LIMI\(Ii OLOGY
an
OCEANOGRAPHY

RESEARCH ARTICLE

'.) Check for updates

A

-_

“-

Q

Limnol. Oceanogr. 9999, 2025, 1-15

© 2025 The Author(s). Limnology and Oceanography published by Wiley Periodicals LLC
on behalf of Association for the Sciences of Limnology and Oceanography.

doi: 10.1002/In0.70120

Seasonally migrating zooplankton strongly enhance Southern

Ocean carbon sequestration

Guang Yang ©@,"%* Angus Atkinson ©, Evgeny A. Pakhomov ©,** Katrin Schmidt ©,° Weilei Wang ©,

Jennifer ). Freer ©,® Geraint A. Tarling 8

7

'Key Laboratory of Marine Ecology and Environmental Sciences, Institute of Oceanology, Chinese Academy of Sciences,
Qingdao, People’s Republic of China; “Laboratory for Marine Ecology and Environmental Science, Qingdao Marine Science
and Technology Center, Qingdao, People’s Republic of China; *Plymouth Marine Laboratory, Plymouth, UK; *Department
of Earth, Ocean, and Atmospheric Sciences, University of British Columbia, Vancouver, British Columbia, Canada;
SInstitute for the Oceans and Fisheries, University of British Columbia, Vancouver, British Columbia, Canada; ®School of
Geography, Earth and Environmental Sciences, University of Plymouth, Plymouth, UK; “State Key Laboratory of Marine
Environmental Science, College of Ocean and Earth Sciences, Xiamen University, Xiamen, China; 8British Antarctic Survey,

Cambridge, UK

Abstract

High-latitude zooplankton can sequester millions of tons of carbon due to their seasonal migration from the
surface ocean to depth, and their respiration and mortality during overwintering. This seasonal vertical migration
pump (SVMP) efficiently removes carbon but not limiting nutrients such as iron from the surface layers. However,
this process is not included in Earth System Models and whole Southern Ocean estimates are still lacking. Here,
we compile large datasets of Southern Ocean zooplankton biomass and physiology to estimate that the SVMP
transports 65 Mt carbon annually to sequestration-achieving depths of > 500 m. Mesozooplankton are the main
agents (80%), followed by krill (14%), and salps (6%), with respiration and mortality at depth contributing a simi-
lar share. This SVMP adds greatly to existing modeled or measured estimates of Southern Ocean carbon sequestra-
tion, equating to 38-56% of particulate organic carbon flux at 500 m and 78-103% of the flux at 1000 m. Given
their large biomass but projected change under polar warming, understanding how zooplankton transport carbon
and nutrients will underpin improved model projections of ocean carbon storage in a warmer world.

Zooplankton provide a vital connection between primary
producers and higher trophic levels within marine ecosystems
and play a significant role in the Biological Carbon Pump
(Steinberg and Landry 2017). Current research focuses pre-
dominantly on their role in passive sinking mechanisms,
including fecal pellets, molts, and carcasses as drivers of car-
bon export through the mesopelagic layer (Steinberg and
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Landry 2017; Belcher et al. 2019; Manno et al. 2020). How-
ever, zooplankton can also affect the efficiency of the carbon
pump through active processes, such as vertical migration and
fragmentation of sinking particles, and these combined parti-
cle injection pumps may sequester as much carbon as the pas-
sive gravitational pump (Boyd et al. 2019; Briggs et al. 2020).
These significant but hitherto understudied active processes
remain major challenges for the reduction of uncertainties in
forecasting trends in future carbon export flux (Henson
et al. 2022; Nowicki et al. 2022; Siegel et al. 2023; Stukel
et al. 2023). Better understanding of how vertically migrating
zooplankton sequester carbon is urgently needed to facilitate
their integration into Earth System Models (Boyd et al. 2019;
Wang et al. 2023).

At high latitudes, copepods and other zooplankton species
accumulate significant lipid reserves through feeding in sum-
mer and then vertically migrate to deeper waters to overwinter
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(Johnston et al. 2022). During this process, lipids stored in
summer provide zooplankton with energy for respiration or
can be a source of prey for midwater predators (Halfter
et al. 2022; Tarling et al. 2022). The process by which zoo-
plankton catabolize stored lipids at depth during winter effi-
ciently releases carbon directly into the deep sea, and their
combined respiration and mortality at depth has been termed
the “lipid pump” (Jonasdoéttir et al. 2015). Zooplankton typi-
cally have much higher carbon to iron ratios than phyto-
plankton (Schmidt et al. 2016; Le Mézo and Galbraith 2021),
so the lipid pump efficiently injects carbon to sequestration
depths with relatively little loss of limiting nutrients. Lipid
pump studies have mainly focused on dominant copepod spe-
cies (e.g., Calanus finmarchicus and Calanus hyperboreus) in the
North Atlantic, North Pacific, and Arctic regions, and
the results reveal that even a single species can contribute con-
siderably to the total downward carbon flux in high-latitude
northern seas (Jénasdottir et al. 2015; Visser et al. 2017; Tar-
ling et al. 2022).

The Southern Ocean plays a key role in global carbon
sequestration and climate regulation (Long et al. 2021).
Despite its massive zooplankton biomass (Atkinson
et al. 2017; Yang et al. 2022) and well-documented, exten-
sive, seasonal migrations of biomass-dominant zooplankton
(Foxton 1956, 1966; Siegel 200S5), the lipid pump in the
Southern Ocean has been surprisingly neglected (Bradford-
Grieve et al. 2001; Shreeve et al. 2005; Pinti et al. 2023).
Lipid pump studies, whether in the north or south, have
hitherto focused on respiration losses from lipid-rich cope-
pods. However, in the Southern Ocean, a wide range of zoo-
plankton taxa are known to vertically migrate to overwinter,
including various copepod species, krill and salps
(Mackintosh 1937; Foxton 1956, 1966; Atkinson and Sin-
clair 2000; Siegel and Watkins 2016). Through growth in sur-
face waters in summer and respiration and mortality at
depth in winter, they all contribute to carbon sequestration.
Our approach differs from previous attempts because we
have compiled literature data to estimate carbon export from
respiration and mortality for the total seasonally migrating
biomass, including mesozooplankton, krill and salps. Accord-
ingly, we hereafter term this carbon sequestration process
more broadly as the “seasonal vertical migration pump”
(SVMP), rather than the lipid pump.

