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A B S T R A C T

Seasonal changes in the zooplankton swimmer (those actively swimming into sediment traps) and faecal pellet
contribution to particulate organic carbon (POC) were analysed based on sediment trap samples deployed at
450m in the polynya region of Prydz Bay during March 2013–February 2014. The zooplankton swimmer flux
ranged from 6.18 ind m−2 day−1 to 20.00 ind m−2 day−1 and pteropods (mainly Limacina helicina) were the
most abundant group. Part of the L. helicina population could make a large contribution to the organic carbon
flux by passive sinking after death during the austral autumn and winter. The potential contribution of sinking L.
helicina to the POC flux could reach 15.21% during winter. Four types of faecal pellets were found: cylindrical,
round, ellipsoidal and ovoid. The faecal pellet carbon flux (0.01–4.36mg C m−2 day−1) contributed
5.54%–62.00% of the POC flux. Cylindrical faecal pellets, which had low abundance in winter but higher
abundance in the early austral summer, were attributed to the ice krill Euphausia crystallorophias. The faecal
pellet carbon flux showed a high value (1.03mg C m−2 day−1) but made little contribution (9.18%) to the POC
flux during early summer (December) in relation to the large amount of ungrazed algae. The high faecal pellet
carbon flux (1.98mg C m−2 day−1) during mid-summer (January) made the greatest contribution (62.00%) to
the POC flux. During autumn and winter, the faecal pellet carbon flux was low and ovoid pellets (mostly gen-
erated by L. helicina) were the most abundant. The occurrence of intact fresh pellets and faecal fluff (degraded
faecal pellets) in the winter samples suggested that zooplankton activities (diel vertical migration and frag-
mentation of faecal pellets) had an effect on the carbon flux. The results demonstrated that zooplankton could
play an important role in the carbon flux in the polynya region of Prydz Bay.

1. Introduction

The Southern Ocean is an important region of convergence for the
global ocean CO2 uptake through CO2 fixation by phytoplankton and
successive downward transport of particulate organic carbon (POC)
into the deep sea (Steinberg and Landry, 2017; Treguer and Pondaven,
2002). With rapid on-going changes in sea ice extent in some regions of
the Southern Ocean, the impact of these changes on the efficiency of
biological pumps is receiving more attention (Smith et al., 2011).

Zooplankton play a major role in determining the efficiency of the

biological carbon pump of the Southern Ocean via passive sinking of
moults, carcasses, and faecal pellets, and via activities such as grazing
on phytoplankton, diel vertical migration, respiration, and fragmenta-
tion of particles (Belcher et al., 2017; Cavan et al., 2017; Gleiber et al.,
2012; Manno et al., 2015; Sampei et al., 2012; Steinberg and Landry,
2017). Through grazing and egestion, zooplankton can repackage slow-
sinking single algae cells into fast-sinking faecal pellets, thereby pro-
moting the efficiency of the biological carbon pump (Gleiber et al.,
2012). Faecal pellets of zooplankton are largely considered an im-
portant contribution to the POC flux of the Southern Ocean (Belcher
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et al., 2017; Cavan et al., 2015; Gleiber et al., 2012; Manno et al.,
2015). The faecal pellets are primarily produced in the epipelagic layer
and sink passively into the deep ocean at various sinking rates and
degrees of degradation (Dagg et al., 2003). The fate of the faecal pellets
produced near the surface can be affected by some zooplankton-related
processes (Belcher et al., 2017). Faecal pellets could be reworked and
fragmented by zooplankton in the mesopelagic zone (full-time residents
or vertical migrators) during the process of sinking through coprophagy
(ingestion of faecal pellets) and coprohexy (fragmentation of faecal
pellets) (Hays, 2003; Iversen and Poulsen, 2007; Lampitt et al., 1990).
Moreover, some zooplankton feed near the surface at night and then
migrate vertically to deeper regions and egest pellets at depth during
the daytime (Cavan et al., 2015). This can result in a significant portion
of the POC being exported directly to the mesopelagic layer, thereby
preventing remineralization by the microbial community (Cavan et al.,
2015). The complexity of these interacting processes leads to a wide
range of values (from a few percent up to 99%) in evaluating the
contribution of faecal pellet carbon to the POC flux (Belcher et al.,
2017). The shape and characteristics of faecal pellets vary between
different zooplankton groups (Atkinson et al., 2012; Belcher et al.,
2017; Iversen et al., 2017; Yoon et al., 2001). The enumeration and
carbon quantification of faecal pellets according to differences in
morphology could help to reveal links between zooplankton and the
biological carbon pump (Gleiber et al., 2012; Manno et al., 2015).

