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ABSTRACT

Initiatives to study the impact of climate change on carbon sequestration in the sub-

antarctic Southern Ocean have led to regular research voyages and the establishment of

long-term moorings at the Southern Ocean Time Series site (47◦S, 140◦E) in the region. 
The subantarctic zone plays an important role in the physical uptake and sequestration

of carbon dioxide due to the formation and subduction of water masses. However, while

extensively studied in other parts of the world’s ocean, the biological production, transfor-

mation, and transport of particulate material is not well documented for the subantarctic

zone.

In particular, the role of zooplankton in the biological gravitational, mesopelagic-migrant,

and seasonal lipid pumps has received less attention. Current knowledge gaps extend 
across zooplankton species composition in subsurface waters and its seasonal develop-

ment, zooplankton mortality that leads to downward carbon flux by carcasses and quan-

tification of zooplankton respiration in the water column.

This thesis synthesises information on zooplankton and biogeochemistry in the subantarc-

tic Southern Ocean to study the zooplankton-mediated carbon pump, including data from

samples collected by deep-sea sediment traps, on field campaigns and from laboratory

measurements. The thesis is composed of a general introduction (Chapter 1), a literature

review (Chapter 2), three analysis chapters (Chapter 3-5) and a discussion, containing

synthesis and future research priorities (Chapter 6).

The second chapter reviews the role of zooplankton in establishing characteristic carbon

export regimes in the Southern Ocean. Two case studies, the Kerguelen Plateau (high

productivity, relatively low export) and the High-Nutrient Low-Chlorophyll waters south

of Australia (low primary productivity, relatively high downward export), illustrate the

importance of the zooplankton community composition, biomass and grazing for down-

ward carbon export. The third chapter presents a long-term time-series (>20 years) of



deep-sea zooplankton community composition data, collected as swimmers in sediment 
traps. Results indicate a decrease of abundance and diversity with increasing depth, low 
seasonality in zooplankton abundances and the absence of a long-term trend in the zoo-

plankton community. The fourth chapter shows the importance of zooplankton carcasses 
for downward biological carbon export in the subantarctic zone. Estimations of the carcass 
flux are sensitive to alteration of mortality rates and sinking speed, but less sensitive to a 
change in microbial decomposition rates. Finally, a newly developed research instrument 
to measure zooplankton respiration in the field is presented in Chapter 5. The light trap 
attracts zooplankton into the main chamber of the ZOORESPIRE, which closes after a 
pre-set time period. During the incubation phase their respiration in-situ as a decline 
in oxygen concentration over time, which will enable better quantification of respiration 
throughout the water column and especially in the under-studied mesopelagic zone.
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Chapter 1

Context of the thesis

1.1 Introduction

Anthropogenic greenhouse gas emissions affect the oceans on a global scale. Since the

Industrial Revolution in the late 18th century, humankind has emitted 440 ± 20 Pg

carbon as carbon dioxide into the atmosphere (Friedlingstein et al., 2019) and approxi-

mately half (48%) is taken up by the oceans (Sabine et al., 2004; Lindsey, 2020). Two

major processes are responsible for the uptake, transfer, and storage of carbon: (1) the

solubility pump that transports cold, dense water masses to depth together with nutri-

ents, carbon, and other elements, and (2) the BCP (Volk and Hoffert, 1985). The latter

has been studied intensively as a regulatory mechanism of atmospheric carbon dioxide

levels in the last three decades, as it is estimated to lower the CO2 concentration by

200 ppm (Parekh et al., 2006) and store carbon for decades or centuries (Sarmiento and

Gruber, 2006). The biological carbon pump (BCP) also links carbon fixation by primary

producers in surface waters via carbon export through the mid-water zone to carbon

storage in the ocean’s interior (Boyd et al., 2019). It is estimated that organic particles

transfer between 5 and 15 Pg carbon into the deep sea each year (Henson et al., 2011;

Falkowski et al., 1998; Boyd et al., 2019). This downward carbon flux not only regulates

atmospheric carbon dioxide but also introduces food to the deep sea fauna, which are de-

pendent on pulses of organic material to meet their physiological demands (Turner, 2002).
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1.1. INTRODUCTION

Figure 1.1: Circumpolar fronts in the Southern Ocean based on historical hydrographic
data and application of water-mass criteria to define their locations (Orsi et al., 1995).
The fronts are labelled from north to south: the Subtropical Front (STF), the Sub-
antarctic Front (SAF), the Polar Front (PF), the sACCF and the Southern Boundary
front (SBdy). This thesis is focused on the subantarctic zone between the STF and SAF.
Figure by Chapman et al. (2020)

.

The Southern Ocean plays an important role in the Earth’s climate and carbon cycle

(Sabine et al., 2004). Its water masses are divided by oceanographic fronts; i.e., steep

gradients in physical properties such as salinity and temperature (Orsi et al., 1995; Chap-

man et al., 2020, Figure 1.1). The Antarctic Circumpolar Current (ACC) connects and

ventilates all oceanic basins (Bowie et al., 2011b). Along the Antarctic continental shelf,

carbon dioxide is released back into the atmosphere due to upwelling of Circumpolar Deep

Water (CDW); a water mass that has not been in contact with the atmosphere for cen-
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1.2. THE ROLE OF ZOOPLANKTON IN THE OCEANIC CARBON PUMPS

turies (Bowie et al., 2011b; Frölicher et al., 2015; Khatiwala et al., 2009; Le Quéré et al.,

2008; Marinov et al., 2006; Orsi et al., 1995). The physical subduction of Antarctic Inter-

mediate Water (AAIW) by Subantarctic Mode Water (SAMW) close to the Subantarctic

Front, results in the transport of large amounts of carbon dioxide into the ocean interior

(Sabine et al., 2004). Consequently, while the Southern Ocean south of 30◦S only occupies

30% of the Earth’s surface, 43 ± 3% (42 ± 5 Pg C) of anthropogenic carbon dioxide re-

leased since 1861 has been taken up by the subantarctic Southern Ocean (Frölicher et al.,

2015). The subantarctic solubility pump has been studied extensively (Marinov et al.,

2006; Le Quéré et al., 2008; Bowie et al., 2011b), however, quantification of biologically-

mediated carbon transport has received less attention, focusing for example on the region

south of Australia in the vicinity of the Southern Ocean Time Series (SOTS) site at 47◦S

(Wynn-Edwards et al., 2020). Despite the focus on sites such as SOTS, the subantarc-

tic zone is in general one of the most understudied regions globally, as it is remote and

logistically challenging to sample (Trull et al., 2010). Sampling campaigns, such as the

Sensitivity of the sub-Antarctic zone to environmental change (SAZ-Sense) voyage in Jan-

uary/February 2007 and Southern Ocean Large Scale Carbon Export (SOLACE) voyage

in December 2020 to January 2021, are usually restricted to the summer season.

1.2 The role of zooplankton in the oceanic carbon

pumps

In the following section and chapters, I use the categories reported in Boyd et al. (2019) to

distinguish between different types of the BCP driven by zooplankton. In addition to the

biological gravitational pump (BGP), i.e. the passive sinking of particles, I also address

the mesopelagic-migrant pump (MMP) and the seasonal lipid pump (SLP), and highlight

the role the zooplankton community plays in each pump (Figure 1.2). Additionally, I

discuss zooplankton respiration as a major pathway for dissolved inorganic carbon flux.

1.2.1 The biological gravitational pump

Zooplankton contribute to the BGP by feeding on phytoplankton and producing fast-

sinking faecal pellets that transport carbon to the deep sea (Boyd et al., 2019; Steinberg

3



1.2. THE ROLE OF ZOOPLANKTON IN THE OCEANIC CARBON PUMPS

Figure 1.2: A simplified representation of the role of zooplankton in the downward carbon
pumps following Boyd et al. (2019). Phytoplankton fix carbon dioxide from the seawater
and are grazed upon by the upper ocean zooplankton community. As part of the BGP,
phytodetritus, i.e. dead phytoplankton cells, carcasses, and faecal pellets (FP) produced
by the community sink out of the epipelagic zone (0-200 m depth). As particles sink,
zooplankton at depth in the mesopelagic zone ingest, fragment, and repack particles into
faecal pellets. In addition, a subset of the zooplankton community performs diel vertical
migration each dusk and dawn, which actively injects particles (carcasses and faecal
pellets) to deeper waters and is termed the MMP. Zooplankton, such as polar calanoid
and neocalanoid copepods, migrate seasonally and stay at depths >500 m depth for the
duration of their dormancy. Individual species have different strategies; some copepods
ascend to the surface in spring to complete their life cycle and reproduce or remain at
depth and die. In the latter case, the mortality during and following dormancy leads to an
injection of carcasses, which is termed the SLP. Across the various carbon export pumps,
respired CO2 and the production of dissolved inorganic carbon (DIC), represents a major
carbon pathway. Depending on environmental factors and migration depth, respiration
can result in a significant downward flux of inorganic carbon (Hernández-León and Ikeda,
2005b).
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and Landry, 2017; Turner, 2002, 2015). In addition, non-consumptive mortality that is

not caused by predation leads to a passive downward flux of zooplankton carcasses (Hirst

and Kiørboe, 2002; Daase et al., 2014; Tang and Elliott, 2014).

The efficiency of the BGP mediated by zooplankton depends on several factors, such

as diet, food concentration and zooplankton species composition. For example, the lab-

oratory experiments by Hansen et al. (1996) found that faecal pellets of the copepod

Acartia tonsa resulting from a diatom diet were more dense and slower degrading com-

pared to animals on a flagellate diet. Sinking velocities of faecal pellets are influenced

by ballasting of biominerals e.g. opal and calcium carbonate obtained from diatom and

coccolithophorid diets, respectively (Turner, 2002). Consequently, downward particu-

late organic carbon (POC) export fluxes in the global ocean are correlated with mineral

fluxes, especially for carbonate ballasting (Turner, 2015; Armstrong et al., 2009; Klaas

and Archer, 2002; Francois et al., 2002). Additionally, zooplankton grazing increases sili-

cate production in diatoms by 100% (Pondaven et al., 2007), which increases the cell wall

silicification and, consequently, sinking speed and carbon export (Sanders et al., 2014).

Furthermore, phytoplankton abundance, i.e. food concentration, affects downward car-

bon export. For example, high feeding rates of Antarctic krill Euphausia superba caused

by high food concentration lead to a fast gut passage time with low food absorption(Atkinson

et al., 2012; Cavan et al., 2019a). In contrast, low food levels result in a fast flux of dense

faecal pellets with low carbon and nitrogen content (Atkinson et al., 2012; Cavan et al.,

2019a).

Similarly, the species composition of a zooplankton assemblage affects their role in the

BGP. While krill egest long chains of faecal matter, copepod pellets are smaller and more

compact (Cavan et al., 2017a). Consequently, krill pellets sink faster and contribute more

to downward carbon export than copepod pellets, which are more likely to be biologically

recycled in the upper water column (Turner, 2002, 2015; Urbin-Rich et al., 1999). In ad-

dition, fragmentation of faecal pellets by zooplankton ”sloppy feeding” decreases their

sinking speed and makes particles more accessible as food sources for smaller organisms

and the microbial loop (Giering et al., 2014; Hosie et al., 2003; Lampitt et al., 1990;

Steinberg and Landry, 2017; Turner, 2015). Half of the fast-sinking particles are ingested

and fragmented by zooplankton in the mesopelagic zone and a further 30% is released as
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suspended and slow-sinking material (Giering et al., 2014). The zooplankton community

acts as a gatekeeper of the downward particle flux into the ocean’s interior (Halfter et al.,

2020; Stukel et al., 2019), however, further studies of the mesopelagic community are

necessary to quantify their impact on particulate carbon export.

Zooplankton carcasses can be an important vehicle for carbon transport to the deep

sea. Hirst and Kiørboe (2002) estimated that one quarter to one third of copepod mor-

tality is due to non-predatory causes, such as starvation, environmental stressors, or

infections. Other factors can be death after reproduction or incomplete consumption by

predators (Daase et al., 2014). In oligotrophic regions, zooplankton carcasses may be

a particularly important food source during periods of low primary production (Forest

et al., 2007, 2008; Sampei et al., 2009). In addition, carcasses can contribute significantly

to downward carbon flux; e.g. Sampei et al. (2009) estimated that they represent 36%

of the overall downward POC flux in the Beaufort Sea in the Canadian Arctic. The con-

tribution of zooplankton carcasses to the BGP varies between seasons and regions and is

dependent on many factors, including species mortality rates, environmental conditions

(e.g. turbulence or phytoplankton concentration), and migration depth as discussed be-

low. To date, no data on zooplankton mortality rates or contribution to the downward

carbon export are available for the subantarctic Southern Ocean.

1.2.2 The mesopelagic-migrant pump

Diel vertical migration (DVM), i.e. residing by the day in deeper waters and ascending

to the surface to feed at night, is a predator avoidance behaviour displayed by many

zooplankton species (Zaret and Suffern, 1976; Stich and Lampert, 1981; Hays, 2003).

DVM leads to carbon respired, excreted, or egested in deeper water that then escapes

remineralisation in the euphotic zone (Giering et al., 2014; Lampitt et al., 1990; Stein-

berg and Landry, 2017). The magnitude of this MMP and its importance relative to

the BGP varies spatially and temporally and is dependent on the biomass and species

composition of the migrating community (Steinberg and Landry, 2017). On average, car-

bon transported by the MMP is between 15-20% of the BGP, but during periods of high

primary productivity or in areas with high zooplankton biomass, the active MMP flux is

equal to or exceeds the passive BGP flux (Robinson et al., 2010, and references therein).

6



1.2. THE ROLE OF ZOOPLANKTON IN THE OCEANIC CARBON PUMPS

Migration patterns also differ with zooplankton developmental stage and changes in re-

sponse to predation, food concentration, temperature, dissolved oxygen and endogenous

rhythm (Folt and Burns, 1999; Dagg et al., 1997). As a result of zooplankton migration,

predators such as fish also migrate within the mesopelagic zone to feed on zooplankton.

The gut passage in fish takes longer and their residence depth is usually deeper, hence,

their migration adds to the magnitude of the MMP (Davison et al., 2013; Klevjer et al.,

2016).

1.2.3 The seasonal lipid pump

On seasonal time scales, many zooplankton species perform vertical migrations below

the permanent thermocline (∼ 850 m in the northern Subantarctic Zone (SAZ), Jansen

et al., 2020) as part of their life cycle (Jónasdóttir et al., 2015). For example, copepods,

in the families Calanidae and Eucalanidae enter diapause in their late copepodite or adult

stage to avoid unfavourable conditions, such as low temperatures, lack of food and/or

abundant predators (Baumgartner and Tarrant, 2017). Although individuals go into

dormancy with low metabolic rates and, hence, low faecal pellet production, mortality

across the community results in an injection of carbon in the form of carcasses into deeper

waters (Bradford-Grieve et al., 2001; Jónasdóttir et al., 2015). In addition, the stored

lipids, such as wax esters, that have been accumulated during summer are catabolised

and respired to provide energy during dormancy (Baumgartner and Tarrant, 2017). In

contrast to the BGP, the SLP directly transfers carbon in the form of lipids (”lipid

shunt”), but not nitrogen below the permanent thermocline (Jónasdóttir et al., 2015).

The magnitude of POC transported seasonally is dependent on mesopelagic temperatures

and zooplankton population structure (Jónasdóttir et al., 2015). However, global esti-

mates of the downward carbon flux via the SLP are limited due to difficulties in sampling

and regional patchiness (Boyd et al., 2019; Jónasdóttir et al., 2015). Warming oceans

resulting from climate change are not only increasing diapause metabolic rates, but also

decreasing diapause duration, which could significantly reduce carbon sequestration by

seasonally-migrating zooplankton (Baumgartner and Tarrant, 2017).
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1.2.4 Zooplankton respiration

Zooplankton respiration is a transformation of POC into CO2 and then into DIC (Figure

1.2). Depending on the migration depth of zooplankton, respiration has the potential to

sequester carbon for longer than one year and longer if carbon is injected below the pyc-

nocline beneath the wintertime mixed layer, e.g. at >500 m at SOTS (Trull et al., 2019;

Boyd et al., 2019). In the Southern Ocean, zooplankton respire up to 0.6 Gt C per year,

which is 22-31% of the region’s primary production (Mayzaud and Pakhomov, 2014a).

Usually, 50% of the ingested carbon is respired by zooplankton, but this ratio is depen-

dent on several factors, such as body size or water temperature (Steinberg and Landry,

2017). For example, tropical and subtropical zooplankton have higher weight-specific

respiration rates than larger-sized polar species (Hernández-León and Ikeda, 2005a). In

addition, zooplankton diversity and abundance play an important role: e.g., Mayzaud

and Pakhomov (2014a) measured the highest respiration rates at highest diversity and

medium population density. Furthermore, mesopelagic copepods may have lower rates

than epipelagic as a function of lower temperatures and food concentration (Nishibe and

Ikeda, 2008) and daily migrating and actively feeding zooplankton have higher respira-

tory activities, than deeper-living, non-migrating plankton (Minutoli et al., 2014). As

zooplankton species biodiversity and physiology are still poorly understood, especially in

subsurface waters, the downward flux of DIC through the mesopelagic and below is not

well quantified in the subantarctic zone. Another issue for measuring respiration is the

indirect methodologies used. Either zooplankton are collected and the oxygen consump-

tion is measured in laboratory-based incubation experiments (e.g. Ikeda et al., 2006;

Hernández-León and Ikeda, 2005b) or their respiration rates are derived from enzyme

assays from the Electron Transfer System (ETS) (Hernández-León and Ikeda, 2005a).

Collection and handling of the animals can induce stress (Elliott and Tang, 2009) and,

hence, impact the respiration rates. To our knowledge, there is currently no tool available

to measure zooplankton respiration in-situ over a longer time period.

1.3 Knowledge gaps & thesis outline

In conclusion, while the biological carbon pump and the role that zooplankton play in

carbon export have been studied for several decades, knowledge gaps remain, in particular
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for the subantarctic zone. I identified the following aspects that require further research:

• Beyond species surface distribution data from Continuous Plankton Recorder (CPR)

deployments (e.g. Hunt and Hosie, 2003, 2006), little is known about the sub-surface

community in terms of ecology and biogeochemistry, particularly outside the main

sampling season in summer. Consequently, estimations of the downward carbon

export that is driven by zooplankton are restricted, as necessary information on

species biodiversity, abundance and ecology is lacking.

• While research on the zooplankton mediated BGP focuses on faecal pellets as con-

duits for carbon export, carcasses remain understudied. We lack both mortality

rates and quantification of the downward carbon flux by zooplankton carcasses in

the subantarctic zone.

• Zooplankton respiration during vertical migrations has the potential to contribute

significantly to the flux of inorganic carbon. However, respiration rates are rarely

quantified below the accessible epipelagic zone. Although methods are available

to measure zooplankton respiration in the laboratory, for example by incubating

organisms or performing enzyme assays, no tool currently measures respiration in-

situ, e.g. in the mesopelagic, and over an extended amount of time.

Consequently, this thesis is structured as follows (Figure 1.3):

Chapter 2 reviews the role of zooplankton in shaping downward POC export regimes

by comparing two case studies in the Southern Ocean and carbon export regimes: the

High-Biomass Low-Export (HBLE) region on the Kerguelen Plateau and the subantarctic

High-Nutrient Low-Chlorophyll (HNLC) region south of Australia that is characterised

by relatively high export. In particular, I focus on the effect of community composition,

grazing and faecal pellet production in the two carbon export regimes.

Chapter 3 presents long-term (>20 years) zooplankton data using deep-ocean sediment

traps from the Southern Ocean Time Series site as a tool for continuous data collection

in the lower mesopelagic and bathypelagic ocean and analyses the relationship of species

abundance and composition with downward particle flux. Commencing in 1997, this

time-series represents one of the longest records of zooplankton biodiversity data from

the deep sea.
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Chapter 4 explores the role of copepod carcasses in the downward POC flux of the

subantarctic Southern Ocean and highlights the importance of species ecology, including

seasonal vertical migration, for estimating carbon export.

Chapter 5 reveals the newly developed research tool ZOOplankton RESPiration in

the subsuRface OcEan (ZOORESPIRE) that has been designed to attract zooplankton,

using a light source, in the subsurface ocean and measure their respiration as a decline in

dissolved oxygen concentration in-situ. This chapter contains the technical description

of the device along with results of laboratory and field trials.

Finally, Chapter 6 synthesises the findings and highlights possibilities for future research

in the Southern Ocean carbon cycle.
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Figure 1.3: Overview of aims, study area, methodology and carbon pathways covered in chapters 2-6. Abbreviations as
follows: ZOOplankton RESPiration in the subsuRface OcEan (ZOORESPIRE), Southern Ocean Time Series (SOTS),
biological carbon pump (BCP), biological gravitational pump (BGP), mesopelagic-migrant pump (MMP), seasonal lipid
pump (SLP).
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Chapter 2

The role of zooplankton in establishing car-
bon export regimes in the Southern Ocean - a
comparison of two representative case studies
in the subantarctic region
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2.1. ABSTRACT

2.1 Abstract

Marine ecosystems regulate atmospheric carbon dioxide levels by transporting and stor-

ing photosynthetically fixed carbon in the ocean’s interior. In particular, the subantarctic

and polar frontal zones of the Southern Ocean are significant regions for physically-driven

carbon uptake due to mode water formation, although it is under-studied concerning

biologically-mediated uptake. Regional differences in dissolved iron concentrations lead

to variable carbon export from the base of the euphotic zone. Contrary to our under-

standing of export globally, where high productivity often results in high export, natu-

rally iron-fertilised regions exhibit low downward carbon export relative to their surface

productivity, while High-Nutrient Low-Chlorophyll (HNLC) waters emerge as significant

regions for carbon export. Zooplankton, an integral part of the oceanic food web, play

an important role in establishing these main carbon export regimes. In this mini review,

we explore this role further by focusing on the impact of grazing and the production of

faecal pellets on the downward carbon flux. The data coverage in the subantarctic re-

gion will be assessed by comparing two case studies - the iron-replete Kerguelen Plateau

and the HNLC region south of Australia. We then discuss challenges in evaluating the

contributions of zooplankton to carbon flux, namely gaps in seasonal coverage of sam-

pling campaigns, the use of non-standardized and biased methods and under-sampling

of the mesopelagic zone, an important area of carbon remineralisation. More integrated

approaches are necessary to improve present estimates of zooplankton-mediated carbon

export in the Southern Ocean.

2.2 Introduction

The fixation of inorganic carbon through photosynthesis by phytoplankton, and sub-

sequent export and sequestration to deeper waters, is termed the biological carbon

pump (BCP). Without this process, atmospheric CO2 levels would be 200 ppm higher

than they are today (Parekh et al., 2006; Henson et al., 2019), thus the BCP is a critical

component of climate regulation. Zooplankton are part of the BCP, via ingestion of lower

trophic levels, faecal pellet and carcass production and respiration of CO2 (Schnack-Schiel

and Isla, 2005; Steinberg and Landry, 2017; Turner, 2015). Furthermore, they actively

transport carbon below the thermocline during daily migration and seasonal descent to
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overwinter at depth (Boyd et al., 2019; Jónasdóttir et al., 2015; Klevjer et al., 2016;

Record et al., 2018; Steinberg and Landry, 2017). The role of zooplankton in the BCP

is well-studied in some parts of the global ocean, e.g. the North Atlantic and the oxygen

minimum zones in the Pacific (Cavan et al., 2017b; Jónasdóttir et al., 2015), however, is

less understood in the Southern Ocean.

