-250  250-500  0-250
R (mmolC m 3 RQ = Night  0.016 0.64 0.017 0.29
d™ 0.9 Day 0.015 0.52 0.018 1.38
RQ = Night  0.013 0.50 0.013 0.23
0.7 Day 0.012 0.41 0.015 1.10
I (mmolC m~— Night  0.095 0.55 0.076 0.46
d™h Day 0.089 0.52 0.078 1.23
RiI RQ = Night  0.17 1.17 0.22 0.64
0.9 Day 0.17 1.00 0.24 1.13
RQ = Night  0.14 0.91 0.17 0.50
0.7 Day 0.13 0.78 0.19 0.88
B [ngestion
-
1 o
5 O Respiration
T 1.0
g I:|

P3B-D-N
P3B-D-D
P3B-S-N
P3B-S-D
P3C-D-N
P3C-D-D
P3C-S-N
P3C-S-D

Station

Fig. 6. Total pelagic community ingestion and respiration (mmolC m~3 d™1) at
station P3 in the Scotia Sea. P3B-D-N = station P3B deep night, P3B-D-D =
station P3B deep day, P3B-S-N = station P3B shallow night, P3B-S-D = station
P3B shallow day, P3C-D-N = station P3C deep night, P3C-D-D = station P3C
deep day, P3C-S-N = station P3C shallow night, P3C-S-D = station P3C
shallow day. Deep = 250-500m, shallow = 0-250m.

daytime metabolic rates during P3C were 3-5 times higher than those
during the night. Respiration rates were only lower than ingestion rates
in shallow samples on one occasion.

4. Discussion

Quantifying the vertical distribution and movements of zooplankton,
along with their feeding behaviours and metabolic requirements, is in-
tegral to understanding how ocean biology contributes to the biological
carbon pump (Steinberg and Landry, 2017). We quantified the magni-
tude of diel vertical migration (DVM) and physiological rates of meso-
zooplankton and micronekton communities off South Georgia in the
Scotia Sea (S. Atlantic) in order to contribute to a synthesis of the
mesopelagic carbon budget at this site (Giering et al., 2023). There was
an apparent excess of ingested carbon relative to metabolic re-
quirements in the deep samples, but total community respiration was
greater than ingestion for most shallow samples suggesting a potential
metabolic imbalance in surface waters consistent with the observation
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that flux attenuation was greater than POC accumulation in the shallow
mesopelagic (Giering et al., 2023).

4.1. Biomass and DVM

Total integrated biomass estimates, for stations where there was a
complete suite of net measurements (Fig. 2), were towards the high end
of previous estimates in the same area (Ward et al., 2012). The biomass
dominance of intermediate and large calanoid copepods (Calanoides
acutus and Rhincalanus gigas) in the mesozooplankton, and euphausiids,
bathylagid and myctophid fish in the micronekton (Fig. 1) is also
consistent with the literature (e.g. Atkinson et al., 2012; Collins et al.,
2012; Ward et al., 2012).

We found little evidence of any synchronised DVM at the population
level using the biomass data (Figs. 2-3). This may be consistent with the
satiation sinking hypothesis (Tarling and Johnson, 2006; Tarling and
Thorpe, 2017), where individuals asynchronously swim to the surface to
feed and passively sink once satiated. The bulk of the meso-
zooplankton/micronekton biomass was consistently found in the top 62
m except for taxa that underwent synchronised DVM (Metridia spp.,
salps, bathylagids, myctophids, other fish and decapods). The acoustics
data (Supplementary Figs. S1-2) also provided little evidence of
synchronised DVM in the fish and large micronekton (as evidenced by
the 18 and 38 kHz). It is possible that vertical migration was still taking
place in an unsynchronised manner over the day night cycle, but this
was not resolved by the techniques available to us during the present
study.