Data on the seasonal dynamics of the zooplankton community are
important for discovering their contribution to the POC flux (Accornero
et al., 2003; Yokoi et al., 2018). However, conventional net sampling
methods are not possible for collecting zooplankton samples in ice-
covered regions, while the use of sediment traps to collect high-re-
solution time-series swimmer samples has recently been used for stu-
dies on zooplankton ecology in the polar ocean (Accornero et al., 2003;
Makabe et al., 2016; Matsuno et al., 2014; Sampei et al., 2009, 2012).
Zooplankton swimmers are zooplankton that swim actively into sedi-
ment traps and are then killed by the preservation solution in the traps
(Knauer et al., 1979). Some zooplankton swimmers collected in the
sediment traps, such as pteropods, have been shown to correlate well
with samples from nets, thereby indicating that sediment trap samples
can be representative of the biological community (Makabe et al.,
2016). Knowledge of the seasonal changes in the zooplankton swimmer
community could help us to not only understand the population dy-
namics of zooplankton (Makabe et al., 2010; Matsuno et al., 2014), but
also explain the role of zooplankton in influencing the carbon flux
(Sampei et al., 2012; Yokoi et al., 2018).

The Indian sector of the Southern Ocean may significantly con-
tribute to the carbon cycle there at levels comparable to the well-stu-
died Ross Sea region (Pilskaln et al., 2004). Prydz Bay is the largest
embayment in Antarctica in the Indian sector of the Southern Ocean.
The Prydz Bay polynya (an area of persistent open water) is one of the
most productive among those around Antarctica and has high primary
production and zooplankton abundance (Arrigo and van Dijken, 2003;
Yang et al., 2011). Geochemical particle fluxes in the Prydz Bay
polynya exhibit prominent seasonal patterns with the majority of the
total annual mass occurring in the austral summer (Han et al., 2018).
However, the contribution of zooplankton faecal pellets to the POC flux
and the seasonal dynamics of the swimmer community in the Prydz Bay
polynya are seldom reported.

Based on time-series sediment traps deployed in the polynya region
of Prydz Bay between March 2014 and February 2015, we analysed the
seasonal dynamics of the zooplankton swimmer community, along with
the faecal pellet flux and the contribution of faecal pellets to the POC.
The objective of our research was to understand the role that zoo-
plankton play in the biological carbon pump in the Prydz Bay polynya,
with particular emphasis on the contribution of zooplankton faecal
pellets to carbon export in the mesopelagic layer. Seasonal changes in
zooplankton swimmers were also considered to help understand the
faecal pellet flux.

2. Materials and methods

A moored sediment trap was deployed in a polynya region M7
(Fig. 1) of Prydz Bay between 27 February 2014 and 12 February 2015.
The sediment trap (McLane Parflux Sediment Traps, 0.5 m2 surface
collection area, McLane Labs, Falmouth, USA) carried 21 receiving
cups. The receiving cups were filled with 4% borate-buffered formalin
solution prior to deployment. The sediment trap was deployed at a
depth of 450m (bottom water depth: 620m). The sample carousel was
programmed to rotate at intervals of 30 days during the austral autumn
and winter (14-Mar to 9-Nov, 2014), 15 days in late austral summer
(27-Feb to 14-Mar, 2014) and early summer (9-Nov to 24-Nov, 2014),
and 7 days in mid-summer from 24-Nov 2014 to 12-Feb 2015. After
recovery, samples were stored at 2–4 °C in the dark for further analysis.
No current meter was bound to the mooring line. Previous research
showed that the mean current velocities at the mooring site were<
10 cm s−1 (Nunes Vaz and Lennon, 1996); thus, we assumed that the
lateral advection of the particulate material could be neglected (Manno
et al., 2015).