The Southern Ocean plays a significant role in the functioning of the Earth system (Lump-

kin and Speer, 2007; Mayewski et al., 2009), and provides important ecosystem services,

such as climate regulation and nutrient recycling (MEA, 2005). The region between the

Subtropical Front and the Polar Front encompasses a large area of the Southern Ocean

(hereafter called the “subantarctic region”) and represents an important carbon sink, as

the formation of intermediate and mode waters in this region contributes notably to the

sequestration of atmospheric CO2 (Eriksen et al., 2018; Sabine et al., 2004; Orsi et al.,

1995). Large parts of the subantarctic region are characterised by HNLC conditions: low

dissolved iron concentrations in surface waters limit the uptake of macronutrients, such

as phosphate and nitrate, and hence, restrict phytoplankton growth (Bucciarelli et al.,

2001; Trull et al., 2001).

In contrast, naturally iron-fertilized regions such as downstream of the Kerguelen Plateau,

in the Indian sector of the Southern Ocean, are characterized by high primary production

(Cavagna et al., 2015; Mosseri et al., 2008). However, high production does not always

equate to high carbon export as estimated from global models (e.g. Dunne et al., 2005;

Laws et al., 2011) or sediment trap data (e.g. Marsay et al., 2015). Many reported an

inverse relationship between primary production and export efficiency for the Southern

Ocean (e.g Cavan et al., 2015; Laurenceau-Cornec et al., 2015; Le Moigne et al., 2016;

Maiti et al., 2013), which can be found at our study sites as well. While the Kergue-

len Plateau is characterized as a High-Biomass Low-Export (HBLE) region, the HNLC

waters exhibit a relatively high carbon export below the mixed layer (Ebersbach et al.,

2011; Lam and Bishop, 2007; Rembauville et al., 2015a; Trull et al., 2001). This mini

review aims to understand the role that zooplankton play in establishing the characteris-

tic carbon export regimes in the Southern Ocean by grazing on lower trophic levels and

forming and repackaging sinking particles (Lam and Bishop, 2007). After a summary of

the current state of knowledge, we also list contemporary knowledge gaps and propose

future research priorities.
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2.3 Two contrasting downward export regions

The Kerguelen Plateau, located on the 70◦E meridian, forms a naturally iron-fertilized

region in the Polar Frontal Zone (PFZ) at the border of the Antarctic zone, with dis-

solved iron concentrations ranging from 0.45 to 0.7 nM in spring, decreasing to 0.09 nM

in late summer due to phytoplankton growth (Table 2.1) (Blain et al., 2001, 2008). This

review focuses on the northern Kerguelen Plateau, which is separated from the southern

part by the Fawn Trough at around 56◦S (Koubbi et al., 2016; Park et al., 2014). The

seafloor topography forces the Antarctic Polar Front to pass above the plateau south

of the Kerguelen Islands, which introduces iron from the sediments (Blain et al., 2001),

and leads to intensive seasonal phytoplankton blooms downstream of the plateau, with

peaks of more than 2.5 mg Chl a m−3 (Blain et al., 2007, 2013; Rembauville et al., 2015a;

Schallenberg et al., 2018). Blooms over the shallow plateau last the whole summer, while

the bloom period over deep waters is only observed in spring for 1 month (Schallenberg

et al., 2018). The dominating phytoplankton are diatoms and dinoflagellates (Armand

et al., 2008; Christaki et al., 2008, 2015; Lasbleiz et al., 2016). The zooplankton com-

munity consists of large and medium-sized calanoid copepods and small copepods in the

family Oithonidae (Figure 2.1) (Carlotti et al., 2015). Non-copepod taxa account for

4-8% of the total zooplankton community, though pteropods can be abundant over the

shelf (Carlotti et al., 2015, 7-12% of total abundance). Although the biomass in the

pelagic ecosystem is high, the export flux is generally low (<0.5 mmol POC m−2 d−1, 289

m depth), except for short-lived (<14 days) export pulses in summer (up to 1.6 mmol

m−2 d−1) (Rembauville et al., 2014). Hence, the Kerguelen Plateau is considered to be

an HBLE environment (Lam and Bishop, 2007; Rembauville et al., 2014).

In comparison to the Kerguelen Plateau, the HNLC waters south of Australia exhibit

lower dissolved iron concentrations and phytoplankton biomass, but relatively higher

downward particulate organic carbon (POC) export flux (Table 2.1). We focus on the

region around the Southern Ocean Time Series (SOTS) site at 142◦E and 47◦S, which

is representative of a broad HNLC region of the Subantarctic Zone (SAZ) between 90◦E
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and 140◦E (Sedwick et al., 1999; Shadwick et al., 2015). Phytoplankton growth is limited

by low dissolved iron (0.05-0.11 nM in summer/autumn and insufficient light conditions

due to high cloud cover (Cassar et al., 2011; Sedwick et al., 1999). The phytoplankton

community is dominated by nanoplankton and picoplankton, coccolithophorids and other

prymnesiophytes (such as Phaeocystis antarctica), cyanobacteria and autotrophic flagel-

lates (Trull et al., 2001; Kopczynska et al., 2001; Odate and Fukuchi, 1995; Eriksen et al.,

2018). Diatoms are mostly lightly silicified pennate diatom species rather than centric

forms (de Salas et al., 2011). Phytoplankton biomass is low throughout the year, with

chlorophyll a values generally below 0.6 mg m−3 (Trull et al., 2019). This has implications

for zooplankton, which is dominated by the copepod Oithona similis, foraminiferans, and

appendicularians (Hunt and Hosie, 2006), rather than a community of calanoid copepods

that are not able to accumulate enough resources to complete their life cycles. During

summer, a small number of species of calanoid copepods, along with the pteropods Li-

macina spp. and regionally large blooms of the salp Salpa thompsoni, are also observed

(Figure 2.1) (Hunt and Hosie, 2006). Though primary production is low in surface wa-

ters, the total flux of POC is relatively high, e.g., 3.3 ± 1.8 mmol POC m−2 d−1 at 150

m water depth, measured with free-drifting PPS 3/3 sediment traps (Ebersbach et al.,

2011).
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Table 2.1: Comparison of environmental parameters and planktonic groups between the HBLE Kerguelen Plateau and
the HNLC waters south of Australia. Examples of downward carbon flux and e-ratios in the two regions are also given.
The POC fluxes are estimated from polyacrylamide gel traps at 200 ± 10 m and 240 m depth on the Kerguelen Plateau
and in the HNLC region, respectively. The e-ratio is an indicator for export efficiency and is calculated as the ratio
between POC flux and primary productivity. Note that Laurenceau-Cornec et al. (2015) use net primary productivity
in the euphotic zone to calculate the e-ratio, while Ebersbach et al. (2011) use gross primary productivity.

Parameter Kerguelen Plateau HNLC waters

Dissolved iron levels 0.45 nM (spring), 0.09 nM (summer)
(1)−(2)

0.05-0.11 nM (summer/autumn) (3)

Phytoplankton biomass High (>2.5 mg Chl a m−3) (4) Low (<0.6 mg Chl a m−3) (5)

Dominant phytoplankton Diatoms & dinoflagellates (6)−(9) Coccolithophorids & other prymne-
siophytes, cyanobacteria, autotrophic
flagellates & pennate diatoms (10)−(14)

Dominant zooplankton Large and medium-sized calanoid cope-
pods, Oithonidae, pteropods (15)

Oithona similis, foraminiferans, ap-
pendicularians, calanoid copepods,
pteropods & salps (16)

POC fluxes 66 mg C m−2 d−1 (17) (a) 127.2 mg C m−2 d−1 (18)

e-ratio 0.03 (17) (a) 0.16 (18) (b)

(1) Blain et al. (2001), (2) Blain et al. (2008), (3) Cassar et al. (2011), (4) Blain et al. (2007),
(5) Trull et al. (2019), (6) Armand et al. (2008), (7) Christaki et al. (2008), (8) Christaki et al. (2015),

(9) Lasbleiz et al. (2016), (10) Trull et al. (2001), (11) Kopczynska et al. (2001), (12) Odate and Fukuchi (1995),
(13) Eriksen et al. (2018), (14) de Salas et al. (2011), (15) Carlotti et al. (2015), (16) Hunt and Hosie (2006),

(17) Laurenceau-Cornec et al. (2015), (18) Ebersbach et al. (2011).
(a) High phytoplankton biomass site (A3-2), (b) SOTS site

.
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2.4 Contributions of zooplankton to downward

carbon flux in the subantarctic region

2.4.1 The northern Kerguelen Plateau

On the Kerguelen Plateau, zooplankton biomass increases 4-fold from winter (July-

August) to mid-summer (February) (Carlotti et al., 2015; Razouls et al., 1996; Semelkina,

1993). This is caused by (1) seasonal ontogenetic migrations by large calanoid copepods,

such as Rhincalanus gigas and Calanoides acutus, which spend winter in diapause in

deeper waters and ascend to surface in spring and (2) an increase in other species, e.g.

Calanus simillimus and the smaller Oithona spp., that resume their population devel-

opment from survivors of previous years to start reproduction in spring following the

phytoplankton bloom (Carlotti et al., 2015; Schnack-Schiel, 2001; Atkinson, 1998). Re-

markably, mesozooplankton (200 µm - 20 mm) consume only a small fraction of the

phytoplankton biomass directly; e.g. Sarthou et al. (2008) measured a low ingestion of

1-10% of total Chl a d−1 by copepods in summer. In contrast, they are known to control

protist growth by grazing (Carlotti et al., 2008). Heterotrophic protists, such as ciliates

and some dinoflagellates in turn reduce the standing stock of pico- and nanophytoplank-

ton and diatoms through grazing (Calbet, 2008; Calbet and Landry, 2004; Peloquin et al.,

2011; Quéguiner, 2013). The grazing pressure by mesozooplankton on protozooplankton

releases the top-down control on diatoms and favors phytoplankton blooms dominated

by large diatoms (Carlotti et al., 2015; Henjes et al., 2007).

Additionally, zooplankton ingest and fragment particles, which enhances subsequent mi-

crobial respiration and increases the recycling of nutrients, e.g. iron (Sarthou et al., 2008)

and ammonium (Mosseri et al., 2008). Grazing not only affects nutrient levels in surface

waters but also the efficiency of carbon transfer (Dagg et al., 2014). The omnivorous and

detritivorous zooplankton community acts as a “gate-keeper” in the mesopelagic zone

(Figure 2.1): They ingest and fragment phytoplankton aggregates and faecal pellets that

are quickly remineralised and retained in the surface layer (Dagg et al., 2014; Iversen and

Poulsen, 2007; Quéguiner, 2013). Predominantly omnivorous and detritivorous copepod

species in the genera Oithona and Oncaea/Triconia link the classical food web to the mi-

crobial loop (Atkinson, 1998; Pasternak et al., 2009). This efficient transfer of carbon to
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higher trophic levels or the microbial loop in surface waters leads to low export flux dur-

ing most of the year and establishes the HBLE characteristics on the Kerguelen Plateau

(Rembauville et al., 2015a, 2014). Despite the dominance of the downward carbon flux

by faecal pellets in early spring (56 ± 19% of total carbon flux, 200 m depth Laurenceau-

Cornec et al., 2015), the faecal pellet flux decreases rapidly with depth, while diatom

resting spores (resistant to grazing Davis et al., 1980; Salter et al., 2012; Smetacek, 1985)

and detrital aggregates dominate the deeper flux at 289 m depth (Cavan et al., 2019b).

This indicates preferential reprocessing and remineralisation of faecal material over other

particles in the mixed layer and upper mesopelagic, which leads to a lower faecal pel-

let flux similar to other iron-fertilized regions, e.g. South Georgia (Cavan et al., 2015;

Rembauville et al., 2015a; Blain et al., 2013).

2.4.2 HNLC waters south of Australia

The dominance of protozooplankton, small copepods and patchy salp blooms in HNLC

waters, rather than a diverse and abundant mesozooplankton community as on the north-

ern Kerguelen Plateau, results in control of the low phytoplankton biomass by protist

grazing, and efficient remineralization of carbon and nutrients in the upper water column

(Figure 2.1) (Atkinson et al., 2004; Landry et al., 2002; Mayzaud et al., 2002; Pakho-

mov et al., 2002). Considering the omnivorous and detritivorous diet of Oithona similis

(Takahashi et al., 2010), it would be expected that the POC export out of the epipelagic

zone would be low, as ingestion and fragmentation of sinking particles increase the par-

ticle flux attenuation. However, studies such as Sensitivity of the sub-Antarctic zone

to environmental change (SAZ-Sense) in January/February 2007 have shown a relatively

high POC transfer efficiency out of the mixed layer in the HNLC waters around SOTS, in

comparison to other sites in the Subantarctic Zone (SAZ) with higher dissolved iron lev-

els or in the PFZ with a diatom-dominated phytoplankton community (Ebersbach et al.,

2011). Even though the POC concentration was low at the surface (5.2 ± 0.9 mmol m−2

d−1), the carbon export flux at SOTS was highest in both gel traps (8.1 mmol m−2 d−1

at 290 m water depth) and PPS 3/3 sediment traps (3.3 ± 1.8 mmol m−2 d−1 at 150 m

water depth) (Ebersbach et al., 2011).

The two main differences from the Kerguelen Plateau that cause the higher relative and
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Figure 2.1: The zooplankton-mediated carbon cycle in summer on the naturally iron-
fertilized Kerguelen Plateau (panel a) compared to the HNLC waters around SOTS (panel
b). On the Kerguelen Plateau, high dissolved iron levels promote high chlorophyll a levels
as a proxy for algal biomass at the surface. The diverse zooplankton community feeds on
the sinking particle flux and acts as a “gate-keeper” to the deeper ocean by ingesting and
fragmenting sinking particles and, consequently, significantly reducing the export flux out
of the epipelagic. The main downward export particles are diatom resting spores, which
bypass the intense grazing pressure, followed by faecal pellets. At SOTS, dissolved iron
levels are lower than on the Kerguelen Plateau, but support a more diverse phytoplank-
ton community, but with lower biomass, which, in turn, affects zooplankton community
composition and biomass. The grazing pressure during summer is focused mostly on
picoplankton, while larger particles are exported directly. Grazing and fragmentation of
particles at both sites increases nutrient recycling in the upper water column. Challenges
and knowledge gaps in aspects of the zooplankton-mediated carbon pump are highlighted.

total export flux in HNLC waters are the community composition and size-partitioning

of zooplankton (Figure 2.1). The dominant microzooplankton (20-200 µm) and het-

erotrophic nanoflagellates at SOTS can consume 82% of the primary production per day

in summer (Pearce et al., 2011). This is in line with Trull et al. (2019), who estimated a

10-fold higher grazing pressure in December compared to September as a function of zoo-

plankton biomass. This grazing pressure focuses mostly on the picoplankton size fraction

(0.2 - 2 µm), which leaves phytoplankton aggregates and other large particles for export
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below the mixed layer (Pearce et al., 2011). Omnivorous and detritivorous copepods are

not as abundant as on the Kerguelen Plateau, which limits their abilities to efficiently

reduce the sinking flux. Consequently, more particles (11-53% of the primary production

Jacquet et al., 2011) are exported from HNLC surface waters (Figure 2.1), predominantly

as faecal aggregates (pellets and faecal material reaggregated with phytodetritus Ebers-

bach and Trull, 2008; Laurenceau-Cornec et al., 2015).

Our findings indicate that species composition and size-partitioning of zooplankton are

important factors in modifying the downward carbon flux and establishing a regime of

low biomass at the surface but with relatively high carbon transfer efficiency. Hence,

zooplankton play a more important role in the export regimes in the subantarctic region

than previously thought. However, common algorithms to estimate the carbon export

efficiency in the Southern Ocean, such as by Arteaga et al. (2018) or Britten et al. (2017),

only include temperature, net primary production or silicate concentration and do not

contain a zooplankton term. In contrast, our findings show that zooplankton, while being

influenced by their physical environment and food availability, also control lower trophic

levels and carbon export efficiency. Future research efforts should therefore focus on in-

cluding zooplankton in the algorithms, for example as size fractions or a proportion of

trophic mode (e.g. ratio between zooplankton herbivory versus detritivory zooplankton),

and improve our estimation of carbon uptake by the Southern Ocean.

2.5 Challenges and knowledge gaps

2.5.1 Comparability of methods, under-sampling of
small-sized zooplankton and insufficient seasonal coverage

Different methodologies make it difficult to compare the zooplankton species composition

and biomass between the subantarctic regions. Ship-based net deployments are tempo-

rally and spatially limited, but provide higher vertical resolution in the water column,

while the Continuous Plankton Recorder (CPR) covers a large geographical area but

only provides surface data and under-samples the vertical migrating community during

the day (Carlotti et al., 2015, 2008; Dippner and Krause, 2013). Acoustic data provides

information on distribution and biomass of certain size fractions over the whole annual
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cycle, but cannot provide species composition data (Trull et al., 2019). It is also im-

portant to note that both the CPR (silk mesh size 270 µm) and standard zooplankton

nets with a mesh size of >200 µm are known to under-sample smaller-sized zooplank-

ton, e.g. Oithonidae and copepodite stages (Gallienne and Robins, 2001) that dominate

the community in HNLC waters. Finally, limited access to the subantarctic region due

to logistical constraints results in a lack of winter data, as the sampling campaigns by

research and supply vessels are mostly focused on the summer season.

2.5.2 Understudied carbon pathways – zooplankton carcass
and migratory flux

As the literature on other high latitude systems suggests, zooplankton carcass flux can be

a seasonally significant contribution to total carbon flux (Daase et al., 2014; Sampei et al.,

2012; Tang et al., 2014). However, data on drivers and rates of mortality and carcass

flux from the Southern Ocean are currently not available. The lack of data could lead

to an underestimation of downward carbon flux, especially in the HNLC waters, where

fast-sinking salp blooms could significantly increase the downward carbon flux as “jelly

falls”, e.g. by 330% in the Tasman Sea further north (Henschke et al., 2013). Similarly,

active transport of carbon by zooplankton, both by diel and seasonal vertical migrators,

is not well understood. Translating the seasonal changes in the distribution of acoustic

scattering layers into transported carbon is not possible without information on species

composition (Trull et al., 2019).

2.5.3 The “black box”: the mesopelagic zone

The transfer efficiency of organic matter through the mesopelagic (200-1000 m depth) is

driven by plankton species composition in the epi- and mesopelagic (Lam et al., 2011).

Studies such as Liszka et al. (2019), Manno et al. (2015) and Marsay et al. (2015) suggest

that vertical distribution of zooplankton, community composition, and feeding behav-

ior, along with temperature in the mesopelagic, are important in shaping the downward

carbon flux. However, mesopelagic processes, such as respiration and remineralisation

of organic material and food web interactions, are not well understood (Robinson et al.,

2010). Sampling campaigns in both regions rarely include the mesopelagic: while zoo-
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plankton studies on the Kerguelen Plateau focus on the upper 300 m of the water column,

zooplankton data in the HNLC waters around SOTS were either collected from surface

waters or from deeper, moored sediment traps. To increase our understanding of inter-

actions between mesopelagic zooplankton, protists and bacteria, and their influence on

particle formation and remineralisation, future sampling campaigns need to focus on the

mesopelagic.

2.6 Conclusion and outlook

Zooplankton play an important role in the downward carbon flux of both subantarctic

regions. On the Kerguelen Plateau, grazing by the mesozooplankton community limits

protozooplankton growth, which releases the grazing pressure on phytoplankton. Zoo-

plankton also fragment particles, leading to increased nutrient recycling, and contribute

to the carbon flux by producing faecal pellets. High rates of omnivory and detritivory

result in a low export flux and establish the HBLE conditions on the plateau. In contrast,

the dominance of smaller-sized zooplankton and heterotrophic protists in HNLC waters

leads to high grazing pressure on picoplankton, which leaves large aggregates and faecal

pellets for export. The lower total abundance of detritus-feeders results in a larger ex-

port of faecal aggregates. Knowledge gaps, resulting from limited seasonal coverage, non-

standardization and bias of methods between sampling campaigns, and under-sampling

of the mesopelagic zone, impede our understanding of zooplankton-mediated carbon flux,

especially of the carcass and migratory flux. To predict future changes in marine carbon

storage efficiency, it is important to focus research efforts on the zooplankton-mediated

carbon flux. The inclusion of, for example, zooplankton size fractions or trophic modes

in algorithms can refine predictions of carbon export in the Southern Ocean. More in-

tegrated research approaches, e.g. using the network of biogeochemical Argo floats in

combination with stationary moorings (e.g. Rembauville et al., 2017; Trull et al., 2019),

are necessary to improve inter-seasonal and spatial data coverage of the Biological Carbon

Pump in the Southern Ocean.
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Chapter 3

What over 20 years of zooplankton swimmer
data can tell us about ecosystem variability
and carbon export in the subantarctic South-
ern Ocean
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3.1. ABSTRACT

3.1 Abstract

Despite playing an important role in the food webs and carbon cycle of the Southern

Ocean, zooplankton biodiversity and dynamics in subsurface waters remain largely un-

derstudied. Our understanding of temporal variability in the zooplankton community

is hampered by logistical constraints that come with working in this remote oceanic re-

gion. In this chapter, I present a multi-decadal time-series of zooplankton swimmers

intercepted by moored sediment traps at 1000, 2000, and 3800/3900 m depth; tools that

are usually used to measure time-series in downward particle flux. In contrast to passive

sinking particles, swimmers are organisms that actively enter the traps and are immedi-

ately preserved. At the Southern Ocean Time Series (SOTS) site (47◦S, 140◦E) in the

subantarctic zone, sediment traps have been deployed in the meso- and bathypelagic zone

since 1997, resulting in one of the longest time-series for deep-sea zooplankton. Analysis of

the archive from 1997-2020 indicates that the zooplankton community was dominated by

copepods, amphipods, and molluscs (mainly pteropods), and their abundance and diver-

sity decreased with depth. For most taxa, no significant seasonal increase in abundance

during summer was found. Generalised Additive Models showed that the relationship

between species abundance and diversity and the flux parameters (PC, POC, PIC, PN,

and BSi) is significant, although non-linear in most cases. Hence, additional drivers for

species abundance and diversity need to be considered to explain these trends. Finally,

I present biases associated with sediment traps if they are to be used to collect deep-sea

zooplankton data, along with a discussion of opportunities for future integration of sed-

iment traps into zooplankton monitoring programs and using swimmers as indicators of

future ecosystem change in the subantarctic Southern Ocean.

3.2 Introduction

The Southern Ocean plays an important role in the Earth’s climate system. Although it

occupies 30% of the global ocean surface area, it is responsible for the uptake of 43% ±
3% of anthropogenic carbon dioxide (CO2) and 75% ± 22% of excessive heat (Frölicher

et al., 2015). The Subantarctic Zone (SAZ) encompasses >50% of the Southern Ocean

(Orsi et al., 1995). It is characterised by HNLC conditions, with low year-round primary

production despite high concentrations of nitrate and phosphate (Bucciarelli et al., 2001).
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For the phytoplankton, this is caused by silicate and iron limitation (Blain et al., 2001)

and light limitation due to deep winter mixing (Bucciarelli et al., 2001; Trull et al., 2001).

However, the Subantarctic Zone (SAZ) is an important oceanic carbon sink (Shadwick

et al., 2015; Wynn-Edwards et al., 2020), driven by physical dissolution, i.e. the solubility

pump (Marinov et al., 2006; Wilks et al., 2017; Trull et al., 2001), and by carbon fixation

by phytoplankton and subsequent downward particle export, i.e. the biological carbon

pump (BCP). While the significance of the SAZ for oceanic carbon and heat storage

is widely accepted, research on the efficiency of the biological pump is still limited by

logistical challenges caused by the region’s remoteness (Trull et al., 2010).