The objectives of this study are: (i) to quantify the SVMP
of mesozooplankton, krill, and salps, (ii) to clarify the respec-
tive contributions of respiration and mortality to the SVMP,
and (iii) to evaluate whether the SVMP is a substantial con-
tributor to Southern Ocean carbon flux. We calculated that
the seasonal migrant pump is at least half that of the particu-
late organic carbon (POC) export at an equivalent depth. Fur-
thermore, we demonstrate that the SVMP is dominated by
mesozooplankton, rather than by krill or salps, and that deep
respiration and mortality contribute in roughly similar
portions.

Seasonal vertical migration pump in Southern Ocean

Data and methods

Four combining factors, namely the biomass, respiration,
mortality, and length of overwintering period of migrating
populations are important parameters which determine the
strength of the SVMP (Jénasdéttir et al. 2015; Visser
et al. 2017; Tarling et al. 2022). In this study, we aim to quan-
tify the SVMP within three dominant zooplankton functional
groups, namely mesozooplankton (mainly small metazoan
zooplankton, dominated by copepods and excluding Antarctic
krill and salps, Table S1), krill (Antarctic krill: Euphausia sup-
erba) and salps (aggregates and solitaries of all species, mainly
Salpa thompsoni and Ihlea racovitzai).

Biomass
Mesozooplankton

The mesozooplankton biomass in the upper water column
(0-250 m) was derived from our compiled dataset covering the
years 1926-2020 (Yang et al. 2022). Given that most records
in our dataset (74.8%) originated from the months November,
December, January, February, and March, we consider these
“summer” records to provide a more precise estimate of the
total mesozooplankton biomass in the Southern Ocean. In
this study, the Southern Ocean refers to the region covering
the nine marine protected area planning domains defined by
the Commission for the Conservation of Antarctic Marine Liv-
ing Resources (CCAMLR) around Antarctica, with a total area
of approximately 36 million km? The biomass of
mesozooplankton in each planning domain was calculated by
averaging values from all stations within the domain while
accounting for its area. Our data show that the combined car-
bon biomass for mesozooplankton in 0-250 m of the South-
ern Ocean (summed across all planning domains) amounts to
67 Mt (Yang et al. 2022).

Based on a circumpolar study of mesozooplankton biomass
across various months (Foxton 1956), there is relatively little
seasonal variation in the median value of zooplankton bio-
mass in the Southern Ocean (displacement volume ranging
from 6.2 to 9.8 mL) throughout the entire year and across the
water column (0-1000 m). We assume that the entire
mesozooplankton population remains concentrated in the top
1000 m with consistent total biomass year-round in the
Southern Ocean. Month-specific ratios of biomass in the 0-
250 m and 500-1000 m strata to the total biomass in the O-
1000 m stratum (i.e., Bo_250m/Bo-1000m, Bs00-1000m/Bo-1000m)
were calculated (refer to Fig. 1b) based on previous studies
(Foxton 1956; Hopkins 1971) and were utilized to estimate
the biomass of seasonally migrating mesozooplankton. Using
the median value (0.51) of By_250m/Bo-1000m in summer (span-
ning November to March), the total mesozooplankton bio-
mass in the top 1000 m of the Southern Ocean was calculated
as 132 Mt C. Some individuals reside in deep waters perma-
nently or for extended periods (Johnston et al. 2022) and this
fraction should be removed from the SVMP calculation
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Fig. 1. Source biomass and seasonal vertical migration pump (SVMP) of mesozooplankton, krill, and salps. (a) Month-specific biomass (carbon biomass,
mg C m~3) of mesozooplankton in the three key depth strata (0-250 m, 250-500 m, 500-1000 m) based on data from Foxton 1956 and Hopkins 1971.
Displacement volume data (mL m~3) from Foxton 1956 and dry mass data (mg m~3) from Hopkins (Hopkins 1971) were converted to carbon biomass
according to equations from Yang (Yang et al. 2022). Mean, standard error, and number of records in each summer month (November to March) and
winter month (April to October) are shown. The dotted lines at 500 m of each plot indicate the threshold depth below which we assume the seasonally
migrating mesozooplankton dwell over winter. (b) Median month-specific ratios of mesozooplankton biomass in the 0-250 m (By_250m) and 500-
1000 m (Bsoo-1000m) Strata, compared to the total biomass in the 0-1000 m stratum (Bo_1000m) based on data from Foxton 1956 and Hopkins 1971. (c)
Biomass (Mt C) of seasonally vertical migrating (SVM) and non-migrating (non-SVM) mesozooplankton, krill, salps, and total zooplankton in the Southern

Ocean, as well as their contribution to the SYMP (Mt C m™2 yr*1).

(Darnis and Fortier 2012). The median value of Bsgo_1000m/Bo-
1000m (0.28) across the five summer months (November to
March, Fig. 1b) indicates that the deep-dwelling portion can
contribute 28% of the total mesozooplankton biomass. By
subtracting this value from the month-specific ratios of Bsgo_
1000m/Bo-1000m during winter (April to October), the biomass
of seasonally migrating mesozooplankton in each winter
month was computed.