The 8-day Chl a concentrations were obtained from the European
Space Agency GlobColor Project at 4 a resolution of 4 km (http://
hermes.acri.fr/). We obtained data from the sea surface zone
(60×60 km) above the deployed sediment trap, which were used to
reflect the primary production status in the upper water column. Daily
ice distribution over an area of 25× 25 km covering the trap site was
retrieved from the University of Bremen at a spatial resolution of
3.125 km (http://www.iup.uni-bremen.de:8084/amsr2).

In this study, zooplankton swimmers were defined as zooplankton
that were able to swim actively into the sediment traps. In the la-
boratory, the samples were first sieved through a 1mm nylon mesh to
remove zooplankton greater than 1mm in size. The moults, carcases
and empty tests were returned to the sample for the POC analysis. The
remainder of each sample was divided into ten aliquots using a rotary
sample splitter (WSD-10, McLane, USA). One of the divided aliquots
was used for POC detection, one was used for faecal pellet analysis, one
aliquot was retained and the remaining aliquots were used for other
analyses (Han et al., 2018). The smaller zooplankton (< 1mm) from an

Fig. 1. Location of the sediment trap mooring site (M7) in the polynya region of
Prydz Bay.
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aliquot were used for identification and counting. The zooplankton
swimmers (both the> 1mm size group and<1mm size group) were
identified and counted under a dissecting microscope. In this study, we
assumed that all the collected organisms were swimmers, except for
moults, empty tests and individuals with damaged or decomposed
bodies which were considered sinkers (Danovaro et al., 2017; Matsuno
et al., 2014). Pteropods represented a large proportion of our zoo-
plankton samples. According to previous research, empty shells of
pteropods were considered sinkers while organisms with intact wings
were considered swimmers (Accornero et al., 2003; Manno et al.,
2007). The visibility of organic content, impression of shell transpar-
ency (transparent or opaque) and degradation of the shell were also
used to identify pteropod swimmers (Bauerfeind et al., 2014; Gerhardt
et al., 2000; Manno et al., 2007; Peck et al., 2016). However, owing to
the bad preservation state of pteropod shells in our samples (abundant
remnants of soft parts with broken shells and even without shells), we
could not accurately distinguish the active pteropod swimmers and
sinkers, except for the few empty shells (two in October) and pteropods
with intact wings (one in December and four in January). Thus, the
zooplankton swimmer flux (especially the pteropod flux) in this study
was overestimated. The flux of swimmers (ind. m−2 day−1) was cal-
culated using the following equation:

= × ×F N
s d
1 1

(1)

where F is the swimmer flux, N is the number of individuals in each
sample, s is the mouth area of the trap and d is the interval space be-
tween each sample.

The POC was measured by combustion in an elemental analyser
(vario MICRO cube, Elementar, Germany) after acid fumigation (Han
et al., 2018). Because there were no replicates, the POC value in this
study may have included a large bias (owing to the natural, in-
homogeneous distribution between the replicates during the splitting).
The fraction of the small zooplankton (< 1mm) swimmers (93.28% of
which were pteropods and small copepods) was not removed before the
POC analysis, so the POC value may have been overestimated because
the 1mm mesh would have allowed small zooplankton to pass through
the mesh into the POC aliquot. 71 pteropods (62 from spring-summer
and 9 from autumn-winter) and 40 small copepods (16 from spring-
summer and 24 from autumn-winter) were found in our sample from
small zooplankton (< 1mm) swimmer identifications. The organic
carbon of these pteropods and copepods from various seasons were
measured using an elemental analyser (vario MICRO cube, Elementar,
German). Based on the season-specific carbon content of small copepod
and pteropod and the flux of small swimmers, the contribution of small
swimmers to the POC value was minor (less than 2% of each sample).
Thus, the impact of small zooplankton swimmer on the POC value could
be neglected.

It should be noted that the recorded POC flux may have been un-
derestimated in this study because we could not accurately distinguish
the passively sinking pteropods and the active swimmers, as mentioned
above. To estimate the maximum potential contribution of passively
sinking pteropods to the POC flux, the pteropods in each sample except
for the few pteropods with intact wings (five in December and January)
were picked out and their POC content was measured using an ele-
mental analyser (vario MICRO cube, Elementar, Germany).