To overcome logistical restrictions in observations of biogenic downward flux, sediment

traps have been deployed to investigate the time-series of composition and temporal vari-

ability in particle flux (Trull et al., 2001; Buesseler et al., 2007a). In other regions of the

global ocean, for example in the Mediterranean Sea and Monterey Bay, they were also

used as a tool to understand interseasonal and interannual changes in zooplankton species

composition (Danovaro et al., 2017; Howard et al., 2011; Matsuno et al., 2015; Michaels

et al., 1990). The zooplankton community performs an important role in the BCP by

ingesting and fragmenting sinking particles, repacking material into fast-sinking faecal

pellets, and performing vertical migrations, which actively pump carbon into the deep-

sea (Steinberg and Landry, 2017; Turner, 2002, 2015). Therefore, zooplankton abundance

and biodiversity affect and control processes such as POC attenuation and sequestration

(Cavan et al., 2019b; Liszka et al., 2019; Steinberg and Landry, 2017; Stukel et al., 2019).

Zooplankton ”swimmers”, i.e. zooplankton that actively enter the sediment trap and

are immediately preserved, have been largely seen as contamination, as they can increase

the downward carbon flux estimation by ∼87% (Ivory et al., 2014) and are usually re-

moved prior to particle analysis (Danovaro et al., 2017; Karl and Knauer, 1989; Knauer

et al., 1979; Lee et al., 1992). In contrast, swimmer abundance and biodiversity can serve

as indicators for a changing environment (Danovaro et al., 2017). Total numbers and

relative species richness varies over season and between years, depending on zooplank-

ton abundance in the water column, their behaviour and characteristics, sinking rates,

hydrodynamic features, such as underwater currents (Danovaro et al., 2017; Harbison

and Gilmer, 1986; Peterson and Dam, 1990), as well as general location and depth of

the trap (Matsuno et al., 2015; Romano et al., 2017), trap design and preservative used
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(Kraft et al., 2010). Therefore, the species composition and abundance of zooplankton

swimmers provide insight into temporal dynamics and ecology in addition to changes in

environmental conditions, both at the surface and at depth.

The aims of this chapter are:

• A description of swimmer abundance and diversity data from the deep-sea

(1000, 2000, and 3800/3900 m depth) sediment trap array at SOTS as a baseline

of deep-sea zooplankton diversity. In particular, I focus on copepods, amphipods,

and molluscs, the most abundant groups in this region of the SAZ. In addition, I

aim to establish potential indicators to detect environmental change.

• An analysis of the impact of downward particle flux on zooplankton species com-

position and abundance.

3.3 Methods

3.3.1 Sample collection at SOTS

The SOTS site is a sub-facility of the Australian Integrated Marine Observing System

(IMOS). As part of SOTS, the SAZ sediment trap mooring is deployed at around 47◦S

and 140◦E and has been serviced regularly since September 1997. The time-series spans

>20 years, with partial records from the late 1990s to an almost complete coverage from

2009 until present. The McLane PARFLUX conical sediment traps are equipped with

a 0.5 m2 baffled funnel at the top and a carousel of cups (either 13 or 21) that rotates

over the course of the deployment (usually 12 months). Cups are open between 4 and

60 days. The sediment traps are deployed at depths of 1000, 2000, 3800 or 3900 m,

except in the year 2003 (500, 1000, and 2000 m). The moorings are also equipped with

current meters to detect under-sampling due to high subsurface currents. Data gaps

were caused by sediment trap failures (year 2005 - only 1000 m and 2000 m recovered),

mooring loss (2001, 2004, 2006), vessel unavailability and insufficient trap material. The

mooring was not deployed at SOTS in 2007, 2008, 2014 and 2017, resulting from by

the lack of ship time or funding. Additional information on moorings and deployment
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voyages are given in the SOTS Annual Reports, accessible on Research Data Australia

(https://researchdata.edu.au/) (Wynn-Edwards et al., 2020).

3.3.2 Sediment trap preparation and post-recovery handling

Before deployment, the sediment trap cups were filled with a brine solution (0.8 µm GF/F

filtered seawater and 5 g L−1 NaCl) to increase density and improve particle retention, as

well as 2 g L−1 Na2B4O7 10H2O to buffer pH and reduce carbonate dissolution, 0.22 g L−1

SrCl2 6H2O for preservation of acantharian radiolarians and 3 g L−1 HgCl2 as biocide.

After mooring recovery, the sediment traps were washed with fresh water and material

in the cups was allowed to settle for several days. Approximately 20% of supernatant

was removed from each cup to reduce the risk of spillage. The cups were then closed and

stored in the dark until transport to the laboratory refrigerator onshore, where material

was allowed to settle for at least 3 days.

3.3.3 Sample processing and swimmer identification

Before processing, a photograph was taken to document fragile material in the cups. The

supernatant was sampled for pH and salinity measurements and discarded. Then, mate-

rial was resuspended and transferred onto a 1 mm nylon sieve to remove the zooplankton

swimmers from the particulate fraction. Where faecal pellets were present, a photo-

graph was taken, and they were rinsed through the sieve with buffered seawater and

photographed again. Swimmers were stored in buffered filtered seawater, re-poisoned

if necessary to avoid degradation during storage, and archived at 4◦C. The remaining

fraction (<1 mm) was analysed for particulate carbon (PC), particulate organic car-

bon (POC), particulate inorganic carbon (PIC), particulate nitrogen (PN), and Biogenic

Silica (BSi), as described in Wynn-Edwards et al. (2020). Zooplankton swimmers were

identified under a Zeiss binocular stereo-microscope (5-fold magnification) to species level

(amphipods, pteropods, and euphausiids), family or species level if possible (copepods,

fish), or broader taxonomic group (ostracods, peracarid decapods, chaetognaths, tuni-

cates, cnidarians, and ctenophores). In samples from 1997-2005, fish were not stored

together with the remaining swimmers, however, identifications could be made based on

the cup pictures (accessible at http://imos-data.s3-website-ap-southeast-2.amazonaws.
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com/?prefix=IMOS/DWM/SOTS/images/). If the copepods were intact, their prosome

length was measured using a microscale. Afterwards, samples were washed back into

the cups with buffered filtered seawater from SOTS and archived at 4◦C. In this study,

only traps from 1000 m, 2000 m and 3800/3900 m water depth were considered. Hence,

2008-2009 data were not analysed as the mooring was established at 45◦S instead of at

47◦S and, in 2003-2004, the shallowest trap at 500 m was excluded from the analysis.

3.3.4 Data treatment and available data sets

To account for varying opening times of the cups, the swimmer abundances were converted

into swimmer flux (individuals m−2 d−1), with the trap open surface area being 0.5 m2

and the sampling interval as the time between the cup opening and closing (between

10-60 days, on average approx. 18 days).

Swimmer flux (ind. m−2d−1) =
Swimmer count

Trap mouth area (m2) × Sampling interval (d)
(3.1)

Some trap content was difficult to quantify, including:

• Fragile objects, such as fragments of tunicates and other gelatinous material, faecal

pellets, and degraded material. Although they potentially entered the trap intact,

they disintegrated due to handling and extended storage time.

• Abundant objects that were stuck to larger marine snow particles, e.g., foraminifer-

ans that were attached to marine snow and could not be separated by sieving even

though they belonged to the <1 mm fraction.

• Parts of organisms, e.g., fish otoliths, scales, spines, or fish bones, as it was difficult

to estimate total species abundance based on these objects.

• Juvenile amphipods that entered the traps inside the brood pouches of female am-

phipods, for example the species Pegohyperia princeps.

• and other objects, such as acantharian colonies.
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The abundance of the above object per cup was separated into the following cate-

gories: ”+” 1-2 observations, ”++” 3-5 observations and ”+++” >5 observations. Al-

though these categories were only semi-quantitative, the resulting dataset gives useful

background knowledge about the trap samples, e.g., presence-absence data for fragile

gelatinous zooplankton. Data and code for analysis are freely accessible on GitHub

(https://github.com/SvenjaHalfter/SOTSswimmer).

3.3.5 Data analysis and statistics

For analysis of the swimmer abundance and biodiversity, the midpoint date of the col-

lection period between opening and closing date was used to display data over year and

season. As the peak downward particle flux season was found to be mid-September to

mid-March (Wynn-Edwards et al., 2020), the annual cycle was defined as being between

June 1 until May 31 in the following year. Seasons were defined as winter (June 1 - Au-

gust 31), spring (September 1 - November 30), summer (December 1 - February 28/29)

and autumn (March 1 - May 30). All data were processed in R (version 4.1.0). Us-

ing the packages ncdf4 (Pierce, 2019) and lubridate (Grolemund and Wickham, 2011),

the sampling periods and corresponding flux parameters (PC, POC, PIC, PN and BSi)

were extracted from the netcdf files. Tidyverse (Wickham, 2017), including the tidyr,

dplyr and ggplot2, ggrepel (Slowikowski, 2021), voxel (Garza et al., 2018) and reshape2

packages (Wickham, 2007) were used for data manipulation, analysis and visualisation.

Cowplot (Wilke, 2019), (Auguie, 2017), and the pals colours palette (Wright, 2019) im-

proved data visualisation. The General Additive Models (GAM) and other statistical

tests, as well as the diversity and evenness indices were performed and calculated using

vegan (Oksanen et al., 2020) and (Wood, 2011).

The zooplankton species diversity and evenness were calculated using the Shannon-

Wiener information function (H’, with log base 2) (Shannon and Weaver, 1949) and

Pilou’s Evenness (Pielou, 1975) in the vegan package (Oksanen et al., 2020). Both

were calculated for broad taxonomic groups (e.g. ”Copepods”, ”Amphipods”, etc.). An

Analysis of Similarities (ANOSIM) tested the null hypothesis that there were no differ-

ences in species abundance between water depths, seasons, and years. In addition, if

the Analysis of Similarities (ANOSIM) showed significant differences, a pairwise non-
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parametric Kruskal-Wallis with a Dunn’s post-hoc test was performed to explore which

taxa were responsible for the significant difference. Similarly, Kruskal-Wallis and Dunn’s

tests compared species diversity between depths, seasons, and years.

To explore whether samples could be grouped according to seasons or depth, an ordination

was produced via non-metric multi-dimensional scaling (nMDS). Prior to analysis, the

species abundance data were square-root transformed to avoid highly abundant species

dominating the results. A Bray-Curtis resemblance matrix was then produced (Bray

and Curtis, 1957; Clarke, 1993). Bray-Curtis is preferred when working with ecological

data with many absent (0) species per sample (Bray and Curtis, 1957). As comparison,

a Permutational Multivariate Analysis of Variance (PERMANOVA) was performed on

both the transformed and un-transformed species abundance. The PERMANOVA in-

cluded depth (fixed factor, 3 levels) and season (random factor, 4 levels) and sampling

years (fixed factor, 18 levels) and was carried out using a Bray-Curtis resemblance matrix

as above, with 999 permutations. To explore the relationship between species abundance

and biodiversity, and flux parameters, the environmental parameters were normalised by

their standard deviations. Then, a Canonical Analysis of Principal coordinates (CAP)

was applied, again, with a Bray-Curtis resemblance matrix and using season and depth as

factors. In addition, GAM were fitted (family=Gaussian, link=identity) with each taxon

separately to identify environmental drivers of taxon abundances and diversity. Other

distributions were tested as well (i.e., Poisson and negative binomial), however, as the

R2 and the percentage of deviance explained were lower compared to the Gaussian and,

hence, the results from other distributions are not shown here. The GAM were fitted

using smoothing terms. If the GAM results indicated a linear relationship between a

parameter and either species abundance or diversity as the response variable, the smooth

function was removed to explore if the relationship was positive or negative. Moreover,

GAM without smoothing functions were fitted (family=Gaussian, link=identity), which

are essentially Generalised Linear Models (GLM) to find the model that explained most

deviance.
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3.4 Results

3.4.1 Variability in swimmer composition with depth

Overall, 25,769 individual zooplankton swimmers were collected in the sediment traps at

SOTS between September 1997 and April 2020. Total abundance decreased with depth:

while 17,569 individuals were counted at 1000 m (68%), approximately 24% (6164 in-

dividuals) and 8% (2036 individuals) were collected at 2000 m and at 3800/3900 m,

respectively. Consequently, the swimmer flux was highest at 1000 m (0-39.4 ind. m−2

d−1, mean 7.0 ± 6.3 ind. m−2 d−1), decreased at 2000 m (0-10.1 ind. m−2 d−1, mean 2.7

± 1.5 ind. m−2 d−1) and was lowest in the deepest trap (0-3.6 ind. m−2 d−1, mean 0.9

± 0.6 ind. m−2 d−1).

Additionally, the species composition changed with depth (Table 3.1). The shallowest

trap was dominated by copepods in the families Calanidae, Scolecitrichidae, Metridinidae

and Eucalanidae followed by amphipods, molluscs (mainly pteropods of the species Li-

macina helicina antarctica and Clio spp.), ostracods, and chaetognaths (see Table 3.4

for the dominating families and species). In the traps at 2000 m, amphipods decreased

in importance, while copepods, especially the families Calanidae, Eucalanidae, Aeteideae

and Oncaeidae, remained the dominant taxon. At 3800/3900 m, molluscs (mainly L. he-

licina antarctica) dominated the species abundance, followed by copepods, amphipods,

ostracods, and ctenophores. Most of the groups decrease in abundance with depth, ex-

cept brittle stars (Ophiuridea, Echinodermata), which were collected in slightly higher

numbers at 2000 m (22 ind. in total) compared to 1000 (12 ind.) and the deepest depth

(11 ind.). The ANOSIM on square-root transformed abundance data revealed a signifi-

cant difference in species abundance between 1000 and 3800/3900 m, 2000 and 3800/3900

m, and between 1000 and 2000 m (global R= 0.44, R= 0.32, and 0.20, p<0.01). This

was supported by nMDS, where there was a clear distinction between the different depth

groups despite some overlap (Figure 3.1) and the PERMANOVA, which showed depth was

the most important factor explaining variability in species abundance (R2 0.30, p<0.01).

The Kruskal-Wallis tests, performed for each taxon separately, showed that only the taxa

ophiurids, fish, euphausiids, decapods, and ctenophores did not significantly differ in

abundances between depths (p<0.01), while all other taxa, including the total sum of

swimmers in each trap, varied significantly between depths.
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The species diversity changed significantly between sediment trap depths (Figure 3.1e

and Table 3.2). The pairwise Kruskal-Wallis tests with Dunn’s post-hoc test indicated

that diversity was similar at 1000 and 2000 m (1.93 ± 0.89 and 1.94 ± 0.67, respectively),

but decreased significantly in the deepest trap (1.30 ±0.59). Moreover, the species even-

ness slightly increased with depth from 0.79±0.23 at 1000 m to 0.87±0.18 at 3800/3900

m (Table 3.2). Both species diversity and evenness were highly variable between samples,

years, and season in each trap.
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Table 3.1: Total numbers of organisms identified from sediment traps at 1000, 2000 and 3800/3900 m depth between
September 1997 and April 2020. UI: unidentified.

1000 m Total 2000 m Total 3800/3900 m Total
Copepoda 7978 (45.4%) Copepoda 3406 (55.3%) Mollusca 983 (48.3%)
Amphipoda 5855 (33.3%) Mollusca 1179 (19.1%) Copepoda 474 (23.3%)
Mollusca 1888 (10.7%) Amphipoda 595 (9.7%) Amphipoda 155 (7.6%)
Ostracoda 507 (2.9%) Ostracoda 196 (3.2%) Ostracoda 138 (6.8%)
Chaetognatha 364 (2.0%) Polychaeta 188 (3.0%) Ctenophora 80 (3.9%)
Crustacean larvae 217 (1.2%) Cnidaria 171 (2.8%) Polychaeta 77 (3.8%)
Polychaeta 197 (1.1%) Tunicata 148 (2.4%) Cnidaria 46 (2.3%)
Euphausiacea 178 (1.0%) Euphausiacea 73 (1.2%) Isopoda 25 (1.2%)
Pisces 165 (0.9%) Isopoda 54 (0.9%) Tunicata 22 (1.1%)
Cnidaria 60 (0.3%) Chaetognatha 42 (0.7%) Crustacean larvae 13 (0.6%)
Decapoda 52 (0.3%) Crustacean larvae 41 (0.7%) Echinodermata 11 (0.5%)
Tunicata 50 (0.3%) Ctenophora 39 (0.6%) Euphausiacea 4 (<0.1%)
Isopoda 17 (<0.1%) Echinodermata 22 (0.4%) Chaetognatha 3 (<0.1%)
Ctenophora 15 (<0.1%) Decapoda 5 (<0.1%) Decapoda 3 (<0.1%)
Echinodermata 12 (<0.1%) UI Crustacean 3 (<0.1%) Pisces 1 (<0.1%)
Balanomorpha 4 (<0.1%) Pisces 2 (<0.1%) UI Crustacean 1 (<0.1%)
UI Crustacean 2 (<0.1%) Balanomorpha 0 (0%) Balanomorpha 0 (0%)
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Table 3.2: Biodiversity index (Shannon-Wiener, H’) and Pilou’s Evenness (J) based on
zooplankton swimmers between depths and seasons.

Depth Parameter Range Mean ± SD
1000 m H’ 0 - 3.04 1.93 ± 0.80

J 0 - 1 0.79 ± 0.23
2000 m H’ 0 - 2.83 1.94 ± 0.67

J 0 - 1 0.86 ± 0.20
Deep H’ 0 - 2.33 1.30 ± 0.59

J 0 - 1 0.87 ± 0.18
Season Parameter Range Mean ± SD
Spring H’ 0 - 3.04 1.68 ± 0.79

J 0 - 1 0.85 ± 0.21
Summer H’ 0 - 2.95 1.63 ± 0.80

J 0 - 1 0.81 ± 0.25
Autumn H’ 0 - 2.98 1.95 ± 0.70

J 0 - 1 0.86 ± 0.17
Winter H’ 0 - 2.92 1.85 ± 0.64

J 0 - 1 0.85 ± 0.18

3.4.2 Seasonal variability in swimmer composition

The swimmer abundance exhibited low seasonality (ANOSIM, Global R:<0.15), which

was caused by low seasonal dynamics by the following taxa: ctenophores, isopods, cnidaria,

decapods, euphausiids, barnacles, crustacean larvae and chaetognaths, including the dom-

inant copepods and amphipods (Kruskal-Wallis-test, p<0.01). Hence, their contribution

to the swimmer flux was consistent throughout the year. In contrast, numbers of mol-

luscs, ostracods, fish, tunicates, polychaetes, and ophiurids exhibited seasonal changes,

mostly with significantly higher abundances in summer/autumn (Kruskal-Wallis-test and

Dunn-test, p<0.01). The low overall seasonality of species abundance was confirmed in

the nMDS that showed overlapping samples and the absence of clear groups (Figure 3.1).

In contrast to ANOSIM and nMDS, the PERMANOVA showed a significant relationship

between species abundance and season, though the factor season explained a low propor-

tion of the variance in species abundance (R2=0.02, p<0.01).

Species diversity shows significant differences between seasons (Figure 3.1f, Kruskal-

Wallis-test, p<0.01) despite high standard variation. The Dunn’s test indicated that

the diversity index in autumn was significantly higher than during spring and summer,
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but not significantly different to winter (Table 3.2). In contrast, the species evenness did

not exhibit significant seasonal differences (Kruskal-Wallis-test, p>0.01).
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Figure 3.1: (a) and (d) nMDS to display groupings of the transformed abundance data per depth (a) and season (d)
using a Bray-Curtis resemblance matrix. For a better display, one major outlier was removed. (b) and (e) CAP that
displays correspondence of flux parameters with transformed species abundance per depth (b) and season (e). (c) and
(f) biodiversity (Shannon Wiener Information function) per depth and season, respectively.
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3.4.3 Interannual variability in swimmer composition

The zooplankton swimmer community was highly variable between years. In the PER-

MANOVA, the factor sampling year was significant but explained less variance in swim-

mer abundance relative to depth (R2= 0.06, p<0.01). Copepods, amphipods, and mol-

luscs dominated the swimmer community at 1000 m depth on inter-annual scales, though

their contribution and total abundances varied between years (Figure 3.2a). The total

flux of swimmers was highly variable, ranging between 0.5 and 15 individuals m−2 d−1

on average per sampling year (June-May). The contribution of copepods to the swimmer

community typically ranged between ∼ 25% and 55%, however, low flux years, such as

2003/2004 were distinguished by a higher proportion of copepods (∼ 75%) relative to

other taxa (Figure 3.2a, b). The years 1999/2000 and 2018/2019 were characterised by

large influxes of amphipods, which significantly increased the total swimmer flux com-

pared to the other years. In these years, amphipods represented ∼ 50% of the swimmer

community. The interannual variability in amphipod abundance at 1000 m depth was

driven by swarms of three dominant amphipods Primno latreillei, Eurythenes thurstoni

and orchomenids, such as Abyssorchomene spp.. Over all of the years analysed, these

species made up 51%, 24% and 10%, respectively, of the whole amphipod community at

1000 m (Supplementary material, Table 3.4). Higher average percentages of molluscs (∼
25%) were collected in 2009/2010 and 2012/2013. When comparing swimmer community

composition between years, gaps in the time-series caused by sediment trap failure and

other deployment issues, have to be taken into consideration, especially in the earlier

years of the mooring (e.g. in 2001/2002, 2004/2005, 2005/2006, and 2014/15). For ex-

ample, the high contribution of ostracods to the community in 2005/06 was a result of

both high influxes of the taxon and incomplete coverage of sampling during the winter

season at SOTS.

At 2000 m depth, no large amphipod swarms were collected. The total swimmer flux was

therefore more even between years and largely dominated by copepods (∼ 50%, Figure

3.2b). Total swimmer flux typically ranged between 0.5 and 3.9 ind. m−2 d−1 per year

(Figure 3.2c and d). When comparing years with full or close to full coverage (>300 days

of sampling period per year), the years 2012/2013 - 2013/2014 were relatively high flux

years (>3.5 ind. m−2 d−1), 1999/2000 and 2016/2017-2018/2019 medium flux (2-3.5 ind.

m−2 d−1) and 2015/2016 and 2019/2020 low flux years (<2 ind. m−2 d−1).
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In the deepest trap (3800/3900 m), total swimmer abundances were low, ranging be-

tween 0.45 and 1.4 m−2 d−1 per year on average. Molluscs dominated the flux (30-60% of

the total flux), followed by copepods, amphipods, and ostracods, while other taxa only

played minor roles. In general, a higher influx of swimmers was estimated for recent years

(since 2012/2013, except 2015/2016), even when taking the varying opening times into

account. Ostracods were present in all years except 2010/2011, 2016/2016 and 2018/2019-

2019/2020. Additionally, a notably higher number of ctenophores were counted in deep

traps from recent years (since 2013/2014) and in the samples from 1997/1998.