Krill and salps

The carbon biomass data for krill and salps in the Southern
Ocean were converted from abundance data (ind m~2) sourced
from the openly accessible database KRILLBASE (Atkinson
et al. 2017) using a fixed conversion factor between abundance
and biomass. The total carbon biomass of krill and salps

(summed across all nine CCAMLR planning domains) referenced
in our prior studies (Yang et al. 2022) was used in this study,
with krill and salps accounting for 30 and 1.7 Mt C, respectively.
For krill, 87% of the population was found to be distributed
in the open ocean, with the remaining 13% on and around
continental shelves as reported in a circumpolar review
(Atkinson et al. 2008). An extensive meta-analysis of over
30 studies (Schmidt et al. 2011) indicated that approximately
19% of krill in the open ocean and 2% of krill in shelf waters
inhabit depths below 400 m. Despite previous research largely
focusing on summer seasons, here we assume that these krill
(totaling 5.04 Mt C) are contributing to the SVMP, acknowl-
edging this estimate to be conservative (Schmidt et al. 2011).
For salps, the initial aggregate-to-solitary abundance ratio
in the beginning of winter (ie. March) is reported as 10:1
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(Foxton 1966). From comprehensive length-frequency data of
salps (N = 5000) (Henschke and Pakhomov 2019), the median
oral to atrial opening (OAL) length for aggregates is 16 mm,
compared to 40 mm for solitary salps. The aggregate-to-solitary
carbon mass ratio in March can be determined using the for-
mula: (10 x mass of 16 mm aggregate)/(1 x mass of 40 mm sol-
itary). Carbon mass (CM, mg C) of individual salps can be
derived from the relationship between CM and body length
(OAL, mm), as expressed by CM = 0.002 x OAL*'*® (Dubischar
et al. 2021). Based on the total carbon biomass of salps in the
Southern Ocean (1.7 Mt, Yang et al. 2022) and the aforemen-
tioned carbon mass ratio, it is calculated that the carbon bio-
mass of aggregate and solitary forms of salps at the onset of
winter stands at 1.0 and 0.7 Mt, respectively. Due to the knowl-
edge gaps in the depth distribution of salps throughout the year
in the Southern Ocean, we assume the entire salp population
(1.0 Mt for aggregate forms and 0.7 Mt for solitary forms)
undergoes seasonal vertical carbon transport in this study.

Respiration rate

The respiration rates of various polar zooplankton species
during winter were compiled (Table S2). These raw respiration
values, reported in different units (e.g., ugC mgDM ' d*,
ulO, ind™! d7!, ulO, mgDM ™! d~') were converted to carbon
weight-specific respiration rate.

O, consumption rates were converted to respiratory carbon
losses as follows:

ugCd ' =uL0,d ' x12/22.4 x RQ

where 12/22.4 is the carbon weight in 1 mol (22.4 L) of CO,,
and the respiratory quotient (RQ) was assumed as 0.97 (Ikeda
and Bruce 1986; Steinberg and Landry 2017).

The weight-specific respiration rates were finally standard-
ized to carbon weight-specific respiration rates (gC gC CM !
d™1) using species-specific inter-conversion factors between dry
mass and carbon mass, as outlined by Atkinson et al. 2012.

The median values of our compiled winter respiration rate
of zooplankton (Table S2) in deep waters of the Southern
Ocean were used in our SVMP estimation (mesozooplankton:
0.00585 gC gC CM ' d !, krill: 0.00805 gC gC CM ' d!,
salps: 0.01926 gC gC CM~! d!). The only available measure-
ments of salp respiration rate were recorded in surface waters
of the Southern Ocean (0-15m, Table S2). We used the
median value of these surface records to represent the meta-
bolic rate of overwintering salps.

Mortality rate

The mortality rate of zooplankton during the overwintering
period has been seldom reported (refer to Table S3). Prior
modeling studies have typically utilized a conservative value
of 0.001 d™! to estimate the SVMP by high-latitude copepods
(Visser et al. 2017; Pinti et al. 2023). In our analysis, we

Seasonal vertical migration pump in Southern Ocean

utilized the median value of our compiled mortality rates to
estimate the SVMP, resulting in a value of 0.0056 d~' for
mesozooplankton (Table 1).

Few mortality rates of overwintering salps have been
reported (Henschke et al. 2018). The monthly mortality rates
of krill in surface waters of the Southern Ocean during winter
were only reported by McClatchie et al. 1991 (Table S3). How-
ever, based on these values we project that almost no krill
would survive the 7 winter months given these exceptionally
high values. To make a more conservative and realistic esti-
mate, we used the relatively lower mortality rates of krill from
Reiss 2016 of 0.00252 d ™.

Length of overwintering period

The overwintering period of copepods in previous SVMP
studies (mostly from the Arctic Ocean) spans from 100 d to
more than 300 d (Jénasdottir et al. 2015; Visser et al. 2017;
Tarling et al. 2022). This different duration within the Arctic
Ocean was calculated using models based on length-
dependent lipid reserves and temperature-dependent respira-
tion (Pierson et al. 2013; Visser et al. 2017). Additionally, the
overwintering duration can vary with regions in response to
light intensity and the timing of spring primary production
in the Southern Ocean (Atkinson et al. 1997; La et al. 2019;
Flores et al. 2023). In our calculation, we assume the over-
wintering durations for mesozooplankton, krill, and salps to
be 214d (time period spanning from 1°* April to 31°
October) based on the seasonal patterns in vertical distribu-
tion of the zooplankton biomass in the Southern
Ocean (Fig. 1).