Faecal pellets of zooplankton were classified into different mor-
phological types and counted using a Zeiss microscope (Zeiss Discovery
V12). Following the literature, five types of zooplankton faecal pellets
were used: cylindrical, ellipsoidal, round, ovoid and tabular (Manno
et al., 2015). The cylindrical pellets were attributed to euphausiids and
large calanoid copepods (Atkinson et al., 2012). Ellipsoidal pellets have
been described as copepod pellets (Belcher et al., 2017). Round pellets
could be produced by small copepods and amphipods (Yoon et al.,
2001), while ovoid pellets were attributed to various zooplankton
groups, such as pteropods, chaetognaths and small copepods (Manno

et al., 2015). The large tabular pellets were usually considered to have
been egested by salps (Iversen et al., 2017). Because of the fragile
nature of tabular faecal pellets, this category was meant to be counted
first before splitting; however, no tabular faecal pellets were found in
this study. Some degraded faecal pellets that were difficult to quantify
were discarded prior to counting. After random detection of at least 200
faecal pellets per sample, the proportion of degraded faecal pellets
ranged from 1.33% to 8.33%.

The dimensions (length, width, and diameter) of the first 30–50
pellets of each morphological type observed for each sample were
measured using ImageJ software and the volume of a pellet was cal-
culated using the corresponding geometrical formulas of each pellet
type (Gleiber et al., 2012). For the estimation of the faecal pellet carbon
content, the season-specific faecal pellet carbon content (mg C mm−3)
for each pellet type (late spring to early autumn: October to April, late
autumn to the end of winter: May to September) determined in the
Scotia Sea (Southern Ocean) was used in this study (Manno et al.,
2015). The total number of pellets and total carbon for each month
were converted to pellet flux or pellet carbon flux by dividing by the
area of the sediment trap (0.5 m2) and the sample collection interval
(refer to Equation (1)).

In order to determine the significance of the differences in the
zooplankton swimmer community and faecal pellet flux in various
months and seasons (Autumn: March–May; Winter: June–August;
Spring: September–November; Summer: December–February), a non-
parametric ANOSIM (analysis of similarity, Bray-Curtis similarity, all
significance testing used α=0.05; Primer 6.0) was used. A Pearson
correlation analysis was performed to evaluate the influence of the
zooplankton swimmer community and faecal pellet flux on the POC flux
(SPSS 16.0). Kruskal-Wallis tests were used to compare the seasonal
differences in faecal pellet flux of the various faecal pellet categories
(SPSS 16.0).

3. Results

3.1. Seasonal changes in zooplankton swimmers

Large copepods included Metreidia gerlachei, Calanoides acutus,
Calanus propinquus and Paraeucheata antarctica, while small copepods
included Oithona similis, Ctenocalanus citer, Oncaea curvata and Oithona
frigida.

The zooplankton swimmer flux ranged from 6.18 ind m−2 day−1 in
March to 20.00 ind m−2 day−1 in July (Fig. 2). No significant differ-
ences in the zooplankton swimmer community were found among the
different months and seasons (ANOSIM, p > 0.05). Pteropods were the

Fig. 2. Intra-annual changes in the composition and abundance of zooplankton
swimmers.
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most abundant group and comprised 0.7%–90.0% of the total zoo-
plankton swimmer flux (Fig. 2). The significantly higher zooplankton
swimmer flux during the austral autumn-winter (May to September)
was primarily caused by the peak abundance of pteropods (mostly Li-
macina helicina) in these months (Fig. 2). Large copepods, primarily
Metridia gerlachei, made up the second most abundant group and
comprised 5%–67% of the total swimmer flux (Fig. 2). M. gerlachei
occurred in nearly all the swimmer samples, and their flux ranged from
0.40 ind m−2 day−1 to 8.67 ind m−2 day−1 (Appendix, Fig. 1). Small
copepods, mostly Oithona similis and Oncaea curvata, could contribute
as much as 40% of the total zooplankton swimmer flux (Fig. 2). Poly-
chaetes occurred in the austral spring and summer from October to
March (Fig. 2). Ice krill, Euphausia crystallorophias, showed relatively
high abundance with high proportions of younger stages (99.99%) from
November to January. Some adult stages of E. crystallorophias were also
found in March, May, and June (Fig. 2).