DVM is a behavioural response to a combination of exogenous factors
(e.g., light, temperature, salinity, and oxygen) and endogenous factors
(e.g. sex, age, satiation, and physiology) (Forward, 1988) thought to
maximise feeding opportunities whilst minimising predation risk (e.g.
De Robertis, 2002; Hansen and Visser, 2016). Studies in the Antarctic
have shown variable presence of DVM (e.g. Conroy et al., 2020; Kwong
et al., 2020 and references therein) and it has been proposed that
phytoplankton blooms can halt DVM (Cisewski et al., 2010; Cisewski
and Strass, 2016) or that the apparent lack of DVM can result from not
sampling the right depths (Flores et al., 2014). Omand et al. (2021)
recently reported upward migrations of animals at ~300m driven by
cloud shadows which could also have impacted behaviours during our
study (Platnick et al., 2015). In the case of the lipid-storing copepod
species, C. acutus, which dominated the mesozooplankton biomass, the
absence of synchronised DVM may also indicate that a proportion of
their population was still in the process of emerging from diapause. This
is consistent with the observed phenology of C. acutus in the vicinity of
our sampling location (Supplementary Fig. S5), where animals typically
exit diapause between November and December. However, at the
community scale, it seems most likely that the lack of synchronised DVM
was due to the excellent feeding conditions in the surface waters and
resulting high levels of high quality POM throughout the water column
(Giering et al., 2023) as has previously been observed during spring
blooms in the Lazarev and Weddell seas (Cisewski et al., 2010; Cisewski
and Strass, 2016).

One of the challenges for identifying patterns of synchronised DVM
in micronekton and particularly myctophid fish is active net avoidance
(Kaartvedt et al., 2012) and the depth at which they reside during the
day (>500m; Cotté et al., 2022). Many studies use only night time nets
to determine fish biomass (e.g. Collins et al., 2012), noting that daytime
avoidance of pelagic nets is common and biases our understanding of
DVM. It should also be noted that our nets were limited to the top 500 m
of the water column, and DVM can occur at depths greater than this.
However, whilst scattering layers were observed below 500 m at 700m
water depth, there was also no evidence of day/night differences in the
intensity or depth of these layers indicating limited migration to shal-
lower waters.
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4.2. Physiological rates

Temperature-corrected (to 20 °C using Q1o = 2, see section 3.3) daily
carbon specific respiration rates for mesozooplankton were consistent
with published values and showed a decrease with depth, as reported
previously (Steinberg et al., 2000; Ikeda et al., 2006; Yebra et al., 2018;
Hernandez-Leon et al., 2019a, 2019c¢; Landry et al., 2020). Exactly what
drives this apparently common trend is unclear. The
temperature-dependence of their respiration rates (Ikeda, 1985, 2014)
provides a potential explanation, although the lack of a clear relation-
ship between water temperature and specific respiration (Supplemen-
tary Fig. S3) suggests that this is not the only driver. Belcher et al. (2020)
similarly found that temperature was a less significant driver of respi-
ration rates over the small temperature range found in the Scotia Sea
compared to areas with larger temperature gradients. Specific respira-
tion rates also scale as a function of biomass, with larger animals having
lower rates than their smaller counterparts (e.g. Kigrboe and Hirst,
2014). The biomass in our surface nets was dominated by the
intermediate-sized (~30 pmol C copepod™!) C. acutus, whereas the
deeper nets showed increasing contributions of the far larger (~88.3
pmol C copepod 1) R. gigas. This shift towards an increasing contribu-
tion of large copepods at greater depths is generally consistent with the
idea that the observed decrease in specific respiration rates may be
attributable to a shift in the size structure of the zooplankton commu-
nity. An additional, non-mutually exclusive explanation for the decline
in specific respiration with depth is that an increasing fraction of both
R. gigas and C. acutus in the deeper nets were still in, or in the process of
emerging from, diapause, during which respiration rates are signifi-
cantly lower (Hirche, 1984; Drits et al., 1994; Supplementary Fig. S5).
Unfortunately, our ETS-based estimates of respiration in the MOCNESS
nets, where these species dominated, were generated using bulk com-
munity samples, and therefore it is not possible to explore this idea
further.