3.4.4 Relationship of species abundance and diversity with
downward particle flux parameters

The relationship between species abundance and flux parameters is more complex than

previously assumed. First, the CAP indicated the flux parameters only played a mi-

nor role driving the total species abundance (Figure 3.1). When fitting GAM without

smoothing functions, i.e., assuming a linear relationship, only a low percentage of de-

viance could be explained (max. 29%, total swimmer abundance). However, when fitting

GAM with smoothing terms which allowed for non-linearity in the environmental driver-

response variable relationship, the explained deviance rose to 47.3% (Table 3.3). Species

abundance was mostly dependent on changes in POC, PIC, PN, and BSi and rarely re-

lated to changes in total downward flux or PC. Effective degrees of freedom (edf) of 1.00

indicated a linear negative response of total swimmers and amphipods to increasing BSi

levels, as well as a negative response of chaetognaths and crustacean larvae to increasing

POC content in the trap and cnidarians to increasing PC concentrations. A positive re-

lationship was seen between cnidarians and increasing PIC. All other relationships were

non-linear. The abundance of isopods, ctenophores, ophiurids and barnacles could not

be explained by any of the tested parameters. For a better visualisation, abundances of

total swimmers and the three dominant taxa, i.e. copepods, amphipods, and molluscs

were displayed in relationship to significant flux parameters (Figure 3.4). Generally, zoo-

plankton swimmer abundances related negatively with increasing POC, and positively

with increasing particulate organic nitrogen (PON), though there was large variability at

high flux conditions. In addition, species abundances decreased slightly with increasing
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PIC and BSi. Given that the R2 and explained deviance by the fitted models were gen-

erally low, it suggests that other drivers potentially affect species abundance that have

not been accounted for in the present analysis. The species diversity is driven by POC,

PN, BSi and total flux (tf), but, similarly, a low R2 and explained deviance (0.28 and

30.3%, respectively) indicated that other environmental parameters drive the differences

in species diversity.
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Figure 3.2: The zooplankton swimmer community in sediment traps at SOTS. Displayed
are (a) and (c) total flux (individuals m−2 d−1) and (b) and (d) contribution to flux (% of
total flux) at 1000 and 2000 m depth, respectively. Numbers above the bars indicate the
sampling period (days) per respective year. Note, numbers higher than 365 are caused
by using the midpoint date to determine the association with a sampling year and not
the start/end date.
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Figure 3.3: The zooplankton swimmer community in sediment traps at SOTS (cont.).
Displayed are (a) total flux (individuals m−2 d−1) and (b) contribution to flux (% of total
flux) at 3800/3900 m depth, respectively. Numbers above the bars indicate the sampling
period (days) per respective year. Note, numbers higher than 365 are caused by using the
midpoint date to determine the association with a sampling year and not the start/end
date.
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Table 3.3: Results of the Generalised Additive Models. Displayed are the effective degrees of freedom (edf) for the flux
parameters that are significantly driving the species abundance and diversity. Non-significant results were left blank. If
the relationship was proven to be linear, as shown with an edf of 1.00, the type of relationship (positiv (+) or negative
(-)) was added in parentheses.

GAM tf PC POC PIC PN BSi
R2

(adj.)
Deviance

explained (%)
Abundance:
Total 5.67 3.94 5.00 1.00 (-) 0.45 47.3
Copepoda 5.65 2.72 4.73 6.21 0.38 39.7
Amphipoda 7.42 5.02 7.24 1.00 (-) 0.36 38.4
Ostracoda 2.62 7.39 7.10 0.23 25.5
Chaetognatha 2.87 1.00 (-) 2.32 5.90 1.66 0.21 22.7
Euphausiids 2.17 6.56 3.14 0.20 21.5
Fish 8.31 3.66 7.91 1.83 0.18 21.0
Mollusca 1.88 5.01 1.10 0.14 15.0
Crustacean larvae 1.00 (-) 4.01 5.21 0.12 13.8
Polychaeta 7.93 5.51 0.08 10.0
Tunicata 8.10 0.07 9.2
Decapoda 4.42 6.87 0.06 8.0
Cnidaria 1.00 (-) 1.00 (+) 0.02 4.0
Isopoda 0.01 2.9
Ctenophora 0.02 2.8
Ophiuridea <0.01 2.8
Balanomorpha <0.01 0.6
Diversity:
Shannon-Wiener 2.12 3.38 8.26 6.25 0.28 30.3
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Figure 3.4: Generalised Additive Models fitted to the standardised flux parameters as
predicting factor and the total swimmer abundance (a-d), and the three dominant groups
- copepods (e-h), amphipods (i-l), and molluscs (m-o), as response variables. Displayed
are the significant relationships between flux parameters and species abundance (p<0.01).
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3.5 Discussion

3.5.1 Copepods, amphipods, and molluscs are the most
abundant taxa

Copepods, amphipods, and molluscs dominated the swimmer community between 1997

and 2020. This pattern was only partly reflected in the surface zooplankton commu-

nity sampled by Continuous Plankton Recorder (CPR) deployed off ships of opportunity

(Hunt and Hosie, 2006). In addition to foraminiferans, the copepod species Oithona

similis, and appendicularians, the surface zooplankton community was shown to be dom-

inated by pteropods (Limacina spp.), various copepod species in the families Calanidae,

Clausocalanidae, and Eucalanidae, and chaetognaths during summer. While some taxa,

notably calanoid copepods and pteropods, were dominant in both surface and deep-sea

communities when comparing both methods, others are rarely collected by sediment traps

in the >1 mm fraction (chaetognaths, appendicularia, or foraminifera) or by surface ocean

CPR tows (amphipods). As the collection capability varies between methodologies, e.g.

as discussed for the CPR by (Dippner and Krause, 2013) or for sediment traps in this

chapter (see section 3.1.5), it is unclear if the differences were caused by a different deep-

sea community compared to surface or a difference in the collection methods. However,

the results are consistent with other studies using sediment traps as opportunistic tools of

collecting zooplankton and micronekton. For example, Steinberg et al. (1998) found that

calanoid copepods and hyperiid amphipods constituted the majority of swimmer biomass

at 450 m depth in Monterey Bay, USA. In addition, Matsuno et al. (2014) found calanoid

copepods to be the dominating swimmer in sediment traps at 181-218 m depth in the

western Arctic Ocean, followed by amphipods. Seasonally, they recorded high numbers

of the amphipod Themisto libellula. Finally, Danovaro et al. (2017) found sediment traps

in the Adriatic Sea (150 and 1050 m depth) to be dominated by copepods, while ostra-

cods and polychaetes were the major contributor in other basins of the Mediterranean Sea.

As in other studies, many scavenging copepod families were collected in the SOTS traps.

For example, the copepod species Triconia antarctica (Oncaeidae) was highly abundant

in the 2000 m trap and many of them were females carrying eggs. This family is known for

its close association with detritus (e.g., at 450 m depth in Monterey Bay, Steinberg et al.,

1998). Similarly, Matsuno et al. (2015) collected Oncaea parila with egg sacs through-
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out the year, and suggested they were captured with the sinking detritus due to their

poor swimming abilities. The copepod community at 184–260 m depth in the western

Arctic was dominated by Calanidae and scavenging copepods in the families Metridiae,

Euchaetidae, and Heterorhabdidae (Matsuno et al., 2015). Another important compo-

nent of the scavenging community at SOTS are amphipods. In addition to the swarms

of Eurythenes thurstoni, Primno latreillei and Orchomenids, such as Abyssorchomene

spp., many common pelagic species were collected in the SOTS sediment traps that are

common in the pelagic Southern Ocean, e.g. Cyphocaris richardi, Scina spp. or Lanceola

spp. Because of their good swimming abilities, amphipods are typically under-sampled

with net tows (Kraft et al., 2012). Hence, baited traps have been previously used for

analysis of the species inventory (e.g. Horton et al., 2013; Duffy et al., 2012), mostly on

the seafloor in different regions of the global ocean, but rarely in the pelagic Southern

Ocean. Consequently, sediment traps can be used in addition to baited traps to increase

the temporal coverage of biodiversity studies of deep-sea amphipods.

As shown by the SOTS results, molluscs are an integral part of the swimmer commu-

nity, in particular the pteropods Limacina helicina antarctica and Clio spp. L. helicina

antarctica is broadly distributed in surface waters between the Subantarctic Front and

the Antarctic Coast (Van der Spoel and Dadon, 1999). Especially at 2000 m and in the

deepest SOTS trap, this species represents the majority of collected molluscs, while Clio

spp. were the second most abundant mollusc at 1000 m depth. Overall, the diversity of

collected molluscs at SOTS reflected the surface community, though the abundance varied

between the collection methods as described in Howard et al. (2011). For example, during

the SAZ-Sense voyage to the subantarctic Southern Ocean in summer 2007, mainly Li-

macina retroversa australis, Clio pyramidata sulcata, Limacina helicina antarctica, and

Clio recurva were collected from surface waters in the region around SOTS (Howard

et al., 2011). Sampling the deep-sea mollusc community at different water depths with

sediment traps will enable an early detection of ecosystem changes in the subantarctic

zone.

Thecosome pteropods, such as L. helicina antarctica and Clio spp., produce aragonite

shells, which increase their vulnerability to ocean acidification (Orr et al., 2005; Roberts

et al., 2008). When the Southern Ocean becomes under-saturated in respect to aragonite

within the next 50 years (Howard et al., 2011; Orr et al., 2005), pteropods and other
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calcifying organisms will be affected first, especially in the deep Southern Ocean. At

present, the aragonite saturation horizon (ASH) is at 1,200 m depth with a shoaling

trend (Howard et al., 2011), hence, shells of dead pteropods are sinking through under-

saturated waters that promote their dissolution, before they are collected in the 2000

and 3800/3900 m traps. In future, with a further shallowing of the ASH, changes in

abundances and distribution ranges are possible, with implications for marine ecosystem

and carbon cycle. Species, such as Clio recurva, that live in deep waters of the Southern

Ocean (200-1000 m, Van der Spoel and Dadon, 1999) close to the ASH are predominantly

affected.

3.5.2 Decreasing abundance and diversity with depth

The ”swimmer problem”, i.e. swimmers being reported as artefacts in sediment traps,

decreases with depth as zooplankton and micronekton biomass is lower in the deep-sea

(Buesseler, 1998; Lee et al., 1988; Michaels et al., 1990; Silver, 1991; Steinberg et al.,

1998). Both in this SOTS study and others from various oceanographic regions, such

as the Mediterranean Sea and the western Arctic, the abundance and diversity show a

decreasing trend with depth (Romano et al., 2017; Danovaro et al., 2017; Matsuno et al.,

2014). The estimated swimmer flux at SOTS (0-39.4 ind. m−2 d−1) is within the range

of previous studies, despite the different deployment depths which limit the compari-

son of total numbers between studies and regions. For example, Danovaro et al. (2017)

recorded a 100-times higher flux at 150 m (225-5175 ind. m−2 d−1) than at 1050 m (1-34

ind. m−2 d−1, near-bottom) in the Adriatic Sea. In the Ionian Sea, at 2250 m, they mea-

sured 4-14 ind. m−2 d−1 in the near-bottom trap at 2250 m and also found a decreasing

biodiversity with depth throughout their study. In the western Arctic, Matsuno et al.

(2014) estimated a swimmer flux to be between 5 and 44 ind. m−2 d−1 at 184 and 1300 m.

As observed for swimmer abundance, the species diversity is within the same range as

comparable literature. For example, our results indicate a higher zooplankton diversity

in the deep subantarctic Southern Ocean than in the Adriatic Sea (both at 150 and 1050

m water depth) or in the deep Ionian Sea (2250 m) (Danovaro et al., 2017) but lower

diversity compared to Mediterranean deep-sea canyons (Romano et al., 2017). Similar

to the present study at SOTS, the evenness increased with depth in the Mediterranean
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Sea, which suggests a more equitable zooplankton and micronekton community in both

the bathypelagic Mediterranean Sea as well as in the subantarctic zone. Sediment traps

as tools for continuous and long-term monitoring of the deep-sea diversity enable study-

ing changes in the meso- and bathypelagic community composition following e.g. ocean

warming of surface waters as projected for the subantarctic zone (Herraiz-Borreguero and

Rintoul, 2011).

3.5.3 Lack of seasonality and long-term trends in swimmer
abundance and diversity

Neither a seasonal trend nor a long-term trend in species abundance could be observed

at SOTS, probably due in part to high variability between samples. Other studies from

different oceanic regions have reported a peak or increase in spring or summer, e.g. in

the western Arctic at 184 m depth (Matsuno et al., 2014), in the Mediterranean Sea

between 270 and 1870 m (Romano et al., 2017), or on the Kerguelen Plateau at 289 m

(Rembauville et al., 2015b). It was also noted that seasonality can vary between sites

and depths (Danovaro et al., 2017; Romano et al., 2017). Steinberg et al. (1998) found

no obvious seasonal pattern in total swimmer abundance at 450-650 m depth, but did

observe seasonal species succession within the swimmer assemblage.

The low seasonality in swimmer abundance at SOTS can be a reflection of the low sea-

sonality at the surface. Due to a deep mixing layer and low dissolved iron supply, the

phytoplankton production at SOTS is relatively low (Eriksen et al., 2018; Trull et al.,

2019, 2001). Rather than a typical spring bloom, the phytoplankton abundance increases

moderately with a successive development of different species of diatoms, flagellates, hap-

tophytes, and cyanobacteria during spring and summer (Eriksen et al., 2018). In addition,

the timing of primary production and particle flux down to the sediment traps might be

decoupled because of water column processes, such as active feeding and repacking of

sinking material by the zooplankton at the surface, i.e. detritivorous copepods, appen-

dicularia, and foraminifera (Hunt and Hosie, 2006), and by the mid-water community,

that either retain particles in the water column or promote their downward export (Koski

et al., 2020; Mayor et al., 2014; Steinberg and Landry, 2017; Turner, 2002, 2015). Many of

these processes in the water column and the resulting ecological implications (e.g. trophic
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cascades and successions) in the SAZ are understudied and require future research efforts.

Remarkably, despite the evenness of the zooplankton community being similar between

seasons, the species diversity is highest in autumn and lower in spring and summer. Po-

tentially, the ontogenetic downward migration of some copepods, e.g. Neocalanus tonsus,

leads to an increased species diversity in the deep-sea zooplankton. Local oceanographic

phenomena, e.g. eddies that introduce subtropical water and organisms from the north,

can lead to this difference as well. The drivers for this pattern remain unclear and the

understanding of what drives deep-sea biodiversity at SOTS should be the aim for future

research.

Overall, long-term trends over seasons or years were not detected in this SOTS study. As

there are no other swimmer time-series data collected in sediment traps over an extended

period of time, a comparison is limited to carbon flux studies. For example, Wynn-

Edwards et al. (2020) did not find a long-term trend in the POC or mass flux beyond

natural variability since the establishment of SOTS. The same trend was reported for the

North Atlantic from the deep (3200 m) Bermuda Atlantic Time Series (BATS) (Conte

et al., 2001). Deep-sea organisms that rely on the sinking particle flux for food (Danovaro

et al., 1999; Gambi and Danovaro, 2006), are therefore unlikely to change in species com-

position or diversity with time. In addition, drawing conclusions from a dataset with

temporal gaps, especially in earlier years, due to the absence or failure of deployments,

is limited. However, the collected swimmer community provides important baseline data

for understanding future changes in ecology and downward carbon flux at the SOTS site

caused by environmental changes.

3.5.4 Relationship to flux parameters

Many meso- and bathypelagic zooplankton are detritivorous and feed on sinking particles

(Danovaro et al., 1999; Steinberg et al., 1998; Steinberg and Landry, 2017; Turner, 2015).

Hence, it is remarkable that the GAM showed that the relationship between species

abundance and diversity and the flux parameters was not very strong and only explained

between 15-40% of the variability in the dominant taxa, the copepods, amphipods and

molluscs. In addition, most relationships are non-linear with high complexity (high num-

bers of edf). The negative relationship between POC and swimmer abundances is re-
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markable as well, i.e. the higher the POC concentration in the cups the less swimmers

were collected, and vice versa. In contrast, swimmer abundances are positively related to

PN concentrations. It is not well understand, why increasing levels of these two parame-

ters cause opposite response patterns by the swimmer community. Many factors dictate

whether organisms swim into the sediment trap (as discussed in the next section). Hence,

the relationship between flux driving swimmer abundance and diversity is not simple, as

it is reflected both in this study and in the literature. For example, Rembauville et al.

(2015b) analysed the swimmer numbers in sediment traps (289 m) on the Kerguelen

Plateau and found pronounced seasonality, but no correlation between mass flux, POC

and PON fluxes. They suggested that the low correlation indicated that the swimmer

presence did not systematically affect particulate fluxes inside the trap, but also noted

that swimmers potentially feed on sinking particles in the trap funnel, modifying particle

flux collection. Danovaro et al. (2017) found that total nitrogen and organic carbon only

played a minor role in explaining variance in swimmer abundance and taxonomic compo-

sition in the Mediterranean Sea, relative to depth and latitude. However, when focusing

on specific sampling sites, the importance of flux parameters as drivers of variability

increased. For future research into drivers of swimmer abundance and diversity, other

parameters should be considered as well. Net Primary Productivity (NPP) was origi-

nally to be included in the GAM however, Wynn-Edwards et al. (2020) did not find any

correlation between satellite-derived NPP and POC flux magnitude at depth. Therefore,

it was not included in this study, but can be considered in future research. In addition

large-scale phenomena, such as El Niño–Southern Oscillation (ENSO), can impact the

phyto- and zooplankton community and should therefore be analysed (e.g. Loeb et al.,

2009).

3.5.5 Biases of using sediment traps to sample deep-sea
zooplankton

As for any other methodology, collecting zooplankton and micronekton with sediment

traps creates biases caused by the difficulty in distinguishing between the passive sinking

of carcasses and active swimmers, the design of the trap itself, and the sampling pro-

tocol. First, it remains difficult to distinguish between carcasses as part of the passive

downward carbon flux and active swimmers in the trap (Ivory et al., 2014). This problem
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has been discussed for many years, as carcasses need to be included when calculating the

downward particle flux, whereas swimmers can make up to 14-90% of the POC of the

trap material and have to be removed (Buesseler et al., 2007a). To avoid this issue, all

organisms >1 mm are typically removed, such as in this and other studies (Buesseler

et al., 2007a; Wynn-Edwards et al., 2020). Consequently, this removal potentially under-

estimates the overall carbon flux. Moreover, the difficulty of separation of carcasses from

swimmers differs from case to case. For example, finding fragments of tunicate colonies

or mollusc shells likely means that they sunk into the trap when dead, while the distinc-

tion between swimmer and carcasses for copepods and other crustaceans is more difficult.

Amphipods are good swimmers and are known to scavenge on sinking detritus (De Broyer

and Jazdzewski, 1996; Dauby et al., 2003; Zeidler and De Broyer, 2009). Hence, most of

the amphipods collected by sediment traps are likely swimmers. Ophiurids, on the other

hand are typically attached to larger aggregates and can be considered part of the passive

flux (Steinberg et al., 1998). Small juvenile amphipods (<1 mm) could emerge from the

marsupium of female amphipods (part of the active flux, Steinberg et al., 1998) or are

associated with detritus (passive downward flux). Herbivorous copepods that are col-

lected in the deep-sea will likely be carcasses, however, deep ontogenetic migration may

lead them down to 1000 m depth and deeper (Bradford-Grieve et al., 2001; Jónasdóttir

et al., 2015; Atkinson and Sinclair, 2000). In addition, many species feed opportunisti-

cally, for example Rhincalanus gigas (Graeve et al., 1994), which impedes decisions on

swimmer definition based on feeding type. Related to this issue is the uncertainty in the

source of the organisms collected by sediment traps. As the SOTS traps are deployed for

a year, and the cups collect particles and swimmers over several days, the resolution is

not high enough to give information on potential daily and annual migration. Based on

the sediment trap records, it is unknown if the zooplankton/micronekton died in surface

waters and sank down into the trap, if they died at depth just above the mooring or if

they actively swam into the trap.

Moreover, the design of the sediment trap itself leads to a biased sampling of organisms.

The baffle on top of the funnel, which is necessary to avoid system clogging by organisms

and particles, also leads to the undersampling of larger animals, such as pyrosomes and

larvacean houses. Steinberg et al. (1998) found many giant larvaceans in their samples

in Monterey Bay, but noted that many were not collected as the baffle gives larvaceans

the opportunity to escape before aggregates descends into the trap. Mostly, only the
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feeding basket was caught, while the house was too big to enter. Appendicularians are

a major component of the surface zooplankton community (Hunt and Hosie, 2006), and

considering they are infrequently found in traps, an undersampling caused by the baffled

funnel is likely. In addition, pyrosomes and other gelatinous plankton can reach higher

colony and body sizes than would fit through the baffle or in the cup, which means only

small colonies/individuals or fragments are collected. Another issue is the attraction of

scavengers, e.g. amphipods, by particles along the inner edges of the funnel-shaped trap

(Buesseler et al., 2007a; Rembauville et al., 2015b). Feeding on particles before they enter

the cup as well as releasing faecal pellets, changes the quantity and chemical composition

of caught material, which biases flux estimates. (Buesseler et al., 2007a). In addition,

the preservation method affects the swimmer abundance, with implications for the effec-

tiveness of the treatments (Lee et al., 1992). Mercuric chloride is known to attract more

gammarid amphipods compared to other treatments (Lee et al., 1992). Moreover, high

swimmer numbers can lower the effectiveness of the treatment with potential implications

for later species identification and carbon flux estimates (Buesseler et al., 2007a).

Finally, the sampling protocol creates biases, e.g. the time period between collection

and identification, and the mechanical handling during sieving. The degradation of or-

ganisms in the trap during long-term deployments hampers the detailed species identifi-

cation following recovery (Michaels et al., 1990). In addition, the delay between recovery

and identification produces artefacts, such as the increased occurrence of ctenophores in

recent years in the deepest sediment trap (see Figure 3.3). The samples of 1997/1998

were analysed soon after recovery of the traps by John Kitchener (AAD, Australia) and

contained ctenophores as well, while in the samples between 1998-2011 this taxon was

absent. Consequently, the disintegration of ctenophores during the storage period rather

than an overarching temporal pattern is likely responsible for their absence in the ear-

lier years. In general, fragile specimens disintegrate during sieving. For example, the

picture of the recently recovered 2020/2021 trap from 2000 m shows a large object that

disappeared during sieving (Figure 3.5). Due to the opportunistic nature of studying

zooplankton from sediment traps, these specimens, called ”cryptic swimmers” (Buesseler

et al., 2007a), remain unidentified and sometimes undetected, leading to an underestima-

tion of the fragile gelatinous part of the food web.
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Figure 3.5: Image of the recently recovered trap cup from 2000 m in 2020/2021, taken
before sieving. Visible is a large, fragile object (indicated by the black arrow), that
disintegrated in the sieving process afterwards. White scale bar: 1 cm. Picture: Cathryn
Wynn-Edwards, AAPP, Australia.

3.5.6 Opportunities for zooplankton collection with sediment
traps and outlook

Despite the discussed biases, swimmer community data collected in sediment traps offer

many opportunities to improve our understanding of deep-sea ecosystems and carbon

flux. They are useful tools to sample the zooplankton community year-round in regions

difficult to access (Makabe et al., 2016; Romano et al., 2017). The subantarctic zone is

remote and logistically challenging to sample (Trull et al., 2010) and most of the informa-

tion on subantarctic zooplankton dynamics comes from CPR deployments and net tows

in surface waters during the summer season (Hunt and Hosie, 2006; McLeod et al., 2010;

Takahashi et al., 2020). Consequently, sediment traps provide complementary insights

into deep-sea zooplankton abundance, diversity, and variability over a long sampling pe-

riod, especially outside the well-studied summer season. Also, sediment traps can be
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used to increase the knowledge on deep-sea biodiversity. As part of this study, a new

amphipod species was described (Appendix A) and a further three await classification.

Although gelatinous material disintegrates over time, the traps are a gentler alternative

to trawls, because organisms either sink or swim into the traps undamaged. Fragile taxa,

which are often damaged during the net collection process, are more efficiently collected

by sediment traps in comparison (Michaels et al., 1995).

For future research on the biological carbon pump and biodiversity in the subantarc-

tic zone, an integration of sediment traps with other methods to collect zooplankton, i.e.

CPR and net trawls, is necessary. While sediment traps provide species abundance and

diversity information on a larger horizontal and temporal extent, net trawls and CPR

deployments provide higher spatial surface coverage. For an integration of sediment traps

into existing zooplankton monitoring programs, the qualitative and quantitative differ-

ences between surface and deep-sea collection methods need to be studied. Species that

are associated with warm water and are relatively unaffected by disintegration in the

trap over time, e.g. the pyrosome Pyrosoma atlanticum, can be used as an indicator for

an intrusion of subtropical waters from East Australian Current (EAC) extensions. This

will enable a tracking of the projected intensification of the EAC with increased ocean

warming, especially because the sub-surface influx of warm water masses (e.g. during

the SOLACE voyage to the SAZ and PFZ in summer 2020/2021) that is not always de-

tectable as a change in sea surface temperature via remote-sensing. Not only will this aid

in understanding the oceanographic impact of climate change, but also the consequences

for the subantarctic ecosystem dominated by pyrosome blooms. The integration of cam-

era systems will be a useful addition to sediment traps, as cameras allow observations

of zooplankton behaviour around the traps and the under-sampling of larger taxa, e.g.

pyrosomes and larvacean houses. In addition, observing the feeding of amphipods and

other scavenging organisms in the trap funnel, will enable the quantification of the bias

of downward carbon flux estimates in the region both on seasonal and annual scales.