3.2. Seasonal patterns in faecal pellets and particulate organic carbon flux

The sea ice surface coverage from March to October was greater
than 90%, with the exception of April and September when the ice
coverage was rounded to 80% (Fig. 3). Ice began to retreat from No-
vember (ice coverage of rounded to 25%), while the austral summer
period (December, January and February) was nearly ice free (Fig. 3).
The average Chl a concentration in March 2014 was 5.08mgm−3

(Fig. 3). Owning to the ice or cloud cover, we could not obtain Chl a
data from satellite sensors during the austral autumn and winter (April
to October). The Chl a concentrations increased from 2.12mgm−3 in

November to higher than 4mgm−3 in December and January, and
reached the maximum of 6.78mgm−3 in February during our sampling
period (Fig. 3).

A double seasonal peak was found for the POC flux: one higher peak
occurred in March and a lower peak was found in December (Fig. 3).
The total POC fluxes ranged between a maximum of 21.07mg C m−2

day−1 in March and a minimum of 0.25mg C m−2 day−1 in September
(Fig. 3).

Similar seasonal patterns were also found for the faecal pellet
number and carbon flux, with a higher peak in March and a lower peak
in January (Fig. 3). The ANOSIM showed a significant difference in the
pellet flux between months (R=0.778, p < 0.01) and seasons
(R=0.441, p < 0.01). Meanwhile, the pellet carbon flux also showed
significant differences among months (R=0.818, p < 0.01) and sea-
sons (R=0.492, p < 0.01) based on the results of the ANOSIM. The
seasonal range in pellet flux varied between 136.53 FP m−2 day−1 and
10632.53 FP m−2 day−1 (Fig. 3), while the pellet carbon flux varied
between 0.01mg C m−2 day−1 and 4.36mg C m−2 day−1 (Fig. 3). The
pellet carbon flux was lower than 0.30mg C m−2 day−1 during autumn
and winter, from April to November (Fig. 3).

Faecal pellets of four categories (ovoid, ellipsoidal, round and cy-
lindrical) were found in this study and the relative abundance of the
different pellet types varied by season (Figs. 4 and 5). Round pellets
(from amphipods and small copepods) made large contributions to the
total number of pellets (more than 70%) and the total faecal pellet
carbon flux (more than 50%) during the austral summer from December
to February (Fig. 5). The results of the Kruskal-Wallis analysis showed
significant seasonal differences in the round pellet flux (H=11.82 and
H=12.83 for round pellet number and round pellet carbon flux, re-
spectively, both at p < 0.01). The diameters of 96.47% of the round
faecal pellets in our measured samples (n=877) were>100 μm
(Appendix, Fig. 2). In March, round (amphipods and small copepods)
and ovoid (pteropods and small copepods) pellets contributed rounded
to 45% and 40%, respectively, to the total number of faecal pellets,
while the cylindrical pellets (from krill and large copepods) contributed
almost 8% of the total faecal pellet assemblage (Fig. 5).

Cylindrical faecal pellets comprised more than 40% of the total
pellet carbon flux in October and November (Fig. 5). Ovoid faecal
pellets were the most abundant during the autumn–winter season (April
to October) and made up more than 75% of the total faecal pellet flux
and more than 70% of the total faecal pellet carbon flux (Fig. 5). Sig-
nificant seasonal differences were found in both the ovoid pellet flux
(H=12.01, p < 0.01) and ovoid pellet carbon flux (H=9.08,
p < 0.05) based on the Kruskal–Wallis analysis.

Except for January, when faecal pellets showed the greatest con-
tribution to the POC flux (62%), faecal pellets contributed around 20%
to the total POC flux in the spring and summer seasons, from October to
March (Fig. 3). In contrast, faecal pellets were only minor contributors
to the total POC flux during the autumn and winter seasons and the
contribution was mainly< 10% (Fig. 3).

POC was positively correlated with the faecal pellet flux (R=0.794,
p < 0.01) and faecal pellet carbon flux (R=0.882, p < 0.01), as
shown from the Pearson correlation analysis. No significant association
was found between POC and zooplankton swimmer abundance
(p > 0.05).