Total respiration rates in the deep samples (0.015-0.018 mmolC m 3
d™1;0.18-0.22 mgC m~3 d ™, Fig. 4) were also comparable to previous
studies using direct measurements, e.g. 0.014-0.067 mmolC m ™3 d~!
(0.17-0.80 mgC m 3 d~1) in the SW Mediterranean (Yebra et al., 2018)
and 0.024-0.051 mmolC m~3 d! (0.29-0.62 mgC m~3 d™1) in the
Southern Ocean (Mayzaud et al., 2002b). By contrast, total respiration
rates in surface samples (0.29-1.38 mmolC m3 d’l; 3.52-16.6 mgC
m~2 d7%, Fig. 4) were at least an order of magnitude higher than pre-
vious studies, although we recognise that published rates vary consid-
erably depending on the methods employed (Hernandez-Leon and
Gomez, 1996; Hernandez-Leon and Ikeda, 2005; Bondyale-Juez et al.,
2017; Belcher et al., 2020). We estimated respiration using a combina-
tion of allometric equations and ETS assays, both of which will have
introduced a number of uncertainties beyond those associated with
methods employed to generate the underlying estimates of biomass. For
example, R:ETS ratios in the literature range from 0.16 to 2.55
(Hernandez-Leén and Gomez, 1996; Osma et al., 2016a, 2016b; Bon-
dyale-Juez et al., 2017), although ratios measured in the laboratory with
cultured animals are rarely >1. We used a fixed R:ETS ratio of 0.5, which
is considered conservative (Ikeda, 1985; Hernandez-Leon and Gomez,
1996), and assumed constant respiration during day and night. How-
ever, Belcher et al. (2020) calculated an R:ETS ratio of 0.14 for the
mesopelagic fish the Scotia Sea (based on ETS measurements and allo-
metrically derived respiration rates) so it may be that 0.5 is excessive. An
R:ETS ration of 0.14 would result in a 72% decrease in estimated
respiration if applied to all taxa, or a 2-40% decrease in estimated
micronekton (RMT25) respiration if applied only to fish. In addition,
Belcher et al. (2019b) found notable variability in the respiration rates of
mesopelagic fish in the Scotia Sea which was not apparent in
allometrically-based estimates, suggesting that allometric estimates may
not capture the true scale of variability which could introduce errors
that propagate when generating population-scale estimates. We con-
verted estimated values of oxygen consumption into carbon units using a
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fixed RQ of 0.9, based on the assumption that the sampled animals were
respiring proteins and carbohydrates (Prosser, 1961). However, the
prevalence of C. acutus stage 5 copepodites with substantial lipid re-
serves throughout the water column (Fig. 1, Table 3) suggests that a
proportion of the community was emerging from diapause and thus still
using lipid-based metabolism. In this case, an RQ of ~0.7 may have been
more appropriate (Prosser, 1961), and therefore our assumed value of
RQ = 0.9 would have overestimated respiration rates considerably (see
Section 4.3, below).