Currently, the BCP in the subantarctic Southern Ocean transports considerable amounts

of carbon to the deep sea, despite its HNLC condition, with inter-annual flux variations

higher than estimated from satellite observations (Wynn-Edwards et al., 2020). Under-

standing the influence of carbon flux on the deep-sea community and vice versa will

further advance the understanding of deep-sea biogeochemical and ecological processes.

54



3.6. CONCLUSION

3.6 Conclusion

This study presents the multi-decadal time-series of abundance and diversity of zooplank-

ton swimmers, collected by sediment traps at the Southern Ocean Time Series site. Using

sediment traps as opportunistic sampling methods allowed the coverage of long time-scales

in the otherwise logistically challenging to access subantarctic zone. The deep-sea commu-

nities were dominated by copepods, amphipods, and molluscs (mainly pteropods), with

decreasing species abundance and diversity, but increasing species evenness with depth.

GAM showed a complex relationship with the flux parameters (PC, POC, PIC, PN, and

BSi), that, however, did not explain all of the variability in swimmer abundances. Nei-

ther strong seasonality or a long-term trend in zooplankton abundance and biodiversity

since the beginning of the time-series in 1997 was observed. While the method introduces

biases in quantifying deep-sea biodiversity and dynamics, i.e. caused by the distinction

between active swimmers and passive sinking carcasses, the trap design, and the sampling

protocol, sediment traps enable a year-round long-term observational tool that provides

insight into ecology and carbon cycle in meso- and bathypelagic Southern Ocean.
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3.8.1 Dominant copepod, amphipod, and mollusc taxa
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Table 3.4: The five dominant copepod families, amphipod species, and mollusc species, summarised over all years and
compared between sediment trap depths. Percentages in parentheses display contribution to total copepod, amphipod,
and mollusc abundance, respectively. UI: unidentified.

Copepod family Total Amphipod species Total Mollusc species Total
1000 m

Calanidae 1613 (20.2%) Primno latreillei 3000 (51.2%) Limacina helicina antarctica 665 (35.2%)
Calanoidea (UI) 1546 (19.4%) Eurythenes thurstoni 1387 (23.7%) Clio spp. 647 (34.3%)
Scolecitrichidae 1458 (18.3%) Orchomenids 577 (9.9%) Clio recurva 103 (5.5%)
Metridinidae 850 (10.6%) Scina incerta 150 (2.6%) Peracle spp. 89 (4.7%)
Eucalanidae 813 (10.2%) Cyllopus magellanicus 101 (1.7%) Clio pyramidata 85 (4.5%)

2000 m
Calanidae 903 (26.5%) Orchomenids 222 (37.3%) Limacina helicina antarctica 688 (58.4%)
Eucalanidae 731 (21.5%) Cyllopus magellanicus 65 (10.9%) Atlanta spp. 79 (6.7%)
Aeteideae 366 (10.7%) Halice macronyx 37 (6.2%) Clio pyramidata 58 (4.9%)
Oncaeidae 297 (8.7%) Themisto gaudichaudii 27 (4.5%) Peracle spp. 54 (4.6%)
Calanoidea (UI) 281 (8.2%) UI Hyperiids 23 (3.8%) Heliconoides inflatus 52 (4.4%)

3800/3900 m
Aeteideae 146 (30.8%) Orchomenids 22 (14.2%) Limacina helicina antarctica 624 (63.5%)
Metridinidae 100 (21.1%) Cyphocaris richardi 19 (12.2%) Clio pyramidata antarctica 50 (5.1%)
Calanoidea (UI) 65 (13.7%) UI Hyperiids 13 (8.4%) Heliconoides inflatus 47 (4.8%)
Calanidae 57 (12.0%) Lanceola loveni 11 (7.1%) Limacina retroversa australis 45 (4.6%)
Scolecitrichidae 43 (9.1%) Lanceola pacifica 8 (5.2%) Clio spp. 41 (4.2%)
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3.8.2 Photomicrographs of swimmer taxa

Figure 3.6: Amphipods collected between 1997-2020. (a) Pegohyperia princeps, (b) Pe-
gohyperia princeps with open abdomen and juveniles, (c) Primno lattreillei, (d) Cyllopus
magellanicus, (e) Cyphocaris richardi, (f) Scina spp. (g) Chevreuxiopsis franki, that was
is described in further detail in Chapter A, (h) Eurythenes thurstoni, (i) Lanceola sp., (j)
Parandania boecki, (k) Vibilia armata, and (l) Abyssorchomene abyssorum. White scale
bar: 1 mm.
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Figure 3.7: Crustaceans collected between 1997-2020. (a)-(c) Unidentified decapods,
(d) crustacean larvae, (e)-(f) unidentified isopods (g) ostracod Gigantocypris sp., (h)
euphausiid Thysanoessa macrura, (i) euphausiid Euphausia sp., (j) unidentified ostracod.
White scale bar: 1 mm.
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Figure 3.8: Molluscs collected between 1997-2020. (a) Clio recurva, (b) Peracle spp.,
(c) Janthina spp., (d) Spongibranchia australis, (e) Limacina helicina antarctica, adult,
(f) Limacina helicina antarctica, juvenile, (g) Helicoides inflatus, (h) heteropod Atlanta
spp., (i) Clio pyramidata sulcata, (j) Clio pyramidata lanceolata, (k) Clio pyramidata
antarctica, (l) juvenile squid, (m) Limacina retroversa australis, (n) Cavolinia tridentata.
White scale bar: 1 mm.
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Figure 3.9: Gelantinous communities collected between 1997-2020. (a)-(b) Chaetog-
nath (Sagittae family), (c) Doliolid, Tunicata, (d) jellyfish medusa (Cnidaria), (e)
ctenophore, (f) jellyfish medusa (Cnidaria), (g) Siphonophore (Diphyes spp.), (h) Atolla
sp. (Cnidaria), (i) Periphylla periphylla (Cnidaria), (j) pyrosome (Pyrosoma atlanticum),
Tunicata, (k) pyrosome (Pyrostremma sp.), Tunicata, (l) salp (Salpa thompsoni), Tuni-
cata, (m)-(n) giant larvacean, Tunicata (trunk and feeding basket). White scale bar: 1
mm.
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Figure 3.10: Polychaetes collected between 1997-2020. (a) family Alciopidae, (b)-(c)
family Lopadorrhynchidae, (d) unidentified polychaete, (e) family Tomopteridae. White
scale bar: 1 mm.
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Figure 3.11: Fish collected between 1997-2020. (a) Poromitra sp., (b) Stomias sp., (c)
Cyclothones sp., (d) family Myctophidae, (e) unidentified fish larvae. White scale bar: 1
mm.
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Figure 3.12: Other taxa collected between 1997-2020. (a) Giant foraminiferans, (b)
ophiurids, Echinodermata, (c) closest identification: Balanomorpha (barnacles). White
scale bar: 1 mm.
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Chapter 4

”Sinking dead” – How zooplankton carcasses
contribute to Particulate Organic Carbon flux
in the subantarctic Southern Ocean
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4.1. ABSTRACT

4.1 Abstract

Zooplankton carcasses are an important, yet understudied, pathway of the biological

gravitational pump. To understand their contribution to the downward carbon flux in

the subantarctic, carcasses of the copepod Neocalanus tonsus were analysed for carbon

content, microbial remineralisation rates, and sinking velocities. In addition, the sensi-

tivity of carcass flux to varying mortality, microbial turnover, and sinking velocity rates

was analysed and compared to carbon flux measurements from sediment traps. Microbial

decomposition rates (between 0.02 d−1 and 0.16 d−1) were comparable to those of ma-

rine snow, highlighting the importance of carcasses as microbial hotspots. High sinking

velocities (730 ± 182 m d−1) suggest that particulate organic carbon flux to the deep

ocean is substantial. Carcass flux is sensitive to a change in sinking velocity but appears

less sensitive to fluctuations in microbial decomposition rate. More research on zooplank-

ton mortality and the factors that influence carcass sinking through the water column

is needed to quantify the carcass-mediated carbon export and enable their inclusion in

marine ecosystem and biogeochemical models.

4.2 Introduction

The role of zooplankton in the biological gravitational pump has been intensively studied

in recent decades (Boyd et al., 2019; Steinberg and Landry, 2017; Turner, 2002, 2015). In

contrast to downward faecal carbon flux, however, zooplankton carcasses as vectors for

carbon export have received less attention, despite their importance for marine carbon

and nutrient cycles (Daase et al., 2014; Hirst and Kiørboe, 2002; Tang et al., 2014). As

carcasses can sink rapidly (>100 m d−1), they sequester carbon as well as supply food

for deep-sea detritus feeders (Elliott et al., 2010; Kirillin et al., 2012; Tang et al., 2014).

In addition, carcasses enhance nutrient regeneration via bacterial remineralisation within

the water column, as they can be degraded quickly while sinking (Daase et al., 2014).

Thus, understanding the balance between sinking velocity and microbial remineralisation

rates is important to estimate the contribution of carcasses to carbon sequestration and

nutrient recycling. Non-consumptive mortality, i.e. mortality not caused by predation,

accounts for up to one-third of total mortality in freshwater and marine zooplankton pop-

ulations (Dubovskaya et al., 2003; Hirst and Kiørboe, 2002; Tang et al., 2014). Mortality
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rates, as reviewed by Daase et al. (2014) or Hirst and Kiørboe (2002), vary with tem-

perature (Hirst and Kiørboe, 2002), developmental stage (Yáñez et al., 2019) or season

(Sampei et al., 2012). Causes for mortality include food limitation, natural death caused

by ageing, or infections (Sampei et al., 2012). Mortality is difficult to measure in the field

and most mortality estimates are more readily available for accessible coastal regions or

freshwater bodies than for the open ocean.

The subantarctic Southern Ocean is an important region for carbon sequestration due to

mode water formation that transports heat, gases and particles to the deep sea (Rintoul

and Trull, 2001; Bowie et al., 2011a). One of the most abundant copepods in the region

is the neocalanoid copepod species Neocalanus tonsus (Bradford-Grieve, 1999; Bradford-

Grieve and Jillett, 1998), the size (∼3.5 mm) and role of which in the subantarctic

ecosystem are comparable to their northern hemisphere counterparts Neocalanus crista-

tus, N. plumchrus or N. flemingeri in the subpolar Pacific (Kobari et al., 2008). N. tonsus

has a seasonal vertical migration pattern: the population lives at the surface in spring

and summer and descends to deeper waters (between 500 m and at least 1,300 m depth)

as copepodite stage V (CV) or adult (Ohman et al., 1989; Miller et al., 1999). Most of

the population reproduces at depth with only the juveniles ascending in spring, however,

some females return to the surface in spring to feed on phytoplankton and reproduce

(Bradford-Grieve et al., 2001; Jillett, 1968; Miller et al., 1999; Ohman et al., 1989; Saito

and Tsuda, 2000).

In this chapter, the zooplankton community in the subantarctic Southern Ocean domi-

nated by N. tonsus, was sampled in early spring to explore the role of N. tonsus carcasses

in downward carbon flux and nutrient recycling. Based on sinking velocity and microbial

decomposition, the potential carbon flux by carcasses out of the epipelagic zone was cal-

culated and compared with particulate organic carbon flux collected by sediment traps.

In addition, the sensitivity of downward carcass flux estimates to alteration in mortality

rate, sinking velocity and microbial decomposition was tested.
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4.3 Methods

4.3.1 Study area and environmental conditions

The subantarctic Southern Ocean was sampled during voyage IN2018 V04 on the RV

Investigator in September/October 2018 (Figure 4.1). Process Station 1 (PS1; 46◦54 S,

141◦53 E ) in low iron High-Nutrient Low-Chlorophyll (HNLC) waters is also the location

of the Southern Ocean Time Series (SOTS) site, with year-round moorings comprising

sediment traps and a suite of atmospheric and pelagic sensors (Trull et al., 2010). Pro-

cess Station 2 (PS2; 45◦44 S, 153◦31 E) to the east usually exhibits higher surface iron

concentrations supplied by the East Australian Current (EAC) (Bowie et al., 2011b). En-

vironmental properties for the upper 200 m zone, including salinity, temperature, pres-

sure, chlorophyll fluorescence, and photosynthetically active radiation, were measured

with a Seabird SBE911 CTD 36. The average sea surface chlorophyll a concentration,

as proxy of phytoplankton biomass, was accessed from the NASA ocean colour server

(https://oceancolor.gsfc.nasa.gov/cgi/l3) for September 2018 (Figure 4.1). In addition,

seawater samples from the Niskin bottle rosette were collected to determine the in-situ

chlorophyll a concentration. Seawater was filtered onto 47-mm glass fibre filters (What-

man GF/C) as soon as possible after collection. Chlorophyll a was extracted from the

phytoplankton cells by placing the filters in 90% acetone in the dark for >24 hours at

-20◦C, and a Turner Designs model 10-AU fluorometer determined chlorophyll a concen-

tration (Axler and Owen, 1994). For the analysis of particulate organic carbon (POC)

and particulate organic nitrogen (PON) in the water column, seawater was sampled from

5, 50, 100, 150, and 200 m water depths and filtered through 13 mm QMA quartz filters

in a closed system to reduce contamination. 1 L of seawater was filtered from the shal-

lower depths (5 and 50 m) with high concentration of particulate matter, and 2 L from

the remaining depths. The filters were dried for 24 hours at 60◦C and then stored with

desiccant until further analysis. Back on land, the filters plus three blanks (untreated

filters) were placed in silver cups, acidified with 20 µL 2N HCl Suprapur to remove inor-

ganic carbon, and fumed overnight. Samples were then dried again for 2 days at 60◦C.

The cups were pelletised and analysed at the Central Science Laboratory (University of

Tasmania), using a Thermo Finnigan EA 1112 Series Flash Elemental Analyser. Com-

bustion of the pellets was achieved in ultra-high purity oxygen at 1000 ◦C using tungsten

oxide on alumina as an oxidising agent, followed by reduced copper wires as a reducing
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Figure 4.1: (a) Mean chlorophyll a (in µg L−1) in the subantarctic Southern Ocean south
of Tasmania (green shaded land-mass) in September 2018, derived from MODIS satellite
data. White areas indicate cloud cover. The sampling sites are marked in orange. (b)
and (c) CTD data of temperature (°C) and salinity in the upper 1000 m at PS1 and PS2,
respectively. (d) and (e) Measured particulate organic carbon (dark grey), particulate
organic nitrogen (light grey), and chlorophyll a concentration (orange) of the upper 200
m at PS1 (left) and PS2 (right). All values are in µg L−1. The lower limit of the euphotic
zone is marked at 126 m (PS1) and 116 m (PS2). It was calculated as the depth of
1% of the surface photosynthetically active radiation relative to the surface radiation,
measured by the CTD, following Kirk (1994) and Lee et al. (2007). The mixed layer is
deeper at both stations (329 m and 199 m at PS1 and PS2, respectively) and is therefore
not depicted here.

agent. The results were calibrated using a certified sulphanilamide standard.
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4.3.2 Zooplankton sampling and sorting

A Bongo net with a 250 µm mesh size, an opening area of 0.5 m2 for each net, and

an attached flowmeter (General Oceanics) was deployed in vertical tows from 200 m

depth to the surface, with a towing speed of less than 15 m min−1. Hard cod ends with

small-meshed windows facilitated gentle sampling of zooplankton. Sampling took place

at around midday (12:00 - PS2 and 11:00 - PS1, local time) and midnight (1:30 - PS2

and 23:00 - PS1, local time) to account for day and night distribution differences due

to diel vertical migration. One net sample was preserved in 4% formaldehyde-seawater

solution, and zooplankton were identified to the lowest taxonomic level possible under a

WILD stereo microscope (magnification 50×). All specimens of the rarer species (<100

individuals) were counted, while for more abundant species the sample was split and

at least 100 individuals were counted. Zooplankton from the second net sample were

gently transferred into buckets (40 L) in a constant temperature room set at the in-situ

temperature of the surface waters (∼11◦C), where they were incubated for at least 12

hours to acclimate to laboratory conditions. All following measurements and experiments

were conducted with N. tonsus individuals from these incubations.

4.3.3 Carcass carbon and nitrogen analyses

To estimate the POC standing stock of the surface N. tonsus population, 37 and 24

copepods at PS1 and PS2, respectively, were randomly selected with a large pipette to

avoid body damage from the incubations. The prosome length was measured under the

microscope and intact animals were frozen separately in well-plates at -80◦C. Back on

land, the specimens were gently placed in water baths of filtered freshwater to remove the

remaining salt and then dried to constant mass for at least 24 hours at 60◦C. Copepods

with dry weights above the limits of accuracy (0.1 mg) were weighed into tin capsules

using a Sartorius SE2 ultra-microbalance. The cups were pelletised and analysed as

described for the POC/PON filters above.
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4.3.4 Microbial decomposition and sinking velocities of
copepod carcasses

To quantify the attenuation of carcass carbon through the water column, the microbial

respiration rate in the water surrounding the carcasses was measured over 24 hours.

Twenty-four N. tonsus individuals were selected at PS2, placed in approximately 100

mL filtered seawater, and killed by adding 2-4 mL (bottled) soda water. To confirm

their mortality, the copepods were analysed under the stereo microscope for movement

of appendages and heartbeat; they were physically stimulated with forceps and assumed

to be dead if no reaction was shown. Carcasses were then gently removed with forceps

and placed in two consecutive seawater baths to remove the remaining soda water. Their

prosome length was measured, and two specimens were placed in each of 12 acid-cleaned

borosilicate micro-respiration vials of 10 or 20 mL. The vials were filled with seawater from

the ship’s underway system filtered through a 200-µm mesh to remove larger organisms.

The vials were closed with a lid with a capillary hole without introducing air bubbles

and then placed in water tanks to prevent gas exchange. Incubations were run in the

dark to avoid oxygen production via photosynthesis, or dissolved organic carbon release

by phytoplankton, which is light-dependent (Cherrier et al., 2015). Over 24 hours, the

dissolved oxygen concentration in µmol L−1 of the water was measured every 3 hours with

a Presens micro-electrode after gently inverting the vials to homogenise the seawater.

We assume that the respiration is carried out by prokaryotes and protists smaller than

200 µm, either free-living in the water or associated with the copepod carcass. The

bacterial decomposition of a second batch of N. tonsus carcasses was measured for 24

hours following the first experiment to increase the number of replicates. Three controls

with seawater without carcasses were conducted in a parallel set-up to determine the

respiration rate of free-living bacteria. To determine the POC turnover, dissolved oxygen

consumption rates in the vials minus the control runs (µmol L−1 h−1) were calculated

using linear regression as described in Cavan and Boyd (2018). All vials showed significant

dissolved oxygen decrease (linear regression, p<0.05) over 24 hours and were therefore

included in the analysis. The oxygen consumption rates were then converted from µmol

L−1 h−1 to µmol h−1 by multiplying by the volume of the vials (0.01 L or 0.02 L).

The POC masses of the copepods in each vial were converted from µg per copepod to

µmol to calculate the microbial POC turnover rate (k, h−1). We assumed a respiratory

quotient (RQ) of 1 mol O2 to 1 mol CO2 (Bach et al., 2012; Ploug and Grossart, 2000;
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Trimmer et al., 2012). To enable a comparison to other studies k is expressed as a rate

per day.

k (d−1) =
oxygen consumption (µmol h−1) × RQ

POC mass (µmol)
× 24 h (4.1)

In total, 107 and 84 N. tonsus from PS1 and 2, respectively, were selected under the mi-

croscope, killed with soda water, their mortality confirmed, and prosome length measured

(as described above). The carcass sinking velocity was measured in a settling column en-

closed in another cylinder connected to the seawater flow-through system to minimise

convection. After the carcasses were placed gently into the upper settling column, the

time to sink to 20 cm was measured and converted to velocity (m min−1). Carcasses with

ruptured carapaces due to handling, or that were slowed artefactually by interactions

with the cylinder walls, were excluded from further analysis. The difference in carcass

sinking velocity between samples collected from the two stations was tested with a Welch

Two Sample t-test. Microbial decomposition and sinking speed could not be calculated

for the same N. tonsus individuals due to logistical restrictions.

4.3.5 Calculation of the downward carcass flux

Sinking velocity was used together with microbial decomposition to estimate carcass

carbon flux at three depths: 1000, 2000, and 3800 m. These depths were chosen to

compare potential carcass flux with POC flux estimated from sediment traps at SOTS (see

below). First, the remineralisation length scale (RLS, z*), which represents the fractional

remineralisation in particles per m settled (Iversen and Ploug, 2010), was calculated by

dividing the sinking velocity w (m d−1) by the microbial turnover rate (k, d−1). Due to

technical difficulties with the oxygen measurements, k could only be calculated at PS2,

which was then applied to PS1. We discuss this potential source of error below.

z∗ =
w

k
(4.2)

To calculate the total downward carbon flux (Fz) at depths (z) 1000, 2000, and 3800 m,

we used an exponential function as described in (Boyd and Trull, 2007) with Fz0 as the
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reference flux at depth z200 calculated as the percentage of carcasses leaving the surface

water (in d−1) multiplied by the total carbon stocks of N. tonsus in 0-200 m (in mg C

m−2). This accounts for the flux attenuation with depth due to microbial decomposition.

The carbon stock values were averaged between day and night for each respective station.

Fz = Fz0 × e
z−z200

z∗ (4.3)

These estimates provide information about how much carbon is leaving the mesopelagic

zone (200-1000 m depth), a region of high microbial remineralisation and particle attenu-

ation (Buesseler and Boyd, 2009). Finally, we calculated the non-consumptive mortality

rate to estimate the downward carcass carbon flux by using the relationship between tem-

perature (T, ◦C) and total mortality rate (β, d−1) for broadcast spawners as established

by Hirst and Kiørboe (2002).

logeβ = 0.0725 × T–3.415 (4.4)

With surface temperatures of 9.46◦C (PS1) and 10.63◦C (PS2), total surface mortality

is 0.065 d−1 and 0.071 d−1 at PS1 and 2, respectively. Assuming one-third of the total

mortality is due to non-consumptive mortality (see Hirst and Kiørboe, 2002), this results

in 0.021 d−1 and 0.023 d−1 for PS1 and PS2. Using the mortality rates for the two

stations, the carcass carbon flux out of the epipelagic can be calculated for the three

depths of interest.

4.3.6 Comparison to particulate matter in sediment traps

To compare the estimates for potential carcass flux, the POC flux data from the deep

sediment trap mooring at the SOTS site were accessed. SOTS is a sub-facility of the

Australian Integrated Marine Observing System (IMOS) and has been serviced regularly

since 1997. In 2018, the sediment traps (McLane Parflux, 21-cup) were deployed at

1000, 2000, and 3800 m water depth from 22/03/2018 - 25/02/2019. Details of deploy-

ment, sample processing, and quality control are described in detail by Wynn-Edwards

et al. (2020). Data is publicly available on the Australian Ocean Data Network (AODN)
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(http://thredds.aodn.org.au/thredds/catalog/IMOS/ABOS/SOTS/catalog.html, April 2021).