4. Discussion

4.1. Seasonal changes in zooplankton swimmers

Our swimmer samples showed that pteropods (mainly L. helicina)
were the dominant zooplankton taxa. They occurred in all months and
exhibited peak abundance in the austral autumn and winter (Fig. 2).
The dominance of pteropods as zooplankton components in the sedi-
ment trap was also found in previous studies conducted in the Southern
Ocean (Accornero et al., 2003; Collier et al., 2000).

Fig. 3. Intra-annual variability of (a) monthly averaged sea ice surface coverage
retrieved from the University of Bremen, monthly averaged Chl a concentration
(mg m−3) obtained from the European Space Agency GlobColour Project
(owing to sea ice and cloud coverage, we only obtained Chl a data from
November to March), and particulate organic carbon (POC) flux (mg C m−2

d−1), (b) Faecal pellet flux (n. FP m−2 d−1), faecal pellet carbon flux (mg C
m−2 d−1) and the contribution of faecal pellet carbon to POC. Error bars re-
present standard deviations.
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L. helicina, which is the dominant pteropod species in the Southern
Ocean, could make a large contribution to the vertical carbon flux
owing to their high grazing impact, fast sinking faecal pellets and rapid
settling of dead carcases (Hunt et al., 2008; Manno et al., 2010).
However, little is known about the life cycle of L. helicina in the
Southern Ocean because almost all studies were conducted during the
austral spring and summer seasons (Bednarsek et al., 2012; Hunt et al.,
2008). L. helicina are commonly considered to concentrate in the layers
between 200m and the surface within a one-year life cycle (Hunt et al.,
2008). Bednarsek et al. (2012) suggested that the species could reach an

age of at least three years in the Scotia Sea (Southern Ocean). Although
our L. helicina samples that were collected in the early summer (De-
cember and January) showed low total fluxes (Fig. 2), they were found
with intact wings and organs (five of the nine total pteropods). This
indicated that most L. helicina collected by the traps during the early
summer were swimmers (Collier et al., 2000). The higher fluxes in the
autumn and winter seasons in this study were similar to the results of
previous studies in the polynya of Terra Nova Bay (Ross Sea) and the
seasonal ice zone of Prydz Bay (Accornero et al., 2003; Collier et al.,
2000; Manno et al., 2007, 2010; Pilskaln et al., 2004). The mass sinking

Fig. 4. Representative images depicting the seasonal difference in pellet type, density and composition. (a) Early summer (November 2014): some faecal fluff
(indicated by the arrow) and cylindrical and ovoid faecal pellets; (b) Summer (January 2015): large amounts of ungrazed algae (indicated by the arrow) and round
faecal pellets; (c) Late summer (March 2014): round and ovoid faecal pellets with some ungrazed algae (indicated by the arrow); (d) Autumn-Winter (July 2014):
mostly faecal fluff (indicated by the arrow) associated with some ovoid faecal pellets.

Fig. 5. Intra-annual flux of different faecal pellet types (a: number; b: carbon).
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of pteropods was hypothesized to result from extensive mortality of the
population during the poor food conditions in autumn and winter
(Collier et al., 2000; Accornero et al., 2003). However, data from the
Lazarev Sea and Ross Sea indicated that L. helicina could keep feeding
with reduced metabolic activity during winter (Hunt et al., 2008). Fatty
acid biomarkers suggested that pteropods could switch their diet from
phytoplankton in spring and summer to degraded organic matter during
autumn and winter (Gannefors et al., 2005). The autumn and winter
peak of pteropods in the traps may also be explained by their escape
behaviour and seasonal migration to deeper layers (Accornero et al.,
2003; Gilmer and Harbison, 1986, Makabe et al., 2016). Pteropods were
assumed to stop swimming and sink rapidly after touching the mooring
lines in the water column and to then be captured by the traps
(Bednarsek et al., 2012, Makabe et al., 2016). Although a higher
abundance of pteropods was found in our winter samples, the syn-
chronous oval-pellet fluxes, which were supposedly produced by pter-
opods, did not match the intra-annual pattern of faecal pellets (Fig. 5).
This indicated that pteropods contributed less in terms of faecal pellets
to the POC flux during winter (July to September) compared with the
period from March to June (Fig. 5). Although few empty shells of
pteropods were found in autumn and winter in this study, compared
with previous studies in the Ross Sea (Accornero et al., 2003; Manno
et al., 2010), the large fractions of pteropods with opaque shells or
degraded bodies during winter agreed with previous findings sug-
gesting that L. helicina could significantly contribute to the organic
carbon flux in the Southern Ocean as passive sinkers during winter
(Accornero et al., 2003; Manno et al., 2010). Therefore, the POC flux,
particularly in winter in this study, may have been underestimated
owing to our inability to accurately distinguish passively sinking L.
helicina from swimmers. If all the pteropods were assumed to be sinkers
(except the few organisms with intact wings which were confirmed as
swimmers), then the potential contribution of passively sinking pter-
opods to the POC flux could reach 1.90%–15.21% during winter
(Appendix, Fig. 3).