Seasonal vertical migration pump calculation throughout
the Southern Ocean
Mesozooplankton

The SVMP calculation from the mortality of
mesozooplankton on the first day of each winter month (Sy, 1)
was conducted as follows:

Sm,l :Bo Xm

where B, represents the initial biomass of mesozooplankton at
the beginning of each winter month, and m signifies the mor-
tality rate of mesozooplankton; the SVMP from respiration of
mesozooplankton on the first day of each winter month (S, 1)
was determined by the formula:

St1=(Bo—Sm1)xr

where r represents the respiration rate of mesozooplankton
during the overwintering period.

Then the SVMP by mortality (S, ) and respiration (S; ) of
the remaining mesozooplankton biomass (B,) in each day (n)
was calculated as:
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Table 1. Components of the seasonal vertical migration pump for mesozooplankton, krill, and salps.

Seasonal vertical migration

pump (Mt Cyr 1)

Overwintering variables

Biomass

Length of
overwintering

By
mortality

By
respiration

Mortality

Respiration
(gCgCCM'd™

Overwintering

Totalo_1000m

TOtalo_z 50m

Total

(d)
214

(Mt C) (Mt C) dh
0.0056

(gCm?

Taxon

52.1

25.5

26.5

0.00585

41

132
30
1.7

164

1.9
1.8
0.04

Mesozooplankton

Krill

8.8

2.1

214 6.7

0.00252

0.00805

3.9

1.0
29

2.9
36

214

0.01907

0.7

Salps
Total

65

214

48

Biomass information includes concentrations of zooplankton groups in the top 250 m (Totaly_250m, 9C m~2), total carbon biomass in the top 1000 m (Totalp_1000m, Mt C), and bio-

mass of the overwintering population (Mt C).
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Smn=Box (1—m)" ' x(1-r)""xm
Sen=Box (1—m)"x(1—r)""xr

Bh=Box (1-m)" x(1—r)"

The SVMP by mortality and respiration of mesozooplankton
in each winter month can be estimated based on the sum of S, ,,
and S, , over 30-31 d (detailed calculations in Table S4).

As part of a sensitivity analysis, an alternative approach
(Method 2) in which different assumptions on mortality and res-
piration rate were used to estimate the SVMP derived from
mesozooplankton are detailed fully in Supporting Information
Table SS.

Krill

Unlike diapausing copepods that cease feeding during the
overwintering period, krill have been observed to adopt vari-
ous overwintering strategies, such as “business as usual,”
“quiescence,” and “flexibility,” depending on the habitat
(Schmidt et al. 2014). Studies on the energy budget of krill
suggest that they continue to feed, albeit at greatly reduced
rates, to supplement diminished metabolism and lipid utiliza-
tion, thereby preventing an energy deficit upon entering the
following spring (Meyer 2012). In this study, we assume
the body weight of krill remains unchanged during winter.

The SVMP by mortality (Sy,n) and respiration (S, ) of krill
in each day (n) was calculated as:

)n—l

Smpn=Box (1—-m)""" xm

Ssn=Box (1-m)"xr

Detailed calculations based on the median value of respira-
tion rate and mortality rate of krill based on our meta-analysis
(Tables S2, S3) are shown in the Table S6.

The respiration rate of overwintering krill may vary across dif-
ferent months (Meyer 2012). In an alternative approach
(Method 2), by employing the month-specific respiration rates
derived from our meta-analysis (including 9 deep records and
21 surface records, refer to Table S2: April and May: 0.0108 gC
gC CM ! d°%; June to September: 0.0101 gC gC CM ' d%;
October: 0.0129 gC gC CM ' d '), we calculated the SYMP by
krill (refer to Table S7).

Salps

The mortality rate of salps has only been reported in a model-
ing based study (Henschke et al. 2018) and no data can be found
for the overwintering population. A circumpolar study of salps
showed that the abundance of the aggregate forms decreases
abruptly in March and falls to a low level during winter (fig. 6 in
Foxton 1966). We assume that the entire aggregate population
die off at the winter onset and the solitary population overwinter
(Henschke et al. 2018). The seasonal vertical cartbon transport by
salps was then calculated based on the death of aggregates and
the respiration of solitaries during winter. It is assumed that the
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body weight of solitary forms of salps remains constant during
winter and the calculation of the contribution from respiration
of solitaries to the total seasonal vertical carbon transport (S;) is
as follows:

S;=BsxrxL

where B is the carbon mass of solitary forms of salps (0.7 Mt),
r is the median value of our compiled respiration rate for salps
during winter (0.01907 gC gC CM ' d ), and L is the length
of the overwintering period (214 d).

Lastly, for the mapping of SVMP fluxes, seasonal vertical
carbon transport from the three zooplankton functional
groups at each sampling station in the Southern Ocean
(gC m~2 yr ') were also calculated using our compiled bio-
mass dataset (gC m~?) and the species-specific assumptions
and equations mentioned above.

Particulate organic carbon flux in the Southern Ocean

The modeled POC fluxes at 500 m and 1000 m of the South-
ermn Ocean (South of 30° S) with resolution of 1° latitude by 1°
longitude were extracted from various Coupled Model
Intercomparison Project Phase 6 (CMIP6) models including
Community Earth System Model version 2 (CESM2),
CESM2-finite volume (CESM2-FV2), CESM2 Whole Atmosphere
Community Climate Model version 6 (CESM2-WACCM),
CESM2-WACCM-finite volume (CESM2-WACCM-FV2) and Geo-
physical Fluid Dynamics Laboratory’s Earth System Model
(GFDL-ESM4). The averages of annual mean POC flux values
from these models are utilized in this study. These independent
model data facilitate comparison of our SVMP estimate with the
POC flux. All these POC flux outputs from CMIP6 model used in
this study are freely available from http://esgf-data.dkrz.de/
projects/cmip6-dkrz/.