Daily specific ingestion rates of the copepod species examined
generally agreed well with previous studies, although rates for C. acutus
were towards the lower end of published values (Atkinson et al., 1992,
1996; Swadling et al., 1997; Hernandez-Le6n et al., 2000; Bernard and
Froneman, 2003; Sarthou et al., 2008). The highest specific ingestion
rates were found in the smaller species, e.g. Oithona similis and lowest in
the largest (Rhincalanus gigas), consistent with metabolic scaling theory
(Kigrboe and Hirst, 2014). The low ingestion rates for C. acutus stage C5
may again be because many of these individuals were still in the process
of breaking the winter dormancy, although low ingestion rates for this
species are not uncommon (e.g. Drits et al., 1994; Mayzaud et al.,
2002a). Patterns in feeding selectivity were also consistent with those in
the literature, with Oithona spp. and Metridia spp. showing preference
for motile prey, and C. acutus and R. gigas feeding mainly on diatoms
(Atkinson, 1995; Atkinson et al., 2012). Our results also suggest that
Oithona spp. fed substantially on phytodetritus, faecal pellets and ag-
gregates (the ‘unidentified particles’ category) which represented ~50%
of their total diet. These types of particles cannot easily be counted using
microscopy with settled samples, the traditional way of enumerating
cells in particle removal grazing experiments. The FlowCam, however,
can count these particles and provides an image for each, which can be
used as a means to estimate volume and subsequently carbon content.
Including these particles in grazing estimates does, however, introduce
caveats. In the absence of alternative information, we used a single
volume to carbon relationship for phytodetrital aggregates to estimate
the carbon content in all unidentified particles. It is possible that this
could both over-estimate (e.g. aggregates dominated by empty diatom
frustules) and under-estimate (e.g. aggregates containing live di-
noflagellates) the carbon content of such particles. Particle fragmenta-
tion by these and other particle-associated copepods has been proposed
as an important mechanism for supporting their nutritional re-
quirements (Mayor et al., 2014) and attenuating sinking flux in the
mesopelagic (Mayor et al., 2020). Therefore these ‘unidentified parti-
cles’ could result from copepod feeding behaviour during the in-
cubations causing particle disaggregation. By contrast, rotation of
bottles on the plankton wheel could have led to the aggregation of
smaller particles into larger ones over the duration of the incubations,
with any such effects differing between the control and experimental
bottles if the incubated copepods were fragmenting particles. More
detailed observations of how small, particle-associated copepods
interact with particles, alongside a better understanding of how particle
composition relates to its elemental and biochemical composition, are
clear priorities for future mesopelagic research (Koski et al., 2017, 2020;
Mayor et al., 2020).

As for total respiration, total ingestion rates in deep samples
(250-500m; Fig. 5; Table 4) were comparable to previous studies
(Swadling et al., 1997; Mayzaud et al., 2002b; Pakhomov et al., 2002).
Total community ingestion rates in surface samples (0-250m; Fig. 5;
Table 4) were at least an order of magnitude higher than those in deep
samples and were more comparable to maximum rates found in Ant-
arctic coastal waters (Swadling et al., 1997). When calculating ingestion
rates, we assumed that animals were feeding at depth since we found no
clear evidence of synchronised DVM and significant flagellate concen-
trations were observed at 350m (Supplementary Fig. S4A). We applied
the same biomass-specific ingestion rate to surface and deep biomass
measurements which may have resulted in an overestimation of the total
community ingestion over the water column since most ingestion
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experiments used water collected from near surface. We did quantify
ingestion rates for Oithona spp. incubated with water collected at depth
(350m) and found slightly lower mean specific ingestion rates compared
to surface waters (Supplementary Fig. S4B).

4.3. Metabolic budgets

Total mesozooplankton and micronekton community respiration and
ingestion estimates were always within the same order of magnitude.
Respiration accounted for between 17.0 and 23.5% of the total ingested
carbon in the deep samples (Table 4), suggesting that the food ingested
was more than sufficient to meet the observed metabolic requirements.
The apparent excess of ingested carbon relative to respiratory re-
quirements at depth supports the observation that food (POM) quality is
poor in the mesopelagic relative to the mixed layer (based on the relative
concentrations of polyunsaturated fatty acids; C. Preece and G. Wolff,
personal communication), and organisms therefore have to consume a
larger quantity of food in order to fulfil their metabolic and nutritional
requirements (Giering et al., 2014; Mayor et al., 2014, 2020; Anderson
et al., 2017).