M. gerlachei are considered a predominantly omnivorous species
that can feed actively even in winter, with less reliance on diapause at
depth (Atkinson, 1998). The higher abundance of M. gerlachei and high
proportions of adult and older copepodite stages in autumn, compared
with those in other seasons (Appendix, Fig. 1) was in line with previous
studies in the Weddell Sea. This may have been caused by the seasonal
migration to deeper water layers (Schnack-Schiel and Hagen, 1994).

The ice krill E. crystallorophias was reported in high abundance in
the Southern Ocean polynya region during the austral summer (Daly
and Zimmerman, 2004; Guglielmo et al., 2009; Yang et al., 2017). The
dominance of metanauplius stages in the total E. crystallorophias po-
pulation from November to January was similar to that of previous
studies and indicated the importance of polynya in regulating the re-
cruitment success of this species (Guglielmo et al., 2009; Yang et al.,
2011). The absence of adult krill in our summer trap samples but pre-
sence during autumn and winter were consistent with the shift in
feeding strategy from herbivory during summer (concentrating in the
surface water) to omnivory during winter (Nicol et al., 2004).

4.2. Contribution of different zooplankton taxa to faecal pellet flux

The total annual POC flux in the polynya region of Prydz Bay in this
study was comparable to those reported at similar depths in the Ross
Sea, continental shelf of the western Antarctic Peninsula, and
Amundsen shelf and Amundsen Sea polynya of the Southern Ocean
(Collier et al., 2000; Gleiber et al., 2012; Kim et al., 2015; Lee et al.,
2017). A notable pattern in this study was the double seasonal peak in
POC flux, which was also mirrored in the faecal pellet carbon flux
(Fig. 3). The faecal pellet carbon flux (0.01–4.36mg C m−2 day−1) and
the contribution to the total POC flux (5.54%–62.00%) were similar in
previous studies in the Southern Ocean (Gleiber et al., 2012).

In this study, ovoid faecal pellets contributed a monthly mean of

53.79% to the total faecal pellet carbon flux, followed by round
(26.26%) and cylindrical faecal pellets (14.28%, Fig. 5). The transition
patterns of the faecal pellets mainly reflected the shifts in the zoo-
plankton community dynamics. Cylindrical faecal pellets, with the
number of which was low in the austral winter and increased in the
early austral summer (Fig. 5), may have been attributed to the ice krill
E. crystallorophias. As the key component of the neritic region of the
Southern Ocean, E. crystallorophias mainly occurs in the upper 500m of
the water column (Daly and Zimmerman, 2004; Yang et al., 2017). This
species is reported to shift from omnivorous feeding in spring to pre-
dominantly herbivorous grazing in summer, and even carnivorous
feeding during winter. This allows them to survive the harsh season, but
with a decreasing growth rate and increasing intermoult periods (Nicol
et al., 2004). The pattern of the cylindrical faecal pellets in this study
(moderate values in autumn, low values in winter, and high values in
summer) showed good correspondence with the life cycle and feeding
strategies of E. crystallorophias.

During summer, zooplankton play a significant role in the export of
POC by feeding on phytoplankton and converting them to faecal pellets
(Gleiber et al., 2012). However, only a small fraction of the primary
producers could be grazed on by the predominant zooplankton species,
such as copepods and krill, during the phytoplankton bloom in Prydz
Bay (Li et al., 2001; Yang et al., 2013). Large amounts of ungrazed algae
were found in the summer samples (Fig. 4). Thus, it was not surprising
that the faecal pellet carbon flux was relatively high in November and
December, but the contribution to the POC flux was low (Fig. 3).