Furthermore, we compiled a dataset of POC fluxes based on
sediment traps deployed in the Southern Ocean to comple-
ment the model data (Table S8). This dataset encompasses a
total of 107 sediment trap records from regions including Ross
Sea, Amundsen Sea, Scotia Sea, Kerguelen Islkands, Prydz Bay,
and other areas of the Southern Ocean were compiled
(Table S8). The traps were deployed between 1983 and 2023 at
depth ranging from 100 to 4556 m (Table S8). The measured
annual POC flux at 500 and 1000 m was calculated as the
mean value based on traps deployed between 300 and 700 m
(n=28; Table S8) and those deployed between 700 and
1300 m (n = 21; Table S8), respectively.

Results

Biomass of seasonally vertically migrating
mesozooplankton, krill, and salps and the length of the
overwintering period

For this study we defined the Southern Ocean as the
36 M km? area encompassing the nine Commission for the

Seasonal vertical migration pump in Southern Ocean

Conservation of Antarctic Marine Living Resources (CCAMLR)
Marine Protected Area planning domains which extend out to
Subantarctic waters (with the northernmost region reaching
45° S, Yang et al. 2022). Most net sampling in this area is
within the top 250 m layer and in summer months, so we
used these as a basis for estimating total epipelagic summer
biomasses of the three major zooplankton groups. For the
group termed hereafter “mesozooplankton” we estimated that
copepods accounted for about 70% of their total biomass,
with euphausiid species, salps, ostracods, chaetognaths, and
amphipods making up the remainder (Table S1). Based on
large, multi-year compilations of summer data (i.e., 1770,
9700, and 5432 stations for mesozooplankton, krill, and salps,
respectively), we estimated respective total carbon biomasses
of 67, 30, and 1.7 Mt C for the upper 250 m water column, as
detailed in Yang et al. 2022.

For the mesozooplankton, we compiled monthly, vertically
resolved net sample data of biomass distribution around Antarc-
tica, mainly from Foxton 1956 and Hopkins 1971, and re-plotted
them as mean values in each of three depth strata, namely O-
250, 250-500, and 500-1000 m (Fig. 1a). Based on seasonal vari-
ations in vertical distribution of mesozooplankton biomass
(Foxton 1956), we assume mesozooplankton remain in deep
water and undergo overwintering from April to October. In the
remaining “summer” months (November to March) a median of
51% of the total (0-1000 m) water column biomass is in the top
250 m (Fig. 1b). Applying this to our 0-250 m estimate of 67 Mt
C yields a total (0-1000 m) mesozooplankton biomass of 132 Mt
C. The detailed seasonal comparison of Foxton 1956 shows little
seasonal change in full depth integrated biomass, so we use this
132 Mt C value as an annual average. To estimate the portion of
this biomass participating in the SVMP, we chose the threshold
depth of 500 m since this is a consistently used net sampling
depth and exceeds the mean Southern Ocean depth needed for
100-yr carbon storage (i.e., 381 m, Cavan et al. 2024). We thus
calculated that 41 Mt C of mesozooplankton participate in this
pump (Fig. 1c), based on the fraction of the total 132 Mt C that
is below 500 m in each overwintering month from April to
October (Fig. 1b), minus the 28% of total biomass that we calcu-
late to reside year round in this deep stratum based on the
median value for the five summer months. As described in the
Methods, the biomass of seasonally migrating krill and salps was
calculated from KRILLBASE (Atkinson et al. 2017) and estimated
to be 5 and 1.7 Mt C, respectively (Fig. 1c).

Respiration rates and mortality of overwintering
mesozooplankton, krill, and salps

We compiled 305 records of respiration data for high-
latitude zooplankton, including 178 from the surface
(<200 m), 106 from greater depths (mainly >200 m), and a
further 21 records where the sampling depth could not be
determined (Table S2). Trends in respiration rates at the sur-
face aligned with the Metabolic Theory of Ecology (Brown
et al. 2004) during summer, in that smaller zooplankton like
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mesozooplankton (only data from copepods were used) had
higher mass-specific respiration rates compared to larger zoo-
plankton like krill and salps (Fig. 2a). In winter, krill had
higher respiration rates than mesozooplankton (Fig. 2a), indi-
cating species-specific overwintering strategies. Respiration
rates during winter were generally lower than in summer. Sim-
ilarly, respiration rates at depth ranged from 0.003 to 0.02 gC
gC CM ! d7!, and were significantly lower than rates observed
near the surface (p <0.01; Fig. 2a; Table S2). Based on our
compilation of available literature on mortality rates of over-
wintering polar species (Table S3; Fig. 2b), mesozooplankton
(with all records from copepods) generally exhibit rates below
0.02 d~', while krill have lower mortality rates (below 0.005
d™'; Table S3) and salps, higher mortality rates (0.03 d;
Fig. 2b). We selected the median values of respiration and
mortality rates from samples collected in deep water during
winter for our estimation of the SVMP (Table 1).

Seasonal vertical carbon transport by mesozooplankton,
krill, and salps

Based on our best estimates of the biomass of seasonal
migrants, the length of their overwintering periods and their
respiration rates and mortality during this time (see Methods
and Tables S2, S3), mesozooplankton, krill and salps collec-
tively transport 65 Mt carbon to depths of at least 500 m
(Table 1). In this process, mesozooplankton account for 80%
of the total SVMP, while krill and salps contribute 14% and
6%, respectively (Table 1). Specifically, the SVMP attributed to
mesozooplankton was calculated to be 52 Mt C yr ' in the
Southern Ocean, with 26.5 Mt C resulting from respiration
and 25.5 Mt C from mortality (Tables 1, S4; Fig. 3a). These
values were approximately five times higher than the esti-
mates for krill (8.8 Mt C yr’l, with 6.7 Mt C from respiration
and 2.1 Mt C from mortality, Tables 1, S6; Fig. 3b) and one
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order of magnitude greater than for salps (3.9 Mt C yr~!, with
2.9 Mt C from respiration and 1.0 Mt C from mortality;
Table 1; Fig. 3¢).