4.3.7 Sensitivity of downward carbon flux to controlling
factors

In addition to temperature, copepod mortality varies with developmental stage and sea-

son, among other factors. For example, Yáñez et al. (2019) calculated the mortality of

copepod nauplii in the Chilean Humboldt Current to be close to the global rates estimated

by Hirst and Kiørboe (2002), but found increased mortality rates at later copepodite

stages for the species Calanus chilensis (0.14 d−1 for copepodite stage IV (CIV) 0.19 d−1

for copepodite stage V (CV), calculated from Table 3). Tang et al. (2006) estimated

a higher non-consumptive mortality rate for estuarine and oceanic copepods (0.1 d−1),

while Sampei et al. (2020) measured a high copepod carcass flux in late winter due to

the end of their life cycle. Given that most N. tonsus individuals die after reproduction

(Bradford-Grieve et al., 2001), the mortality rates are likely higher, which can lead to

an underestimation of the carbon flux by copepod carcasses. Therefore, in this study,

the average of the two mortality rates given by Yáñez et al. (2019), 0.14 d−1 and 0.19

d−1 (i.e. 0.17 d−1), was used as the upper limit to analyse the sensitivity of carcass flux

to a change in mortality. Parameters such as sinking velocity and microbial decompo-

sition change throughout the water column. To understand the impact of variability in

these factors, the following scenarios were tested: first, a lower sinking velocity (107 m

d−1) that was calculated for copepod carcasses (CIV-adult) in 15◦C and normal dissolved

oxygen concentration from Table 3 in Elliott et al. (2010); and second, higher microbial

remineralisation (0.17 d−1) and lower remineralisation rate (0.02 d−1), representing the

upper and lower range of microbial turnover rates estimated in this study. All data files

and R code to perform the calculations and produce the figures of this manuscript are

available under https://github.com/SvenjaHalfter/Zoopl carcass.
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4.4 Results

4.4.1 Environmental conditions

Conditions were representative of early spring in the subantarctic zone. Temperatures

were on average 9.46◦C and 10.63◦C in the upper 200 m for PS1 and PS2, respectively,

close to the winter temperature of the mixed layer of approximately 9◦C (Rintoul and

Trull, 2001). A slightly higher salinity was measured at the eastern station PS2 (34.94)

than at the western PS1 (34.65), an indicator for a southward extension of the EAC. Low

variation in temperature and salinity with depth indicated a well-mixed surface layer at

both stations, down to 329 m (PS1) and 199 m (PS2). The euphotic zone was shallower

than the mixed layer at both stations (126 at PS1 and 116 m at PS2). The upper

water column at station PS2 was more productive compared to PS1 with slightly higher

chlorophyll a concentrations evident from satellite and in-situ measurements (Figure 4.1).

Whereas the chlorophyll a concentration at PS1 peaked at the surface (0.15 µg L−1) but

was very low throughout the mixed layer, PS2 showed higher values (0.3-0.5 µg L−1) in

the upper 150 m. Particulate organic carbon levels were highest at the surface at both

stations (26.33 and 27.03 µg L−1 for PS1 and PS2, respectively), and decreased below

subsurface maxima at 100 m and 150 m for PS1 and PS2. Particulate organic nitrogen

followed a similar trend with peak values at the surface (3.88 µg L−1 at PS1 and 3.65 µg

L−1 at PS2) and subsurface maxima at the same depths.

4.4.2 Epipelagic N. tonsus abundances

N. tonsus dominated the adult copepod community. Higher abundances were found at

PS1 (3.38 ± 0.6 ind. m−3). Here, the majority were collected during the night (4.1 ind.

m−3) and consisted of adults and small CIV/large CV copepodite stages, while during the

day mostly adults were present (Figure 4.2). By comparison, at PS2, lower abundances

were measured on average (2.72 ± 1.0 ind. m−3) and higher numbers of mainly large

CIV and small CV and low numbers of adults were encountered during the day (3.7 ind.

m−3), while only adults were collected at night (1.7 ind. m−3).
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Figure 4.2: Size distribution of N. tonsus copepods (copepodites and adults) is displayed
for site PS1 (a) and PS2 (b), the orange bars indicate sampling during the day, grey during
the night. Dashed lines indicate approximate size boundaries for N. tonsus copepodite
stage IV (CIV), copepodite stage V (CV) and adult (CVI), as outlined in Bradford et al.
(1988).

4.4.3 Carcass carbon content decomposition and sinking
velocities

The relationship between prosome length, dry weight, and individual carbon content of

the selected stage CV and adult N. tonsus carcasses were tested with linear regression

models (Figure 4.3). The strongest positive relationship was observed between individual

dry weight and carbon content (p<0.01, R2 = 0.69, Figure 4.3), followed by prosome

length to dry weight (p<0.01, R2 = 0.59, data not shown). The weakest relationship was

between prosome length and carbon content (p<0.01, R2 =0.24). The following equations

were produced from the linear regression analysis:

Dry weight (µg) = 469.64 × prosome length (mm) − 1123.06 (4.5)
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Figure 4.3: Relationship between (a) copepod dry weight (µg) to carbon per individual,
(b) prosome length (mm) to carbon per individual and (c) prosome length to sinking
velocity (m min−1). The calculated linear trend lines are added and the p and R2 values
are displayed.

Carbon (µg copepod−1) = 41.64 × prosome length (mm) + 23.52 (4.6)

Carbon (µg copepod−1) = 0.12 × dry weight (µg) + 112.93 (4.7)

Exponential models were also fitted for comparison, but were excluded due to a lower R2.

Using the N. tonsus abundances and equations above, the standing stock of carbon in

the upper water column was calculated. Overall, a higher amount of carbon was stored

in the N. tonsus community at PS1 compared to PS2 (75.5 mg C m−2 and 70.0 mg C

m−2), though the concentrations varied between day and night being higher during the

day at PS1 (82.3 mg C m−2) and at PS2 (92.2 mg C m−2).
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Figure 4.4: The normalised dissolved oxygen decline in two decomposition experiments
(replicates) at PS2 over 24 hours. The error bars depict the standard deviation. The
linear regressions are displayed for both experiments.

The two batches of replicates of carcass decomposition incubations differed significantly

in their oxygen decline (Welch Two Sample t-test, p<0.05), between 5.12 ± 1.21 µmol

L−1 h−1 (experiment 1) and 7.62 ± 2.90 µmol L−1 h−1 (experiment 2) (Figure 4.4).

The dissolved oxygen concentrations in the controls remained constant (<5% decline, on

average -2.8% over 24 hours) over the measured period (data not shown). To exclude

eventual anaerobic respiration, vials with dissolved oxygen concentration <100 µmol

were excluded before calculating the dissolved oxygen decline in both experiments. After

normalising the oxygen concentration to show the relative decline, the slopes of both

curves were very similar (m=0.021% L−1 h−1 for batch 1 and m= 0.019% L−1 h−1, for

2, Figure 4.4). Dissolved oxygen uptake rates were not dependent on individual copepod

dry weight or carbon content (linear regression, R2=0.04, p>0.05). The average dissolved

oxygen consumption (uptake rates multiplied by the volume of the vials) were 0.09 ± 0.04

µmol h−1 in batch 1 and 0.13 ± 0.04 µmol h−1 in batch 2. The microbial POC turnover

rates k (d−1) differed significantly between the experiments (Welch Two Sample t-test,

p¡0.05) and ranged from 0.02 to 0.13 d−1 (mean: 0.09 ± 0.03 d−1) in batch 1 and from

0.06 to 0.16 d−1 (mean: 0.12 ± 0.03 d−1) in batch 2 (total average: 0.11 ± 0.04 d−1).

On average, the selected copepod carcasses sank at 731 ± 182 m d−1 (115.2-1152 m d−1,
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Figure 4.3). The sinking velocity was significantly different between the sites (Welch

Two Sample t-test, p<0.01), though the prosome lengths showed only minor differences

between stations (3.23 at PS1 and 3.18 mm at PS2, p>0.05). N. tonsus carcasses sank

at 797 ± 175 m d−1 at PS1 and were slower at PS2 (671 ± 169 m d−1).

4.4.4 Carcass sinking flux relative to downward POC flux

Using the calculated parameters of carbon standing stock in the N. tonsus community,

mortality rates, carcass decomposition and sinking velocity (defined in Table 4.1), and the

derivate remineralisation length scale z*, the estimated carcass flux varied only slightly

between stations (Table 4.2). Based on a comparison with the downward POC flux

estimated from sediment traps, carcasses export a large amount of carbon to the deep

and their importance increases with depth: the carcass carbon flux equals approximately

31-32%, 39-41% and 42-45% of the downward POC flux at 1000, 2000, and 3800 m depths,

respectively (Table 4.2). The sensitivity analysis showed that the carcass flux estimations

were highly sensitive to uncertainty in mortality rates. When using a higher mortality

rate as reported by Yáñez et al. (2019) for the Chilean Humboldt Current region, the

flux increased by an order of magnitude, which was three times the amount of POC flux

by marine snow. The increase in mortality rate led to a linear increase in carcass flux

(i.e. approximately by the factor 8 in this example) compared to the control run. An

84-87% reduction in sinking velocity of carcasses as potentially observed with decreasing

body size, decreases the downward carcass flux by ∼54-55% (1000 m), ∼80-81% (2000

m), and ∼95-96% (3800 m), compared with the control run. Similarly, increasing the

microbial decomposition rate results in a decrease in carcass flux, though the flux does

not appear to be as sensitive to a change in microbial decomposition than to changing

mortality rates or sinking speed. An increase in k by ∼45%, translates into a decrease

in downward carcass flux by 6%, 11-14%, and 21-24% at 1000 m, 2000 m, and 3800 m,

respectively. On the other hand, decreasing the microbial decomposition rate by 83%

leads to an increase in flux by 12-15%, 27-32% and 59-73% at 1000 m, 2000 m, 3800 m.
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Table 4.1: Parameters used in the sensitivity analysis to estimate carcass downward carbon flux. Numbers in bold
indicate the parameter that has been changed relative to the control experiment. The mortality rates were calculated
based on an equation by Hirst and Kiørboe (2002) and measurements by Yáñez et al. (2019). The sinking velocity was
either measured in this study or calculated from Table 3 in Elliott et al. (2010). The upper and lower rates of microbial
decomposition represent the highest and lowest measured k during this study (0.17 and 0.02 d−1).

Parameters Site Control Higher mortality
rate

Lower sinking
speed

Higher microbial
decomposition

Lower microbial
decomposition

Carbon standing stock
(mg C m−2)

PS1

PS2

75.5

70.0

Mortality rate (β)
PS1

PS2

0.021

0.023

0.17

0.17

0.021

0.023

0.021

0.023

0.021

0.023
Microbial decomposition
(k, d−1)

0.11 0.11 0.11 0.16 0.02

Sinking velocity (w, m
d−1)

PS1

PS2

797

671

797

671

107

107

797

671

797

671
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Table 4.2: Sensitivity analysis comparing carcass sinking fluxes in mg C m−2 d−1 at 1000, 2000, and 3800 m depth in
comparison with POC fluxes (mg C m−2 d−1) estimated from sediment traps at SOTS in mid-October (midpoint date:
12 October, 2018). Ranges in parentheses consider the variability between day and night biomass and standard deviation
in sinking velocity and microbial respiration.

Depth
(m)

Site Control Higher mortality Lower sinking
velocity

Higher microbial
decomposition

Lower microbial
decomposition

POC (Sediment
trap, SOTS)

1000

PS1

PS2

1.40

(1.16-1.62)

1.39

(0.84-1.97)

11.34

(9.41-13.11)

10.27

(6.21-14.54)

0.63

(0.41-0.96)

0.64

(0.31-1.17)

1.32

(1.15-1.49)

1.30

(0.83-1.79)

1.55

(1.40-1.70)

1.57

(1.06-2.08)

4.43 ± 0.12

2000

PS1

PS2

1.22

(0.91-1.51)

1.18

(0.62-1.81)

9.87

(7.40-12.20)

8.72

(4.61-13.38)

0.22

(0.10-0.50)

0.23

(0.08-0.61)

1.08

(0.89-1.26)

1.02

(0.60-1.48)

1.51

(1.36-1.66)

1.52

(1.02-2.03)

3.00 ± 0.08

3800

PS1

PS2

0.95

(0.59-1.32)

0.88

(0.36-1.56)

7.70

(4.81-10.71)

6.49

(2.69-11.52)

0.04

(0.01-0.15)

0.04

(0.01-0.19)

0.75

(0.56-0.94)

0.67

(0.34-1.05)

1.44

(1.28-1.60)

1.44

(0.95-1.94)

2.10 ± 0.06
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4.5 Discussion

4.5.1 Drivers of downward carcass flux

The abundance of N. tonsus measured during our study in the upper 200 m in the open

ocean of the subantarctic Southern Ocean is two orders of magnitude lower than those

reported in the literature, for example, in SE Tasmania in summer max. of 404 ind.

m−3 (Taw and Ritz, 1979) or off Otago, New Zealand, (mean: 543 ind. m−3, Jillett,

1968). This discrepancy in numbers is likely caused by seasonal differences (summer vs.

early spring) and food supply (high in coastal waters vs. low in open ocean). Also,

the collected individuals in this study do not represent the entire population, as part of

the community would reproduce at depth with only late nauplii and early copepodite

stages ascending to surface in November or slightly earlier (Bradford-Grieve et al., 2001;

Miller et al., 1999; Ohman et al., 1989; Saito and Tsuda, 2000; Voronina et al., 1988).

In comparison, the surface population relies on particulate food to moult and produce

eggs (Ohman et al., 1989). For the downward carcass flux, it is important to consider

where in the water column the carcasses are produced. Mortality in the deep ocean

population increases the carbon flux because it actively injects carbon at the base of the

mesopelagic zone (200-1000 m depth), avoiding high microbial remineralisation in this

zone (Robinson et al., 2010). Due to insufficient data on deep population biomass in this

region, the carcass flux of the deep-water population of N. tonsus cannot be calculated

in this study. This reiterates the need for understanding a species’ ecology to estimate

its contribution to the carcass carbon flux. Carcasses are microbial hotspots that are

important for the microbial loop and nutrient remineralisation in the water column (Glud

et al., 2015; Tang et al., 2019). The microbial decomposition of carcasses was found to

be high compared to marine snow from SOTS. For example, Cavan and Boyd (2018)

measured a lower average respiration of marine snow aggregates of 3.3 ± 0.3 µmol O2

L−1 h−1. Comparable respiration rates to this study (6-8 µmol O2 L−1 h−1) were only

reached at higher temperatures (20-22◦C, Cavan and Boyd (2018); compared to ∼11◦C in

this study). The difference in dissolved oxygen consumption between batch 1 and 2, both

from site PS2, can be explained by a different initial microbial community on the surface

of and within the carcasses resulting in different successional patterns and, consequently,

diverging trends in dissolved oxygen consumption (Moisander et al., 2015). Tang et al.

(2019) found a rapid microbial colonisation and utilisation of carcasses, with respiration
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increasing over time, and anaerobic taxa were noted towards the end of the incubations,

which is an indicator of the formation of micro-anaerobic zones (Glud et al., 2015). The

microbial turnover rates (between 0.02 d−1 and 0.16 d−1) of carcasses were similar or

higher to other studies of fast-sinking particles, e.g. 0.01 - 0.06 d−1 for krill faecal pellets

in the Scotia Sea (Belcher et al., 2016b), 0.13 ± 0.01 for fast-sinking particles in the Pacific

Oxygen Minimum Zone (Cavan et al., 2017b), or 0.08 d−1 and 0.20 d−1 for phytoplankton

aggregates (Iversen and Ploug, 2010). The difference in the microbial decomposition

of carcasses compared with other particles is caused by the higher amount of carbon,

especially in the lipid-rich subantarctic species N. tonsus, and by the protection from

decomposition and fragmentation provided by the copepod carapace. As seen in the two

batches of decomposition experiments at PS2, microbial respiration varies markedly, even

at the same location. As microbial respiration is positively correlated with temperature

(Cavan and Boyd, 2018; Kritzberg et al., 2010; Rivkin and Legendre, 2001), using the

same microbial turnover rate to calculate the carcass flux at PS1 than at PS2, could

therefore lead to underestimation of carbon flux at PS1. However, as downward carcass

flux appears to be less sensitive to a change in microbial decomposition rate (Table 4.2)

the impact on flux estimations would be only minor. Even with relatively low N. tonsus

abundance at the surface and high microbial degradation, the high sinking velocity of

the carcasses results in a high carbon flux to the deep, representing 31-32% of the POC

flux out of the mesopelagic zone in early spring (Figure 4.5). The measured carcass

sinking velocity (730 m d−1 at 11◦C) was more than two-fold higher than for marine snow

(globally between 16 – 368 m d−1, Turner (2002)) and higher than other reported sinking

velocities of, for example, Mediterranean copepods (107 m d−1 at 13 - 19◦C; Frangoulis

et al. (2011) or copepods in an estuary (90 m d−1 at 25◦C; Elliott et al. (2010), which

is likely due to a smaller size compared with the large and heavy subantarctic species

N. tonsus. Furthermore, the experiments in an idealised setting do not consider the

impact of detritivory, turbulence or decreasing temperature with depth (discussed in

detail below). Due to the high sensitivity of downward carcass flux estimates to a change

in sinking velocity, it is necessary to understand factors that influence the sinking through

the water column.
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Figure 4.5: (a) The factors that impact the downward carcass flux through the water
column: sinking velocity, mortality rates, and microbial decomposition. Other important
factors include detritivory, turbulence and seawater density gradients in the water column.
(b) The estimated carbon flux by N. tonsus carcasses from the surface down to 1000, 2000,
and 3800 m depth in comparison to the particulate organic carbon flux in mid-October,
estimated with sediment traps at SOTS.

4.5.2 Knowledge gaps and limitations of this study

During the present study, it was not possible to measure copepod mortality rates or

carcass flux directly. Conventionally, to distinguish between live and dead zooplankton,

either the Neutral Red stain is used (e.g. Elliott et al., 2010; Ivory et al., 2014; Tang

et al., 2019) or samples are visually screened for signs such as incomplete consumption

(reviewed by Daase et al., 2014). The latter method is less reliable because carcasses

cannot be detected when they die of natural causes, for instance infections, and it poten-

tially underestimates the downward carcass flux. Following a copepod population over

a longer time to observe the change in abundance and calculate growth and mortality

rate is not logistically feasible in the subantarctic Southern Ocean. Consequently, zoo-

plankton mortality rates are not available for this region to date. In addition, POC flux

estimates from sediment traps typically exclude carcasses because all larger organisms are
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removed before analysis of the particulate fraction (e.g. see Wynn-Edwards et al., 2020),

as it is difficult to separate copepod swimmer from carcass. Mortality rates are largely

only available for freshwater or coastal environments (Daase et al., 2014). To increase

our understanding of oceanic carcass flux, future research needs to focus on zooplank-

ton mortality in the open ocean. The impact of the killing method must be considered

when analysing the decomposition rates. Other studies used chemicals (such as ethanol,

formaldehyde, HCl, or NaN3), heat or freezing (Elliott and Tang, 2009; Tang et al., 2006).

Most studies focused on the impact of the method on Neutral Red staining, thus, it is

unclear how these methods impact the microbiome and decomposition of carcasses in lab-

oratory experiments. Overall, we consider carbon dioxide to be a relatively gentle option

compared to the others because the copepod is killed, but the microbiome left relatively

intact. The present study does not examine how microbial decomposition and sinking

velocity changes when carcasses sink through the water column, caused by the decrease

in temperature. First, a decrease in temperature lowers the microbial decomposition and

increases the downward carcass flux. At the same time, a lower temperature also leads

to a higher sinking velocity of particles, which also increases the downward carbon flux

(Bach et al., 2012). Alternatively, the decrease in weight and density of carcasses due to

microbial decomposition will decrease the sinking velocity and, hence, downward carbon

flux. Therefore, more research is needed to improve our understanding of the interactions

between temperature, microbial community, and carcass sinking velocity on the way to

the deep sea. Fragmentation of the carcasses by the detritivorous community is currently

underestimated due to the lack of information on the subsurface community. Most zoo-

plankton data in the Subantarctic is collected by Continuous Plankton Recorder at the

surface (Atkinson et al., 2012; Hunt and Hosie, 2003) and seasonally limited research

voyages. For larger-sized zooplankton, we lack knowledge of the diversity and abundance

of potential consumers of copepod carcasses in early spring. In addition, water turbu-

lence can lower the sinking velocity and leave carcasses exposed to detritivory (Elliott

et al., 2010). However, mixing is patchy on spatial and temporal scales in the global

ocean (Whalen et al., 2012), hence, it is difficult to account for in downward carcass flux

estimations. In conclusion, the variability and interactions of factors such as microbial

decomposition, sinking velocity, detritivory, turbulence, and other environmental condi-

tions throughout the water column affect carcass transport and future research is needed

to estimate their importance.
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4.5.3 Future research priorities

Given that zooplankton carcasses can be an important contributor to ocean carbon flux,

their inclusion in ecosystem models to estimate future changes in carbon sequestration is

highly important. However, not all models currently include non-consumptive mortality

as a carbon pathway. Zooplankton mortality is calculated from biomass using a linear or

quadratic dependency (see Table 4.3 in the supplementary material). Linear terms refer

to non-predatory mortality, while quadratic non-linear terms are due to predatory mortal-

ity (Anderson et al., 2015). For example, the models REcoM2 (MAREMIP Hauck et al.,

2013) and PISCES (CMIP5 Aumont and Bopp, 2006) only include non-consumptive mor-

tality in their carbon flux estimations. In contrast, BEC (MAREMIP Moore et al., 2001)

and EMPOWER (Anderson et al., 2015), consider both non-consumptive and preda-

tory mortality. Other models, such as TOPAZ (CMIP5 Dunne et al., 2013), assume all

carbon resulting from zooplankton mortality is remineralised immediately and do not in-

clude carbon loss from surface waters. Even if non-consumptive mortality is considered,

a constant mortality rate and ratio between predatory and non-consumptive mortality

is often assumed (e.g. EMPOWER-1.0), while data on total mortality rates, seasonality

and the ratio between both mortality components are still insufficient for many regions

of the world’s oceans, including the subantarctic Southern Ocean.

4.6 Conclusion

This study is the first to estimate the contribution of copepod carcasses to the carbon

flux in the subantarctic Southern Ocean. Our results indicate that N. tonsus carcasses

are characterised by high microbial respiration and carbon turnover rates, but as they

sink quickly through the water column, they can significantly increase the POC flux

at depth. The performed sensitivity analysis showed that the downward carcass flux is

highly sensitive to variations in sinking velocity and mortality rates, but less to a change

in microbial decomposition rate. Despite the importance of copepod carcasses, the lack

of knowledge on mortality rates and processes that affect sinking in the ocean limit the

upscaling and inclusion in ecosystem models.
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4.7 Supplementary material

Table 4.3: Parameterisation of zooplankton mortality in the ecosystem models REcoM2, BEC and PISCES. All equations
are described in more detail by (Laufkötter et al., 2016). Z is the zooplankton biomass, pzoo the quadratic mortality rate
and mzoo the linear mortality rate. PISCES distinguishes between micro- and meso-zooplankton mortality and includes
a factor for dissolved oxygen (f (O2)) and temperature (Tf).