The round faecal pellets were the major factor influencing the pellet
flux in summer (Fig. 5). These types of pellets are usually produced by
small copepods, crustacean nauplii and amphipods (Yoon et al., 2001).
The diameters of the round faecal pellets in this study (Appendix,
Fig. 2) were mainly larger than those of the small pellets (30–100 μm),
which was suggested to be attributable to small copepods (Poulsen and
Kiorboe, 2006; Viitasalo et al., 1999). Meanwhile, most faecal pellets
produced by small copepods were reported to be recycled or reminer-
alized in the euphotic zone during sinking owing to their lower sinking
velocity (Dagg et al., 2003; Poulsen and Kiorboe, 2006; Viitasalo et al.,
1999). Therefore, despite the numerical dominance of small copepods
such as O. similis in the Prydz Bay polynya (Yang et al., 2011, 2017),
faecal pellets that they egested would not make important contributions
to the vertical carbon flux as suggested in previous studies (Svensen and
Nejstgaard, 2003).

The lower faecal pellet carbon flux in the autumn and winter sea-
sons compared with that in summer, was in agreement with previous
studies (Manno et al., 2015). This may be explained by the impacts of
food availability on faecal pellet production, which was manifested in
the field experiments (Atkinson et al., 2012). The ovoid faecal pellets
made a large contribution to the pellet carbon flux in the winter sam-
ples (Fig. 5). The configuration and dimension (length and diameter) of
most oval faecal pellets in winter were similar to those described as
‘oval B’ pellets in previous research. These were considered to have
been produced by the pteropod L. helicina (Accornero et al., 2003).
Thus, although high proportions of pteropods in winter were thought to
be sinkers in this study and in previous research (Accornero et al., 2003;
Manno et al., 2010), at least a small proportion of the pteropods may
have contributed in terms of faecal pellets to the POC flux in the
polynya region of Prydz Bay during winter.

The occurrence of intact and fresh pellets in our winter samples
suggested the presence of vertically migrating zooplankton, such as M.
gerlachei, which were found in the swimmer samples (Fig. 2). The diel
vertical migration of zooplankton could influence the carbon flux of the
mesopelagic zone substantially by releasing faecal pellets directly into
the mesopelagic layer, which would bypass the mineralization pro-
cesses in the upper water column (Wallace et al., 2013). Such active
flux of faecal pellets could occur even at midnight (Wallace et al.,
2013). The complexity of these activities resulted in a wide range of
values (< 1% to>100%) when evaluating the contribution of faecal
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pellets to the POC flux (Belcher et al., 2017).
Faecal fluff (degraded faecal pellets) also occurred in our trap

samples, especially in the winter season (Fig. 4). This indicated that
coprorhexy and coprophagy may have contributed to the attenuation of
the POC flux by fragmentation and consumption of faecal pellets
(Iversen and Poulsen, 2007; Lampitt et al., 1990). Small zooplankton
species have been reported to play significant roles in this process
(Belcher et al., 2017). Previous studies near South Georgia showed that
ovoid pellets were less fragmented compared with cylindrical and el-
liptical faecal pellets (Belcher et al., 2017). This may explain the higher
proportion of ovoid pellets compared with other pellet types in the
winter samples (Fig. 5). The contribution of faecal pellet carbon to the
POC could have been underestimated owing to difficulty in the quan-
tification of degraded faecal fluff (Wilson et al., 2008; Gleiber et al.,
2012).

We found that the maximum contribution of faecal pellet carbon to
POC was rounded to 60% in the austral summer (Fig. 3). This value is in
the upper range of those reported in the Southern Ocean (Gleiber et al.,
2012). Meanwhile, our results highlighted that pteropods in the role of
latent passive sinkers could contribute up to 15.21% of the POC flux in
August in the polynya of Prydz Bay. Because the Southern Ocean is
covered by sea ice for a considerable amount of time, in situ sampling is
hampered. An analysis of zooplankton swimmer samples collected
using sediment traps and concomitant observation of zooplankton be-
haviour based on acoustic measurements (Picco et al., 2017) should be
used in the future to better infer the contribution of different zoo-
plankton groups to the faecal pellet flux and carbon flux.
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