Mean values of the SVMP by these three zooplankton func-
tional groups across the study area are presented in Fig. 3. The
strength of SVMP by each group ranges from 0 to 12 gC m 2
yr ! in each cell (Fig. 3). The mesozooplankton SVMP hot-
spots were notably clustered near islands such as Kerguelen,
South Georgia, and South Shetland Islands (Fig. 3a), while the
krill SVMP hotspots were predominantly distributed in
the Atlantic sector, particularly in the Scotia Sea region
(Fig. 3b). Hotspots of salps’ SVMP were primarily concentrated
in lower latitude areas (Fig. 3¢).

Comparison of seasonal vertical migration pump with
particulate organic carbon fluxes from Coupled Model
Intercomparison Project models and sediment traps

Based on five Earth System Models from the Coupled
Model Intercomparison Project (CMIP6), the ensemble average
POC flux for our 38 M km? study area is 4.8 g C m 2 yr ! at
500 m and 1.8 gC m 2 yr ' at 1000 m depth (Fig. 4). In the
highly productive neritic waters surrounding the continent
the POC flux at 500 m exhibited a comparatively higher
range, spanning 1.5-41.9 gC m~% yr ! (Fig. 4). Particulate
organic carbon flux in mesopelagic regions of the Southern
Ocean, measured by sediment traps, was similar, averaging
3.2g C m 2 yr 'at 500 m (traps deployed between 300 and
700m) and 2.1 gC m % yr ! at 1000 m (traps deployed
between 700 and 1300 m) (Table S8).

How do our estimates for the SVMP compare with these
POC fluxes? In terms of measured estimates, the SVMP equa-
tes to 56% and 88% of this flux at 500 and 1000 m, respec-
tively, and for modeled estimates it is 38% at 500 m and
103% at 1000 m (Fig. 4). The contributions of respiration

(b)
0.051 ——
__0.04
£
> 0.034 -
T
5 002
= e
0.01- $ L
0.00 : —

Mesozooplankton KlriII Sallps

Fig. 2. Respiration and mortality of the three Southern Ocean zooplankton groups. (a) carbon mass (CM) related respiration rate (qC gC CM~' d~") in
surface water (S) and deep water (D) and (b) estimated overwintering mortality rate (d™"). Box and whisker plots show the minimum, first quartile,
median, third quartile, and maximum values of individual observations (dots) for each zooplankton group. Only data from copepods (major contributors
of the mesozooplankton group) were used to calculate mesozooplankton rates.
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Fig. 3. The seasonal vertical migration pump (SVMP, g C m~2 yr ') of key Southern Ocean zooplankton groups. (a) mesozooplankton, (b) krill, (c)
salps, and (d) total zooplankton within 5° latitude by 10° longitude grid cells. Cell values in a-c represent the mean SVMP value averaged across each of
the sampling stations within the cell. Cell values in d represent the sum of cell values from a—c. The area of the Southern Ocean (defined as regions within
the 9 CCAMLR planning domains) and the 500 m isobath is marked with white line and brown lines, respectively, in a. Sampling stations for
mesozooplankton, krill, and salps are shown by white dots in panels a—c.

and mortality of seasonally migrating mesozooplankton to the It is important to highlight the maximum values of the

carbon flux were nearly equal, whereas the respiratory contri- SVMP compared to POC fluxes at smaller spatial scales.

bution from overwintering krill and salps at depth exceeded Within the scale of 10° longitude x 5° latitude grid, the SVMP

that from mortality by a factor of three (Table 1). from mesozooplankton, krill, and salps can respectively reach
8
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\

Fig. 4. Comparison between gravitational flux and the seasonal vertical migration pump. (a) POC flux (g C m~2 yr™') at 500 m and (b) 1000 m using
IPCC CMIP6 climate model outputs and (c) the seasonal vertical migration pump flux, with 5° by10° grid cells marked with a white dot where the sea-
sonal vertical migration pump exceeds the modeled POC flux at 500 m. (d) same as panel ¢ but white dots are cells where seasonal vertical migration
pump flux exceeds modeled POC export at 1000 m. In regions where the depth is less than 1000 m (indicated by white dots) on plot b, the POC flux at

500 m was utilized.

up to 230%, 116%, and 33% of the modeled POC flux at
500 m (Fig. 3). This reflects regionally high biomass values
covered by this scale of analysis, but of course, more localized
deep aggregations or swarms of zooplankton will lead to even
more intense hotspots of sequestration.

Sensitivity analysis

Our SVMP estimates are the product of various components
listed in Table 1 (see equations in Methods). We tested a series
of alternative approaches for the calculation of these values
(detailed fully in the Supporting Information). First, we tested
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an alternative method of estimating the migrating biomass of
mesozooplankton. Specifically, we assume that both the bio-
mass residing in deep water (> 500 m) during summer as well
as the portion staying in surface water (< 250 m) during winter
do not contribute to seasonal vertical migration (see Fig. 1b).
With these assumptions, the remaining mesozooplankton bio-
mass (65 Mt) would drive a SVWMP of 59.3 Mt C yr~'. This
value is higher than our “best estimate” and comprises 30.2
Mt C from respiration (range 13.9-46.4 Mt C) and 29.1 Mt C
from mortality (range 12.9-45.2 Mt C), with ranges derived
from varying the date of mortality (see Tables S5, S9).