Model Calculation of zooplankton mortality
REcoM2

Z
mort

REcoM2
= pzoo × Z2 (4.8)

BEC &
EMPOWER-1.0

Z
mort

BEC/EMPOWER
= mzoo × Z + pzoo × Z2 (4.9)

PISCES

Z
micromort

PISCES
= mmicro × Tf × Z micro

Kmicro+ Z micro
× Zmicro × f (O2) (4.10)

Z
mesomort

PISCES
= mmeso ×Tf × Z meso

Kmeso+ Z meso
×Zmeso × f (O2) + p meso ×Zmeso2 (4.11)
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Chapter 5

ZOORESPIRE (ZOOplankton RESPiration In
the subsuRface ocEan) - A new tool to mea-
sure in-situ zooplankton respiration in the ocean

87



5.1. ABSTRACT

5.1 Abstract

Zooplankton respiration represents an important carbon transformation pathway in the

ocean, though it is rarely measured in-situ due to the difficulties of isolating enough

individuals while maintaining field conditions and avoiding stressful handling. This

chapter presents the development of the ZOOplankton RESPiration in the subsuRface

OcEan (ZOORESPIRE), a newly developed research instrument to measure zooplankton

respiration in-situ. Initial trials using different zooplankton attractants such as amino

acids and a light source were conducted with earlier prototypes and indicated that light

was the most successful way to attract zooplankton. During the collection phase, the

current prototype of the ZOORESPIRE attracts and traps zooplankton in a sampling

chamber, which then closes and functions as an incubation chamber. During the incu-

bation phase, the integrated optode measures dissolved oxygen decline over time. Trials

were conducted to analyse the impermeability, trapping efficiency, and sensitivity of the

oxygen measurements. The ZOORESPIRE did not allow gas exchange with the surround-

ing water and is therefore suitable for zooplankton respiration experiments. During the

field experiment, the light attracted a significantly higher number of zooplankton (total

∼ 1725 ind. L−1), mainly copepods, crustacean larvae, and appendicularians in compar-

ison to the control experiment without light, which resulted in a significant decline in

dissolved oxygen concentration within the ZOORESPIRE of 7.3 µM h−1. In addition, it

was possible to distinguish a respiration signature between different abundances of zoo-

plankton: differences in oxygen consumption by eight Antarctic krill (Euphausia superba)

compared to four individuals were measurable. Current biases of the ZOORESPIRE in-

clude a change in community composition within the chamber during deployment due

to predation, along with the selectivity of the attractant light. Further development of

the tool will include an additional field trial in oceanic waters using a neutrally-buoyant

float that minimises vertical movement in the water column. The future deployment of

ZOORESPIRE arrays will enable improved quantification of zooplankton respiration in

the Southern Ocean, including the understudied ocean’s twilight zone.
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5.2 Introduction

5.2.1 Zooplankton respiration in the oceanic carbon cycle

Zooplankton respiration (hereafter ”respiration”) is an important pathway for transform-

ing carbon in the ocean. Approximately, 25% of the carbon that zooplankton ingest from

primary producers is released again as carbon dioxide, resulting in an annual CO2 pro-

duction of 1.4 Gt C yr−1 globally (Calbet, 2001). The zooplankton community in the

Southern Ocean contributes ∼ 0.6 Gt C year−1 to oceanic respiration (Mayzaud and

Pakhomov, 2014b). Diel and seasonal vertical migrations by zooplankton (mesopelagic

migrant pump, MMP, and seasonal lipid pump, SLP), result in carbon injection in the

form of respired CO2 at depth, which is associated with metabolising upper ocean prey,

and results in a respiratory flux. This flux is highly variable and can be 2.8-88.3% of

the gravitational particle flux, as estimated by Hernández-León et al. (2019) for the Ca-

nary Current; the magnitude of the downward flux depends upon the migration depth of

zooplankton. Respiration in general varies depending on environmental parameters, such

as temperature and dissolved oxygen concentration, as well as zooplankton body mass,

feeding rates, and swimming activity (Hernández-León and Ikeda, 2005b; Hernández-

León and Gomez, 1996; Ikeda, 1985; Ikeda et al., 2001; Teuber et al., 2013). In addition,

species diversity, size distribution and trophic characteristics of zooplankton communities

control respiration (Mayzaud and Pakhomov, 2014b, and references therein). Respira-

tion in the epipelagic is estimated to be highest in the water column, as a function of the

high biomass, high particulate organic carbon concentration, and warmer temperature in

this zone (Hernández-León and Ikeda, 2005b). However, despite less data being available

for this layer, the mesopelagic zone (200-1000 m) is estimated to contribute ∼ 21% of

global zooplankton respiration (Hernández-León and Ikeda, 2005b). Differing estimates

in zooplankton community respiration in the mesopelagic zone are the result of large

uncertainties and variability in the biomass estimates for the mesopelagic community

between regions (Hernández-León and Ikeda, 2005b; Proud et al., 2017; Robinson et al.,

2010).
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5.2.2 Previous methods to estimate zooplankton respiration

In addition to providing insights into zooplankton physiology, respiration also indicates re-

gions of high zooplankton activity, including particle ingestion and fragmentation (Packard

and Christensen, 2004). Sinking particles are ingested to meet part of the carbon demand

of the pelagic community, but zooplankton feeding on the particle flux and the associated

respiration also result in a decline in downward particulate carbon flux, in particular in

the twilight zone (Giering et al., 2014; Steinberg et al., 2008; Burd et al., 2010). Conse-

quently, to estimate the magnitude of the biological gravitational pump and project its

future changes, a robust quantification of zooplankton respiration is necessary. Different

methods have been used for decades to measure respiration, as reviewed by Hernández-

León and Ikeda (2005b). Zooplankton are typically caught with nets and brought to the

surface. Many studies have used the ”bottle” or ”sealed-chamber approach” (Hernández-

León and Gomez, 1996; Ikeda, 1985; Ikeda et al., 2001), where selected animals were

acclimated to laboratory conditions for a few hours and then placed in an air-tight con-

tainer. The dissolved oxygen decline is measured over time either continuously or at the

start and end of the incubation to infer zooplankton respiration. Another common ap-

proach is to determine the enzymatic activity of the Electron Transfer System (ETS), a

method developed by Packard (1971) and refined by Owens and King (1975), that works

using a conversion factor between respiration and ETS activity. This ratio is not constant,

but varies depending on different factors, such as primary production and temperature

(Hernández-León and Gomez, 1996).

Although these methods have been commonly used a long time, e.g., to extrapolate

respiration estimates for the global ocean (del Giorgio and Duarte, 2002), they have arte-

facts that could alter the respiration rate estimates. All methods used to date require

the collection of undamaged zooplankton from the water column, however, increased

handling induces physiological stress leading to a potential over-estimation of respiration

rates termed hyperventilation (le Borgne, 1979). Usually, common species are selected for

the experiments or, if a community sample is used, larger and rarer species are frequently

excluded because of the small volume of the incubation chamber (Hernández-León and

Gomez, 1996). In addition, respiration has not been measured over high spatial resolu-

tion through the water column or over more than a few hours. Consequently, regions

of high zooplankton respiration that lead to particle fragmentation and remineralisation
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”hotspots” in the water column are poorly mapped. While zooplankton respiration has

been measured in the laboratory for over four decades, in-situ measurements of com-

munity respiration have rarely been attempted because it has been difficult to capture

sufficient zooplankton biomass under low stress conditions (Hernández-León and Ikeda,

2005b). As one of the few examples of in-situ methods, Collins et al. (2018) developed

an autonomous, bottle device to measure community respiration and net production, but

their approach focused mainly on phytoplankton.

In contrast to plankton respiration, approaches to measure bacterial respiration associ-

ated with of particle remineralisation are further advanced, as their influence on particle

attenuation was recognized (Buesseler and Boyd, 2009; Giering et al., 2014; Steinberg

et al., 2008; Tamburini et al., 2003). For example, Steinberg et al. (2008) used the in-

corporation rate of the radio tracer [3H]-thymidine in incubations of water samples to

estimate carbon demand by using published conversion factors of bacterial growth ef-

ficiency rates. Microsensors that measure dissolved oxygen gradients of particles in a

temperature-controlled environment are commonly used as well (Belcher et al., 2016a;

Cavan and Boyd, 2018; Ploug and Grossart, 2000). As one of the first in-situ meth-

ods, Boyd et al. (2015) developed the RESPIRE dual particle interceptor/incubator,

which first intercepts and concentrates marine snow particles for enough time to enable

measurement of a respiration signature, and then commences particle incubation by mea-

suring the particle-associated microbial respiration within the inner incubation chamber

of the RESPIRE. The RESPIRE has been used successfully in several field campaigns to

improve the understanding of microbial physiology and particle biogeochemistry (Boyd

et al., 2015; Bressac et al., 2019; McDonnell et al., 2015). Based on the RESPIRE design,

which relies on natural gravitational flux of marine snow particles, a similar device was

developed for zooplankton, with the difference that zooplankton need to be captured and

concentrated prior to incubation.

5.2.3 The development of the ZOORESPIRE

In the following chapter, the ZOOplankton RESPiration in the subsuRface OcEan (ZOORESPIRE),

a newly developed tool to measure zooplankton respiration in-situ, is presented. It con-

sists of a titanium chamber (i.e., non oxygen-evolving) with a light source and an inte-
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grated oxygen optode (set-up described in detail in the Methods section). During the

collection phase, the length of which is programmable, the open device attracts zoo-

plankton that actively swim through the funnel-shaped entranced (similar to a fish trap)

and become trapped. After sufficient animals are caught to measure a respiration signal,

which is determined by trial and error, the lid closes and the dissolved oxygen decline

is measured during the incubation phase. The ZOORESPIRE has the advantage that

zooplankton voluntarily swim into the chamber, which significantly reduces the handling

stress, avoids hyperventilation, and improves the representativeness of respiration rate

measurements. In contrast to previous methods, the tool enables measurement of the

respiration rate of a zooplankton community over a long period of time (hours to days)

under natural conditions. Throughout the development of the different prototypes (pre-

sented in Figure 5.1) two questions needed to be answered: (1) What is the best method

to attract sufficient abundance of zooplankton and (2) can sufficient zooplankton biomass

be obtained to measure a significant decrease in dissolved oxygen concentration?

Zooplankton occur patchily in the ocean, and patches are formed during diel vertical

migration, as a predator avoidance mechanism, searching for prey at high concentration

or as mating behaviour (Folt and Burns, 1999). In particular, copepods respond well to

chemical stimuli, such as dissolved amino acids released by phytoplankton, and can suc-

cessfully locate a patch of food (Folt and Burns, 1999; Poulet et al., 1991; Gill and Poulet,

1988). The disadvantage of using amino acids as a chemical attractant in a zooplankton

trap is the change in the ambient environmental conditions, which potentially affects res-

piration rates of the captured zooplankton and in particular the resident heterotrophic

bacteria. In addition, amino acids occur in high concentration in shelf waters (Poulet

et al., 1991), which impedes their use in a trap in coastal regions (see Prototype 1 in

Figure 5.1). Previous zooplankton traps have used a light source to attract zooplankton,

mainly in coastal settings. For example, the Doherty trap (Doherty, 1987) deployed to

quantify spatial and temporal patchiness in the zooplankton community of Lizard Island,

Australia, used a light source to mainly attract larval fish. Further development of the

trap design by Hickford and Schiel (1999) and Meekan et al. (2001) enabled a comparison

of the zooplankton community between coastal ecosystems. The cost-efficient and robust

light trap presented by Chan et al. (2016), who used a 6 L PET mineral bottle as the

trap body, served as inspiration for Prototype 2 of the ZOORESPIRE (see Figure 5.1).

Despite reports that pelagic organisms largely avoid artificial light (e.g. Geoffroy et al.,
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2021), the directed light source (a dive light torch) in Prototype 2 proved to be the most

efficient way to attract a diverse array of zooplankton and micronekton (more details

in Figure 5.1 and Figure 5.6, 5.7, and 5.8 in the supplementary material). The current

version of ZOORESPIRE was developed employing an oxygen optode to detect a decline

in dissolved oxygen over time, as used in the RESPIRE by Boyd et al. (2015), a modified

light source and a funnel to form a sampling chamber.

5.2.4 Aims for this chapter

The following chapter describes the set-up and trials of the latest prototype of the

ZOORESPIRE in the laboratory and field. In particular, I focused on the following

questions:

1. Is the chamber gas-permeable? Ideally, the dissolved oxygen concentration inside

the ZOORESPIRE changes independently of the dissolved oxygen concentration in

the water surrounding the chamber.

2. Does the ZOORESPIRE attract sufficient zooplankton stocks in the field, i.e.,

does it attract enough zooplankton to measure a decline in dissolved oxygen?

3. Finally, how sensitive is the ZOORESPIRE to minor changes in the number of

zooplankton captured?

Additionally, new opportunities for measuring zooplankton respiration in-situ are dis-

cussed, as well as biases of the current method and future refinements.
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Figure 5.1: Development of the prototypes of the current ZOORESPIRE. Trials were conducted either off the IMAS
Wharf (42.88◦S, 147.34◦E), on the pier on Maria Island (42.58◦S, 148.06◦E), or at the Southern Ocean Time Series site
(47◦S, 140◦E) during a research voyage in 2019. Images of the prototypes along with zooplankton counts of the successful
trial of prototype 2 are displayed in the supplementary materials (Figures 5.6 and 5.7).
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5.3 Methods

5.3.1 ZOORESPIRE set-up and development

With the deployment of the ZOORESPIRE, I aimed to attract zooplankton and measure

their respiration rate over time. The chamber is a titanium cylinder from a re-purposed

RESPIRE trap that is closed with a titanium lid by an attached motor (Figure 5.2). A

PVC funnel is inserted into the opening of the chamber to create a zooplankton trap

that is difficult to exit for the organisms and tapers the opening diameter down to 5

cm. Approximately mid-way through the cylinder, a light source (Chip LED with Right

Angle Lens, 27-21/GHC-YR1S2M/3C, Everlight Electronics) is positioned underneath

the funnel opening. Depending on the particle concentration in the water, the light is

visible in a radius of approximately 3-4 m. The 3-point attachment of the light ensures

that there is water exchange throughout the whole chamber.

At the titanium base plate, an oxygen optode (Andereaa, 4831 series) is mounted be-

fore deployment to measure dissolved oxygen concentration within the inner chamber to

estimate respiration rate by zooplankton under in-situ pressure and temperature condi-

tions. The accuracy of the measurements is <± 8 µM or 5% and a resolution of <± 1

µM. A 1
4

′′
BSP stainless steel ball valve is attached at the bottom. This enables collection

of the zooplankton after recovery of the ZOORESPIRE, which is necessary to estimate

the oxygen consumption per zooplankton biomass. Also, the base plate is removable

to allow cleaning between deployments. The light, optode and motor are connected via

heavy-duty electrical cables to the controller unit, which is programmed with the mission

parameters via the Arduino Uno program (version 1.4) prior to deployment (Table 5.1).

The controller also logs dissolved oxygen and temperature over time, which are down-

loaded after recovery of the ZOORESPIRE, and contains the batteries (8 x 4 V) that

power the mission. All components are housed within a protective steel frame during

deployment.
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Figure 5.2: Set-up of the ZOORESPIRE within the steel frame during deployment:
Construction of the chamber body, including the funnel-shaped trap entrance, lid that
closes the chamber, light source, oxygen optode, and sampling tap in the base plate. The
sampling component is connected via cables to the controller unit, which is programmed
with the mission parameters prior to deployment. The frame is attached to a cable for
deployment. The total ZOORESPIRE unit weighs approximately 55 kg.

5.3.2 Software and mission parameters

A typical ZOORESPIRE mission consists of two phases: the collection phase and the

incubation phase. During the collection phase, zooplankton are attracted by the light

and swim toward and into the open chamber. This zooplankton behaviour can be ob-

served, if a camera is attached to the metal frame pointing at the trap entrance. Once

entered, most plankton are unable to exit again because of the funnel-shaped entrance

of the ZOORESPIRE. At the end of the pre-set collection phase, the light is turned off

and the trap closing is triggered by the motor. The decline in dissolved oxygen caused

by zooplankton respiration is measured during the subsequent incubation phase. The
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mission parameters, including length of both phases and total mission, are adjusted for

the local zooplankton community based on trial and error during some initial pilot de-

ployments. For example, the fewer zooplankton present in the surrounding water the

longer the ZOORESPIRE needs to stay open to attract a sufficient number of animals

and the longer the total mission to detect any changes in dissolved oxygen. All mission

parameters, i.e., speed and time of turning the motor wheel that triggers the closing of

the ZOORESPIRE, delayed start of the mission to budget time for deployment, sampling

interval of the optode, rotation duration, and overall mission and collection duration, are

set with the Arduino interface and a code written for the RESPIRE and adapted for the

ZOORESPIRE by Paul Waller (UTAS) (Table 5.1). After each deployment, the collected

dissolved oxygen and temperature data that is stored on a SD card inside the controller

can be accessed with the Arduino Uno program.
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Table 5.1: Mission parameters of the ZOORESPIRE that were set with a software menu in the controller unit during
the laboratory and field trials in September- November 2020. (1) Light turned off in the control trial. (2) No collection
phase during this trial.

Settings Range Explanation
I. Gas
permeability (2)

II. Trapping
efficiency

III. Sensitivity

Motor speed (s) 0-255
Turning speed of the
wheel of the motor

0 100 100

Start delay (h) 0-255
Delayed started of the
optode measurement

0 0 0

Sampling interval (min) 0-255
Interval of optode
measurements

1 2 2

Rotation duration (s) 0-255
Turning length of the
wheel of the motor

0 100 100

Mission duration (h) 0-255
Length of overall
mission

72 16 24

Collection duration (min) 0-360
Length of collection
phase (trap open and
light turned on) (1)

0 150 120
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5.3.3 Trials

Gas impermeability & temperature sensitivity

To measure a decline in dissolved oxygen over several hours, the ZOORESPIRE cannot

allow an exchange of oxygen with the surrounding water during the incubation phase.

Its gas impermeability was tested in a constant temperature laboratory at the Institute

for Marine and Antarctic Studies (IMAS), Australia, set to 11◦C (lower limit: 9◦C,

upper limit: 12◦C). A water bath of filtered seawater was prepared 24 h before the

trial to let the water reach room temperature. The ZOORESPIRE and all the required

equipment, i.e., optode, cables and controller, were placed on the same bench to acclimate

to temperature. 11◦C was chosen as it is within the range of mixed layer temperatures

of the subantarctic Southern Ocean (Rintoul and Trull, 2001), the location for further

planned field experiments of the ZOORESPIRE. After 24 hours, the ZOORESPIRE was

gently submerged in a water bath and nitrogen gas was inserted via a tubing system

for 2 hours to artificially lower the dissolved oxygen concentration in the chamber, as

oxygen molecules are replaced by nitrogen. After the lid was closed, the dissolved oxygen

concentration and saturation were measured over 36 h by the optode inside. Meanwhile,

a second optode measured the dissolved oxygen concentration changes in the water bath

outside the chamber as a control. The mission parameters for this and the following

trials are summarised in Table 5.1. To explore how the light source would influence

the temperature within the ZOORESPIRE, I conducted another trial in the constant

temperature room. I used the same mission parameters as in the permeability trial

above, but only programmed a total mission length of 6 hours. The light was turned on

during the collection phase, but the chamber was closed. Although these are not realistic

field conditions, I wanted to measure the maximum potential temperature increase by

the light.

Trapping efficiency

The ZOORESPIRE was tested in the Derwent Estuary, Australia, off the wharf of IMAS

in Hobart (42◦ 53′S, 147◦ 20′E). An hour prior to deployment, the ZOORESPIRE was

slowly filled with water from off the wharf via a tubing system to avoid the introduction

of gas bubbles. A GoPro Hero8 camera was attached to the metal frame to obtain video
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material and analyse the animals’ behaviour at the trap entrance. The ZOORESPIRE

was deployed at around 18:15 local time (sunset 18:00) and lowered down to around 4

m water depth. The ZOORESPIRE closed after 2.25 hours in the water and incubated

the captured zooplankton until recovery the next morning at 8:45 (14.5 hours of mea-

surements). In the lab, the chamber was sampled through the tap in the bottom plate.

The zooplankton were sieved into size fractions of 50 - 100 µm (small), 100 - 200 µm

(medium) and > 200 µm (large) and preserved in 10% ethanol.

A control trial with the light turned off was conducted during the following evening.

The ZOORESPIRE was pre-filled with water off the wharf and the same mission param-

eters were used (Table 5.1). The camera could not be used this time due to the lack of

daylight. The ZOORESPIRE was deployed at 18:10 (sunset 18:01) and lowered down to

4 m. The next day, at 8:30, the zooplankton were sampled after recovery, split into size

fractions, and preserved. Under ideal conditions, the control trial would be conducted

simultaneously with the light trial, however, the availability of only one ZOORESPIRE

prototype prevented a direct comparison. The deployment conditions, i.e., wind and

waves, were notably calmer during the control trial than during the light trial on the

previous day, which could potentially influence the trapping efficiency of zooplankton.

This potential source of error will be discussed below.

The collected zooplankton were identified to group level; e.g., copepods, polychaetes,

isopods etc. The complete sample was counted for rarer organisms, while it was split for

very abundant zooplankton. The number was then calculated per litre (total chamber

volume: 5.3 L) and compared to the dissolved oxygen decline in the chamber over time.

To test if zooplankton numbers between the trials differed significantly, an Analysis of

Variance and a Tukey-HSD post-hoc test were conducted.

Sensitivity trials: zooplankton abundance versus change in dissolved oxygen
concentration

To evaluate if the ZOORESPIRE is sensitive enough to detect changes in respiration

rates caused by different numbers of trapped zooplankton, experiments were conducted

in the krill laboratory at the Australian Antarctic Division in Kingston, Tasmania. The

ZOORESPIRE, together with the controller, was gently lowered into a tank (∼1 x 1 x
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2 m) filled with seawater of approx. 0.3◦C and a salinity of 34.5. Instead of using the

steel frame, the components were lowered into the tank and suspended from the ceiling.

The ZOORESPIRE was programmed with a collection time of 2 hours. Between 35

and 50 individuals of Antarctic krill Euphausia superba were added to the tank water

surrounding the ZOORESPIRE. The behaviour of the krill was recorded, again using

the GoPro Hero 8 camera mounted in front of the trap opening. Throughout the trial,

the tank was covered with a black cloth to avoid light pollution from the laboratory.

During the incubation phase, the dissolved oxygen decline was measured for a minimum

of 20 hours. After the trial, the krill were sampled and frozen at -80◦C. The total length

(rostrum to urosome) was recorded and wet weight was measured with a balance (AND

GR-200, accuracy of 0.1 mg). The dry weight was obtained by multiplying the wet weight

by 0.2278 following Ericson et al. (2018) to account for 77.2% body water content. The

respiration rate in each trial was calculated as dissolved oxygen decline per gram dry

weight per hour to enable a comparison with other methods. In total, two trials were

conducted to attract different numbers of krill. Additionally, a third trial with the light

turned off was used as a control. Another light trial was excluded from the analysis, as

the water temperature fluctuated due a technical issue. The water had to be changed

regularly between trials to avoid algal growth within the tank.

5.4 Results

5.4.1 Gas impermeability & temperature stability

During the bubbling of nitrogen gas, the dissolved oxygen inside the ZOORESPIRE

decreased sharply by approximately 200 µM (from 300 µM to around 100 µM, Figure

5.4a), while the optode outside recorded only a minor decrease of 26 µM. After closing the

lid, the dissolved oxygen levels in the chamber fluctuated slightly, likely due to diffusion

within, but remained relatively constant. Similarly, the dissolved oxygen concentration

in the water bath outside the chamber remained constant at around 265 µM. Therefore,

no gas exchange between the surrounding water bath and ZOORESPIRE, which would

be conspicuous as an increase in dissolved oxygen concentration inside the chamber, was

detected over 72 hours. The temperature remained constant at approximately 10.5◦C

(Figure 5.4b). During the trial testing the temperature increase of the light source there
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Figure 5.3: The ZOORESPIRE trial at the Australian Antarctic Division. (a) The
ZOORESPIRE was deployed without the metal frame due to a lack of space in the krill
tank. Instead, the controller and the ZOORESPIRE were suspended from the ceiling.
(b) The ZOORESPIRE in the krill tank with an attached GoPro camera to document
the krill behaviour. (c) An Antarctic krill during the first trial that was attracted by the
light and entered the chamber afterwards.

was a slight decrease in temperature during the test rather than an increase caused by

the lamp (11.5 to 11.3◦, results not shown). Hence, I assume the impact of the lamp on

the water temperature to be negligible.