Ingested C needs to be sufficient to simultaneously fuel respiration,
growth/reproduction and excretion/egestion so, at steady state, should
be substantially higher than the respired C alone. During the night visit
to P3C, the estimated total respiratory demand of the surface community
was again below the total amount of carbon ingested (respiration =
64.2% of ingested carbon; Table 4), leaving an apparent metabolic
deficit. Carbon absorption efficiencies in copepods are reported to range
between ~35 and 90% (Mayor et al., 2011 and Supplementary Table S3
therein), indicating that although the night surface population during
P3C had consumed sufficient food to meet their respiratory demands,
there was little excess to support an actively growing population. By
contrast, respiration was greater than or equal to ingestion for all other
shallow samples (respiration = 100-117% of ingestion; Table 4). This
surprising result is, in fact, consistent with several other studies, where
respiration is reported to be up to ~400% of ingestion (e.g. Atkinson,
1996; Razouls et al., 1998; Mayzaud et al., 2002b). Such discrepancies
have previously been attributed to the absence of sufficient prey and the
consumption of non-phytoplankton material. However, neither of these
explanations appear appropriate in our study, owing to the high con-
centrations of particles throughout the water column (Giering et al.,
2023) and our attempts to quantify the removal of all cell types,
including both microzooplankton and detrital particles. These results
may therefore suggest that our estimated rates of respiration were
excessive, or that an alternative carbon source was available.

The lipid-rich copepods, C. acutus and R. gigas, constituted between
~40 and 80% of the total mesozooplankton biomass in the shallow nets
(Fig. 1), and considering that our sampling coincided with the period
during which these animals exit diapause (Supplementary Fig. S5), it
seems likely that the apparent discrepancy between estimated total
community rates of respiration and ingestion can be at least partially
attributed to these animals being somewhat reliant upon the consump-
tion of internal lipid stores. The total lipid content of C. acutus and
R. gigas decreased between P3B and P3C, although this decrease was
only significant for R. gigas. This would simultaneously explain the low
ingestion rates of these animals and produce an overestimate of respi-
ration using our assumed RQ = 0.9. Indeed, recalculating total com-
munity respiration with an RQ of 0.7, ingestion was greater than
respiration in all samples, although, in some cases, a high absorption
efficiency (>90%) must be implied for there to be enough carbon to
meet respiratory demands (Table 4). It should be noted, however, that
our observations relate specifically to the community at P3 in spring,
and may not be representative of annual carbon budgets or of those
elsewhere in the Southern Ocean.
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4.4. Conclusions

Synchronised Diel Vertical Migration (DVM) should not be assumed,
even for taxa previously shown to undertake the behaviour. This study
did not observe synchronised DVM in either total biomass or in the
majority of taxa examined. This lack of synchronised DVM patterns may
be due to the fact that sampling took place during mid-spring when
feeding conditions in the upper 200m were good. Nevertheless, our
findings do not exclude the possibility that asynchronous vertical
migration was taking place during this time.

The apparent excess of ingested carbon relative to respiratory re-
quirements in the deep mesopelagic samples supports the understanding
that food quality below 200m is poor and organisms have to consume a
larger quantity of food in order to fulfil their metabolic and nutritional
requirements. Our results also suggest that Oithona spp. fed on phyto-
detritus, faecal pellets and aggregates. These results are consistent with
particle fragmentation by copepods and microbial gardening hypothe-
ses, which could therefore play an important role in attenuating carbon
flux.

There is a need to better understand the physiology of shallow water
animals when assessing carbon budgets, particularly where lipid-storing
species predominate. For shallow samples, we found that ingestion rates
could support respiratory demands if, when calculating total community
respiration, we used an RQ of 0.7, appropriate for animals respiring
lipid, rather than an RQ of 0.9, appropriate for animals respiring pro-
teins and carbohydrates. In addition, the lipid-rich copepods, thought to
be exiting diapause, had low specific ingestion rates which can be at
least partially attributed to these animals being somewhat reliant upon
the consumption of stored lipids.

The prevalence of lipid storing copepods substantially complicates
mesopelagic carbon budgeting. Stored lipids represent carbon ingested
during the previous growing season, meaning lipids are integrating over
very different time scales to those that are observed in the observational
field programme (e.g. vertical patterns of flux attenuation).
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