We also conducted a series of calculations of the SVMP of
mesozooplankton based on the upper and lower plausible
values of key parameters (migrating biomass, respiration rate,
mortality rate and overwintering period). The lower estimated
migrating biomass of mesozooplankton was based on the
assumption that only large copepods undergo seasonal vertical
migration, while the upper estimate was derived from the
assumption that a proportion overwinter below 1000 m.
The upper and lower bounds of respiration and mortality
parameters were the 25" and 75™ percentiles from our meta-
analysis. These analyses identify that migrating biomass has
the greatest influence on the mesozooplankton SVMP esti-
mate, resulting in a range of values from 38% to 150% of the
best estimate of mesozooplankton SVMP (Fig. S1). This strong
relationship between abundance/biomass and SVMP magni-
tude is consistent with previous models (Pinti et al. 2023; Tar-
ling et al. 2022). Migrating biomass of mesozooplankton was
the most sensitive and least certain parameter, warranting fur-
ther study.

Discussion

The seasonal vertical migration pump in relation to
particulate organic carbon flux

Growing evidence points to the significant contribution of
overwintering zooplankton, primarily copepods, to carbon
export in the ocean (Jonasdottir et al. 2015; Tarling et al. 2022;
Pinti et al. 2023). Using available data on respiration and mortal-
ity and our compiled dataset of mesozooplankton, krill, and salp
biomass (Yang et al. 2022), we have obtained estimates of the
SVMP by these three zooplankton functional groups in the
Southern Ocean (Fig. 5). Our estimates suggest that approxi-
mately 65 Mt of carbon are released annually in deep waters by
seasonally migrating zooplankton, forming 56% of the measured
and 38% of the modeled POC flux at a depth of 500 m, and
respectively 88% and 103% of the measured and modeled POC
flux at 1000 m. Regionally, the strength of the SVMP may sur-
pass the POC flux by orders of magnitude (Fig. 4). Previous stud-
ies suggesting migrating zooplankton account for 10% of total
global carbon export via biological pump’ might underestimate
the contribution of the SVMP.

Vertical migrations of zooplankton can reach up to 1000 m
or deeper (Jonasdottir et al. 2015; Visser et al. 2017), while the
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mean carbon sequestration depth (defined as the depth where
the carbon remains sequestered for more than 100 yr) in the
Southern Ocean is only 381 m (ranging from 137 to 758 m;
Cavan et al. 2024). Hence, the direct injection of carbon into
the ocean interior through the SVMP could lead to slower
attenuation and serve as an effective contributor to carbon
sequestration in the region. These various aspects of the SVMP
challenge the conventional view that gravitational flux is the
dominant particle downward pathway to the deep ocean
(Boyd et al. 2019; Ricour et al. 2023).

Comparison with seasonal vertical migration pump
estimations from other ocean regions

Previous assessments of the SVMP in the North Atlantic
and Arctic have provided estimates solely for individual cope-
pod species, and these range from 0.08 to 11.5¢ C m 2 yr !
(median 1.60 g C m 2 yr!; Table S10), and suggest they are
capable of sequestering a comparable amount of carbon as the
traditional gravitational biological carbon pump in these
regions (Jénasdottir et al. 2015; Visser et al. 2017). The total
SVMP estimates for the Southern Ocean (i.e., 1.8 gCm 2 yr !
equating to 65 Mt C in an area of approximately 36 million
km?) thus are very close to the median value for individual
copepod species in other oceanic regions. This is surprising,
given that our estimates are derived from the entire zooplank-
ton community, while most of those previous studies have
focused only on individual copepod species (Table S10). One
explanation may be that the copepod species in previous
SVMP estimates comprised a sizable portion, 50-80%, of the
total zooplankton biomass (Sereide et al. 2008). Moreover, it is
important to consider area coverage when assessing the con-
centration or density of the SVMP. Our estimate is based on
the entire Southern Ocean (approximately 36 million km?),
which is much larger than the regions examined in prior stud-
ies (e.g., table 7 in Tarling et al. 2022). Higher estimates of
SVMP can be observed when focusing on smaller areas
(e.g., 11.1g C m 2 yr ! in the grid cell east of the Kerguelen
islands, Fig. 3). These hotspots of the SVMP by zooplankton
are expected to shift in accordance with changes in their core
distribution range and biomass (Freer et al. 2022; Johnston
et al. 2022). This mechanistic understanding can improve pre-
dictions of carbon sequestration in the Southern Ocean and
other global ocean regions under climate change.

Previous studies, most of which rely on modeling methods,
have indicated that the carbon flux transported via the seasonal
vertical migration of copepods is predominantly influenced by
respiration, often exceeding mortality rates by an order of magni-
tude (Visser et al. 2017; Tarling et al. 2022; Pinti et al. 2023).
However, our study presents a contrasting perspective, revealing
that mortality also plays a significant role in the SVMP process
and can make an equivalent contribution to seasonal carbon flux
when compared to respiration (Table 1). The relative significance
of mortality and respiration in driving the SVMP dynamics
depends on the respective rates of respiration and mortality in
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Fig. 5. A schematic representation of our calculations of the seasonal vertical carbon transport by mesozooplankton, krill, and salps during winter of the
Southern Ocean. The values for SVMP flux are totals for mesozooplankton, krill, and salps and the upper and lower ranges for POC flux refer to annual

estimates based on sediment traps and earth system models.

migrating zooplankton. Previous models based on metabolic the-
ory and isomorphism commonly adopted a conservative
(i.e., low) mortality rate of 0.001 d~! (Visser et al. 2017; Tarling
et al. 2022). Thereby, it is plausible that the SVMP estimates
derived from mortality in prior studies may be biased. Moreover,
a portion of the carcasses of overwintering zooplankton with
intact bodies can be collected by deep sediment traps but, due to
the difficulty in separating carcasses from swimmers, may be dis-
carded from POC flux estimates to avoid overestimating the grav-
itational flux (Halfter et al. 2022), further underestimating the
contribution of carcasses to the SVMP. Dead overwintering zoo-
plankton could serve as a crucial additional food source to sus-
tain midwater species, as gravitational flux alone is usually
insufficient to meet the carbon demands of mid-water organisms
(Boyd et al. 2019). Given the significant role of mortality in the
SVMP, further exploration is warranted, especially considering
the limited data available on overwintering zooplankton in the
Southern Ocean.

Uncertainties in our estimate

Our estimates are based solely on seasonally migrating bio-
mass. However, it is important to note that not all of this
biomass feeds at the surface, as is commonly assumed in
SVMP calculations. Some migrating species such as
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chaetognaths and krill could feed at depth (Schmidt
et al. 2011). A proportion of carbon from overwintering organ-
isms may be respired at the surface via midwater predators
who return to the surface and are themselves preyed upon by
higher trophic level species (Saunders et al. 2019). All of these
processes can lead to an overestimation of our findings. On
the other hand, certain overwintering copepods (such as Cal-
anoides acutus) may inhabit depths greater than 1000 m
(Andrews 1966), potentially resulting in their exclusion from
our SVMP estimate and an underestimation of the results. In
this study, we define 500 m as the threshold for carbon
sequestration. Given that many overwintering copepods can
reside much deeper than 500 m, our comparison of the mag-
nitude of the SVMP with the POC flux at both 500 and
1000 m remains valid.

Our estimation is also subject to uncertainties stemming
from the limited observations and data availability regarding
seasonally migrating zooplankton in the Southern Ocean
(Tables S2, S3). While our estimate employed uniform values
for respiration, mortality, and length of the overwintering
period across the entirety of the Southern Ocean, variations in
these parameters could exist among different sectors within
the region due to location-specific differences in oceano-
graphic conditions and food dynamics (Morley et al. 2020).
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Salps appeared to be the least understood group during our
analysis, and further studies on their biomass, respiration, and
mortality are warranted. Enhanced access to field data from
diverse regions within the Southern Ocean, facilitated by
large-scale observational studies and autonomous platforms,
would be valuable to improve the accuracy of estimates of this
flux in forthcoming studies (Boyd et al. 2024). Notwithstand-
ing these issues, even our most pessimistic sensitivity analysis
suggested a SVMP flux that was 38% of our best estimate,
emphasizing that this sequestration pathway should be better
quantified rather than ignored.

Ecological and biogeochemical implications

The biological carbon pump in the Southern Ocean is
suggested to make a disproportionate contribution to car-
bon flux in the global ocean (Boyd et al. 2024). In addition
to the recognized impact of passively sinking particles such
as fecal pellets, carcasses, and molts as evidenced in prior
studies (Belcher et al. 2019; Cavan et al. 2019; Manno
et al. 2020; Décima et al. 2023), our study emphasizes the
significant role that zooplankton, through active processes
like seasonal vertical migration, can play in enhancing the
carbon flux to the deep Southern Ocean. Including these
key processes into Earth System Models and carbon budgets
would result in a better appreciation of carbon export and
sequestration and increased confidence when projecting
how the biological carbon pump will respond to climate
change (Henson et al. 2022).

Evidence from the Southern Ocean would suggest that car-
bon sequestration via sinking fecal pellets is likely to be more
important for large, swarming species like krill and salps than
for mesozooplankton (Belcher et al. 2019; Manno et al. 2020).
While krill fecal pellets are suggested to be more robust and
better at exporting carbon than those of salps, this is currently
under debate (Pauli et al. 2021; Décima et al. 2023). Notwith-
standing these uncertainties, metazoan grazers tend to have
higher carbon to iron ratios than their phytoplankton food,
thereby leading to relatively iron-rich pellets due to the lack of
a need to assimilate iron efficiently from their food (Schmidt
et al. 2016; Le Mézo and Galbraith 2021). This is important,
since sinking pellets would export iron in the “fecal iron
pump” alongside carbon, thereby removing limiting nutrients
(Le Mézo and Galbraith 2021). However, there is no such issue
with the SVMP (Jonasdottir et al. 2015), since respiration at
depth injects DIC directly to depth and mortality of carbon-
rich zooplankton at depth transports small quantities of iron
relative to carbon. Given the southwards range shifts of krill
and salps (Pakhomov et al. 2002; Atkinson et al. 2004;
Atkinson et al. 2022), coupled with increases in large cope-
pods (Ward et al. 2018), we may expect a shift in their relative
roles in the gravitational flux of pellets and mesopelagic
migrant flux, with implications for the export of limiting
nutrients as well as carbon.
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Climate change impacts the phenology of zooplankton as
well as their abundance and distributional range (Atkinson
et al. 2019; Ratnarajah et al. 2023), which can alter
zooplankton-related carbon export (Brun et al. 2019; Trinh
et al. 2023). For instance, the length of overwintering periods
for zooplankton in the Amundsen Sea polynya is shorter dur-
ing positive phases of the Southern Annular Mode (SAM) and
La Nina events than during negative SAM and El Nino years
(La et al. 2019). In the North Atlantic, a > 30% reduction in
overwintering duration of C. finmarchicus is projected, which
could diminish the efficiency of the SVMP (Wilson
et al. 2016). The decline in Arctic sea ice has been suggested to
keep zooplankton deeper for longer (Flores et al. 2023), but
this may be counteracted by reduced feeding opportunities in
surface waters (Sereide et al. 2010). These complexities under-
line a need for a more holistic understanding of climate
change impacts on high-latitude zooplankton, including a bet-
ter appreciation of how their contribution to the biological
carbon pump will be affected. Achieving this will require a
wider consideration of the seasonal vertical migration pump.
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