5.4.2 Attraction and capture efficiency

The light source trial of the ZOORESPIRE off the IMAS Wharf attracted a 2.5-fold

higher number of zooplankton compared to the control without light (total 1725 and 682

ind. L−1 in light trial and control, respectively, Figure 5.5). The highest numbers (∼ 1600

ind. L−1 in total) were counted in the largest size fraction (>200 µm) of the light trial,

containing mostly copepods, porcelain crab larvae, appendicularians, and crustacean lar-

vae (cyprid and unidentified). In contrast, the control was dominated by dinoflagellates
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in the smallest size fraction (50-100 µm) with ∼640 ind. L−1. In the light trial, dinoflag-

ellates were also caught, however, their concentration was only minor (20 ind. L−1). The

numbers of the other size fractions (small and medium in the light trial and large and

medium in the control) were negligible.

The abundance of large zooplankton during the light source trial led to a decrease in

dissolved oxygen concentration even before the chamber was closed (Figure 5.4c). After

an initial slight increase in dissolved oxygen concentration, likely due to the mixing of

water in the ZOORESPIRE with the seawater off the wharf, concentration declined from

300 µM to 194 µM within 14.5 hours (oxygen consumption 7.3 µM h−1). In contrast, the

dissolved oxygen concentration of the control that was dominated by small zooplankton

with lower numbers, decreased only slightly from 290 to 283 µM during the deployment

(oxygen consumption ∼0.5 µM h−1). Temperature in the chamber decreased from 12.4

to 11.8◦C, similar for both trials, within the first hour of deployment, caused by a mixing

of the water as described above (Figure 5.4d). Afterwards, the temperature remained

constant for approximately 6 hours and then decreased further to 11.4◦C (control) or

fluctuated around 11.6◦C. The temperature fluctuations were likely caused by tidal inflow

within the harbour.
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Figure 5.4: The change in dissolved oxygen concentration (left panel) and temperature (right panel) during the
ZOORESPIRE trials. The control outside the chamber (permeability trial) and without light (trapping efficiency trial
and sensitivity trial) is depicted in purple, while the test inside the chamber or with a light source are yellow or orange.
(a)-(b) The red line indicates the start and finish of the introduction of nitrogen gas into the chamber to artificially lower
the dissolved oxygen concentration during the permeability trial in the IMAS laboratory. (c)-(d) and (e)-(f): The red
line indicates the closing of the ZOORESPIRE after the collection phase, commencing the incubation phase. Note that
the scale on the x-axis varies between trials.
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Figure 5.5: Zooplankton abundance in the trapping efficiency trial of the ZOORESPIRE.
The upper panel (a) depicts the fractions of each taxonomic group in the community, while
the lower panel (b) shows the total concentration in individuals L−1. The bars represent
the large, medium and small zooplankton size fraction in the control trial without light
(CL= control large, CM = control medium, CS= control small, respectively) and the
large, medium, and small fraction in the trial with light (LL= light large, LM= light
medium, LS= light small, respectively).

5.4.3 Sensitivity of respiration measurements to varying
zooplankton abundances

Eight krill were attracted into the ZOORESPIRE during the first experiment, four dur-

ing the second and none in the control trial without light. Consequently, the decrease in

dissolved oxygen due to eight krill was almost double the oxygen consumption by four in-
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dividuals (48 µM compared to 26 µM over 12 hours, respectively, Figure 5.4). In contrast,

the dissolved oxygen concentration declined by 7 µM in the control experiment. After an

initial decline in temperature to ∼1.5◦C within the first 0.5 h of the sensitivity experi-

ment, temperature remained constant throughout the deployment, though temperatures

in the trial with eight krill were approximately 0.2◦C higher than the other two (Figure

5.4). Assuming the control represents the background respiration by phytoplankton and

bacteria in the water, the total individual oxygen consumption per krill is 2.21 µM O2

h−1 on average (2.26 and 2.10 µM h−1 in experiment 1 and 2, respectively, Table 5.2).

This equals to a respiration rate of 19.87 and 21.61 µmol O2 g DW−1 h−1 in experiments

1 and 2, respectively.

5.5 Discussion

5.5.1 Trial results

The results of the trials indicate that changes in dissolved oxygen concentration were

detected by the ZOORESPIRE independently of the dissolved oxygen concentration out-

side, a requirement for respiration measurements. In addition, the light source did not

cause a significant increase in temperature, hence, I conclude that the environmental

conditions inside the chamber represent in-situ conditions. The ZOORESPIRE also suc-

cessfully attracted a sufficient number of zooplankton to record a significant decrease in

dissolved oxygen concentration over the duration of the experiment. Though the wet

weight of zooplankton in the trapping efficiency trial was not evaluated, which limits

the estimation of respiration rates, the significant difference between control and light

treatment in species abundance showed the high efficiency in attracting crustacean and

tunicate plankton. The calculated respiration rates of krill are comparable to similar lab-

oratory experiments in the literature. For example, Saborowski et al. (2002) determined

the respiration rates by the Northern krill Meganyctiphanes norvegica during incubations

in flow chambers of between 19.9 and 89.9 µmol O2 g DW−1 h−1, with temperatures rang-

ing from 4 to 16◦C. This is in the same range as the respiration rates in the sensitivity

trial with the Antarctic krill of 19.8-21.61 µmol O2 g DW−1 h−1. The lower water tem-

perature during the experiments with the ZOORESPIRE and the larger size of Antarctic

krill likely resulted in lower metabolic rates and hence, caused low respiration rates by the
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Antarctic krill compared to the Northern krill. Similarly, Ericson et al. (2018) measured

oxygen consumption by Antarctic krill of 0.13-0.50 µL O2 mg DW−1 h−1 at 0.5◦C, using

respirometry vessels in water baths, which is comparable to the estimated rates in the

ZOORESPIRE (0.45-0.48 µL O2 mg DW−1 h−1, converted µmol to µL).

5.5.2 Challenges and biases

Using light to attract zooplankton seems counter-intuitive at first. It is widely assumed

that zooplankton exhibit a light-escape response to avoid predation during daytime, caus-

ing diel vertical migrations (Lampert, 1993; Zaret and Suffern, 1976). In addition, zoo-

plankton avoid artificial lights from ships and other sampling platforms (Geoffroy et al.,

2021; Ludvigsen et al., 2018; Berge et al., 2020; Benoit-Bird et al., 2010). The successes

of the ZOORESPIRE and other zooplankton traps (e.g. by Doherty, 1987; De Leon-

Casasola and Stevens, 2001; Hickford and Schiel, 1999; Meekan et al., 2001) confirm that

responses to light by the diverse group of zooplankton are more complex, which is also re-

flected by the contradictory literature. For example, while krill are known to be attracted

by light in laboratory experiments (Utne-Palm et al., 2018), copepods are reported to

avoid artificial light (Ludvigsen et al., 2018), which stands in contrast to our findings.

Light has lethal effects on the jellyfish Periphylla periphylla (Jarms et al., 2002), but is

used for collection of the jellyfish Copula sivickisi (Schlaefer et al., 2020). Nothing is

known about the response to light by amphipods and pteropods (Geoffroy et al., 2021),

or tunicates. Given the diversity of taxonomic groups under the umbrella term of zoo-

plankton, it is unlikely to find a ”one-size-fits-all” solution when building a device to

attract zooplankton. Understanding the phototactic behaviour of zooplankton remains

an important requirement when estimating respiration rates in the ZOORESPIRE, as

not all organisms will be attracted by light equally.

In addition, the potential changes in the zooplankton community in the chamber during

the incubation period might bias the results. Deployment results of prototype 4 indicate

a change in community relative to the control, probably caused by predation inside the

chamber. Dinoflagellates of the small size fraction (50-100 µm), which dominated the

control, were likely ingested by the caught copepods and crustacean larvae. Appendicu-

larians produce gelatinous houses to catch pico- and nanoplankton and particles (Gorsky
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et al., 1999), which excludes them as active consumers of dinoflagellates, which were

mostly microplankton in our study. The longer the duration of the incubation period

in the ZOORESPIRE the more the community will change due to predation. Similarly,

the accumulation of faecal pellets and molts, if the ZOORESPIRE is to be deployed over

days, has to be considered when estimating oxygen consumption rates. To circumvent

this issue, a short duration of field deployments (hours rather than days) as well as in-

stalling camera systems that record entering zooplankton will assist in assessing the bias.

One of the issues during the field experiments was the absence of a control to measure

background respiration of heterotrophic bacteria in the water column and on particles.

The high numbers of dinoflagellates in the control trial in the Derwent, restricted the dis-

tinction between bacterial and protist respiration. Consequently, as predation decreased

the dinoflagellate fraction in the light experiment, as discussed above, the measured res-

piration rate was not directly comparable to the control. Due to overall lower plankton

concentrations offshore relative to coastal regions, the bias will be less significant for

respiration rate measurements in the open ocean. However, going forward, I recom-

mend complementary measurements of microbial respiration rates in the water column,

for example by deploying the ZOORESPIRE in conjunction with RESPIRE traps or by

laboratory-based incubations.

In addition, the growing phytoplankton (used as feedstock) in the tank of the krill exper-

iments biases the results. Due to the high food supply, krill will focus on feeding outside

the ZOORESPIRE rather than swimming into the chamber. In addition, the total oxy-

gen consumption by phytoplankton increases with abundance and was therefore higher

in the control trial after two days than in the first experiment at day 1. These effects are

likely minor in the field, but were a significant influence during the laboratory trials.

Additional trials of the ZOORESPIRE were conducted on the SOLACE voyage in De-

cember 2020 in the subantarctic Southern Ocean (43.5-58◦S, 134-148◦E) However, no zoo-

plankton were caught, despite deployment of varying times (1-3 hours) and at different

depths (100, 150, and 200 m in the scattering layer). As the trap was tested successfully

off the wharf in the harbour, three factors could have caused the unsuccessful trial: (1)

the dominant zooplankton were not attracted by light, (2) the concentration of zooplank-

ton was too low in surface waters, or (3) the vertical movement of the ZOORESPIRE
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in the water (1-2 m in <1 min due to wave and swell motions) was too high for weak

swimmers such as zooplankton to swim into the chamber. The zooplankton community

in the subantarctic zone is dominated by small and large copepods (Hunt, 2005; Hunt

and Hosie, 2005; Halfter et al., 2020), and during SOLACE, I caught high numbers of

copepodite and adult calanoid copepods (Halfter, pers.comm). This zooplankton group

was attracted by light, as seen in trials of Prototype 2 (see supplementary material) and

4. Hence, it is likely that the vertical movement of the ship caused a relatively abrupt

movement of the ZOORESPIRE, which deterred the zooplankton.

5.5.3 Opportunities for future deployments & Outlook

Despite the biases in the method and challenges in developing an instrument to attract

a broad range of zooplankton, the ZOORESPIRE is the first tool to efficiently measure

zooplankton respiration in-situ. It avoids stressful handling of zooplankton and hyper-

ventilation, as animals voluntarily swim into the chamber. If deployed at different water

depths, it can provide insight into both local zooplankton physiology and community

composition and improve our knowledge on oceanic processes such as attenuation of

downward particle flux by zooplankton, in particular in under-sampled zones such as the

mesopelagic zone. Another advantage of the ZOORESPIRE is its potential combination

with other methods as an integrative approach to study subantarctic zooplankton and

downward carbon flux. In addition to monitoring programs, e.g., Continuous Plankton

Recorder and net trawls, the ZOORESPIRE advances our knowledge on ecology and bio-

diversity of oceanic zooplankton communities. If deployed together with the RESPIRE

traps, it closes existing gaps in the oceanic carbon budget by mapping carbon reminerali-

sation ”hotspots”. Furthermore, it will help predict the effects of a future ocean warming

and other environmental changes for both zooplankton physiology and particle flux at-

tenuation.

Development of the ZOORESPIRE, occurring in the near future, will focus on the im-

provement of deployment offshore, with planned trials in 2021/2022 in conjunction with

neutrally buoyant floats in Storm Bay, Tasmania, and the subantarctic Southern Ocean.

The floats will reduce the vertical movement of the ZOORESPIRE in the water column,

which increases the chances of zooplankton intercepting the trap. If these deployments are
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successful, further prototypes will be produced for simultaneous deployment at different

water depths and in different regions. This enables a quantification of zooplankton respi-

ration between regions in the global oceans and a comparison with particle-associated mi-

crobial respiration in the same provinces. Also, deployments during different times of the

day, e.g., dusk and dawn, enable the comparison between starving zooplankton migrat-

ing up to surface and satiated zooplankton that migrate back down to the mesopelagic.

Consequently, this can measure the amount of carbon that is transported downward as

part of the respiratory flux.

The future vision for the ZOORESPIRE is two-fold: First, deployments from research

vessels in different regions of the global oceans will increase our knowledge of in-situ zoo-

plankton respiration and map particle fragmentation and -remineralisation ”hotspots”.

Oxygen consumption rates by the ZOORESPIRE can be used to evaluate and adjust

estimated rates by previous methods (as mentioned in 5.2.2) and either confirm respira-

tion rates or offer correction factors. Second, continued development that will culminate

in the automation of the ZOORESPIRE. A global array of ZOORESPIREs that are

deployed together with sediment traps and other sensors will significantly enhance our

understanding of temporal variability of zooplankton respiration in the water column. For

the automation of the approach to sample more than one data point over a longer time

period, the design needs to be adjusted. This includes, e.g., the removal and preservation

of the zooplankton from the incubation chamber after the incubation period, increased

battery size and life, and automated cleaning or replacement of the incubation chamber.

5.6 Conclusion

This chapter presents the development of the ZOORESPIRE, a new research instrument

to measure zooplankton respiration in-situ. Using a light source to concentrate zoo-

plankton and krill in field and laboratory experiments, respectively, the ZOORESPIRE

successfully measured their oxygen consumption over time. In addition, the approach

avoided handling stress and resulting hyperventilation of the organisms, which will largely

improve estimated respiration rates. Despite mentioned biases of sampling selectivity and

difficulty to distinguish microbial from zooplankton respiration, the ZOORESPIRE will

provide insight into local species diversity and enable a comparison of in-situ respiration
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rates with traditionally-measured rates. Future plans include deployment in conjunc-

tion with neutrally buoyant floats, deployment in different regions of the world’s ocean,

and automation of measurements, to quantify oceanic particle attenuation mediated by

zooplankton and close gaps in the marine carbon budgets.
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5.7 Supplementary material

5.7.1 Prototype 2 - Images and results

Figure 5.6: Images of the second prototype: set-up, deployment and results. The first
trial was conducted off the IMAS wharf to test a light source versus an amino acid solution
(Aa) in a dialysis bag to attract zooplankton (left panel): (a) Two of the three carboys,
one with the dive light torch (left) and one control (right); (c) Results of the trials: light
trap is visibly most successful; (e) Qualitative picture of the light sample, containing a
fish larvae and many porcelain crab larvae. The second trial was conducted off the pier
on Maria Island to find the best deployment time of day and duration (right panel):
(b) Deployment in approximately 1.5 m water depth; (d) Zooplankton sample caught
overnight; (f) Qualitative picture of the overnight sample, containing krill, polychaetes
and copepods.
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Figure 5.7: Zooplankton of the two size fractions (a) >250 µm and (b) 65-250 µm, caught
overnight in prototype 2 off the IMAS Wharf. Trials were conducted with a light source
(yellow), an amino acid solution in a dialysis bag (Aa, purple) and a control (dark blue).
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Figure 5.8: Zooplankton of the two size fractions (a) - (b) >250 µm and (c)-(d) 65-250 µm, caught in prototype 2 off
the pier on Maria Island, Australia, in the light treatment (left side) and control without a light source (right side).
Trials were conducted over 10 hours during the day (purple), 14 hours overnight (dark blue) and over 23 hours. Note
the different scales of the x-axis between the trials and size fractions.
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5.7.2 Prototype 1 & 3

Figure 5.9: (a) Images of the first prototype, a small Niskin bottle (2.5 L) that was
deployed in horizontal orientation from the IMAS Wharf. A solution of amino acids was
used, however, no zooplankton were caught. (b)-(d) Images of the third prototype, a
large Niskin bottle (30 L) that included a light (pointing inward, d), a controller, closing
mechanism and an optode (latter not pictured in c). This prototype was deployed over
the side off the RV Investigator in the subantarctic Southern Ocean but did not collect
any zooplankton.
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5.7.3 Prototype 4 - Results of krill attraction, capture and
respiration trials

Table 5.2: Measured lengths (TL: Total length, distance from rostrum to urosome) and
wet weights of the tested krill (Euphausia superba).

Trial Date TL (mm) Wet weight (g)
Oxygen consumption
(µmol ind.−1 h−1)

1 10/11/2020 47 0.4973 2.2506
1 10/11/2020 47 0.4738 2.1443
1 10/11/2020 46 0.7392 3.3454
1 10/11/2020 41 0.4658 2.1081
1 10/11/2020 41 0.4245 1.9212
1 10/11/2020 37 0.3952 1.7886
1 10/11/2020 40 0.5411 2.4489
1 10/11/2020 41 0.4643 2.1013
2 11/11/2020 42 0.4821 2.3735
2 11/11/2020 41 0.4444 2.1879
2 11/11/2020 37 0.3484 1.7153
2 11/11/2020 40 0.4296 2.1150
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Chapter 6

Synthesis and future directions

Climate change will affect the environmental conditions, particulate and dissolved carbon

flux, and marine ecosystems in the subantarctic zone of the Southern Ocean, although

its impact is not yet well quantified (Meredith et al., 2019; Deppeler and Davidson,

2017). Both warming and higher wind speeds are projected for the Southern Ocean,

with consequences for physical and biogeochemical parameters, such as density stratifica-

tion, underwater light levels and (micro-)nutrient distributions (Matear and Hirst, 1999;

Boyd et al., 2008; Deppeler and Davidson, 2017; Poloczanska et al., 2016; Strzepek et al.,

2012). The projected intensification of the East Australian Current extension into the

subantarctic will influence all trophic levels, including zooplankton, and may lead to a

more subtropical environmental conditions in the subantarctic zone (Herraiz-Borreguero

and Rintoul, 2011). With zooplankton playing an important role in shaping particulate

carbon export regimes (Laurenceau-Cornec et al., 2015; Ebersbach and Trull, 2008), it is

necessary to fill remaining knowledge gaps in the zooplankton-mediated carbon pathways

to improve forecasts for the carbon cycle in the future Southern Ocean.

Therefore, I have focused on three major research themes throughout the thesis, using

a range of field and laboratory methods, as well as covering a variety of zooplankton-

mediated carbon pathways:
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1. Understanding the importance of zooplankton for the carbon cycle of

the subantarctic Southern Ocean

The zooplankton community produces, fragments, and transports organic particles

within the water column and, hence, must be considered when estimating carbon

sequestration potential of the global ocean. In this theme, I summarised current

knowledge on how zooplankton shape particulate carbon export regimes, with a

focus on the subantarctic zone, and explored an important, yet understudied aspect

of the Biological Gravitational Pump.

2. Characterising meso- and bathy-pelagic zooplankton communities and

their relationship to the passive downward particle flux through the wa-

ter column

While the seasonality and distribution of zooplankton communities in surface wa-

ters of the subantarctic zone (0-200 m depth) are relatively well studied, research

has not focused on meso- and bathy-pelagic plankton despite their equal impor-

tance for downward particulate carbon flux and attenuation. In this theme, I have

focused on characterising seasonal and inter-annual changes in the deep-sea zoo-

plankton community, along with exploring potential drivers for their community

composition and diversity, e.g. downward POC flux.

3. Evaluation of opportunistic sampling methods and development of new

technologies

Sampling zooplankton in the Southern Ocean is logistically challenging and often

restricted to the summer season. In this theme, I have evaluated methods beyond

the traditional net sampling to close knowledge gaps in the zooplankton community

composition and its temporal dynamics. In addition, I discuss a newly-designed

research tool that will allow an improved quantification of the attenuation of the

downward POC flux by zooplankton respiration.

In the following Table (6.1, 6.2, and 6.3) summarised the main findings of this thesis and

suggestions for addressing the above knowledge gaps. In addition, I present recommen-

dations for future research priorities to further increase our understanding of the role of

zooplankton in particulate and dissolved carbon flux in the Southern Ocean.
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Table 6.1: Synthesis of thesis results and future research priorities.
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Table 6.2: Cont.
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Table 6.3: Cont.
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LIST OF ACRONYMS

AAIW Antarctic Intermediate Water

ACC Antarctic Circumpolar Current

ANOSIM Analysis of Similarities

AODN Australian Ocean Data Network

ASH aragonite saturation horizon

BATS Bermuda Atlantic Time Series

BCP biological carbon pump

BGP biological gravitational pump

BSi Biogenic Silica

CAP Canonical Analysis of Principal coordinates

CIV copepodite stage IV

CV copepodite stage V

CDW Circumpolar Deep Water

CPR Continuous Plankton Recorder

DIC dissolved inorganic carbon

DVM diel vertical migration

EAC East Australian Current
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ENSO El Niño–Southern Oscillation

ETS Electron Transfer System

FP faecal pellets

GAM General Additive Models

GLM Generalised Linear Models

HBLE High-Biomass Low-Export

HNLC High-Nutrient Low-Chlorophyll

IMOS Integrated Marine Observing System

MMP mesopelagic-migrant pump

nMDS non-metric multi-dimensional scaling

NPP Net Primary Productivity

PC particulate carbon

PERMANOVA Permutational Multivariate Analysis of Variance

PF Polar Front

PFZ Polar Frontal Zone

PIC particulate inorganic carbon

POC particulate organic carbon

PN particulate nitrogen

PON particulate organic nitrogen

RQ respiratory quotient

sACCF southern Antarctic Circumpolar Front

SAMW Subantarctic Mode Water
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SAZ Subantarctic Zone

SAZ-Sense Sensitivity of the sub-Antarctic zone to environmental change

SAF Subantarctic Front

SBdy Southern Boundary front

SLP seasonal lipid pump

SOLACE Southern Ocean Large Scale Carbon Export

SOTS Southern Ocean Time Series

STF Subtropical Front

tf total flux

ZOORESPIRE ZOOplankton RESPiration in the subsuRface OcEan
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Chapter 7

Glossary

Bathypelagic zone: Also known as ”midnight zone” or bathyal, the bathypelagic zone

is the part of the ocean between 1,000 and 4,000 m below the the surface. It lies below

the mesopelagic zone (”twilight zone”) and above the abyssopelagic zone.

Biological carbon pump: Term established by Volk and Hoffert (1985) for the fixation

of inorganic carbon through photosynthesis by phytoplankton, and subsequent export

and sequestration to deeper waters.

Biological gravitational pump: Passive sinking of biogenic produced particles from

surface waters. Zooplankton are part of the BGP by feeding and modifying the sinking

particles, and producing faecal pellets and carcasses (Steinberg and Landry, 2017).

Carbon export vs. sequestration: Carbon export describes the amount of carbon

transported out of the euphotic zone (defined as water depth of 1% photosynthetically

active radiation) (Buesseler and Boyd, 2009), while carbon sequestration is the long-term

carbon storage in carbon sinks and typically refers to the transport of carbon below 1,000

m.

Epipelagic zone: Surface zone of the ocean, where enough sunlight is available to

perform photosynthesis. The epipelagic reaches from the sea surface to approximately

200 m depth and overlies the mesopelagic zone.

Mesopelagic zone: The mesopelagic zone or ”twilight zone” reaches from 200 m down

to 1,000 m water depth and is characterised by dysphotic conditions (<1% photosyn-
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thetically active radiation). Characterised by high bacterial remineralisation rates and

organism biomass, the mesopelagic zone plays an important role in the global biogeo-

chemical cycles (Costello and Breyer, 2017; Proud et al., 2017; Robinson et al., 2010).

Mesopelagic-migrant pump: The injection of particles, e.g. faecal pellets, by mi-

grating organisms such as zooplankton and fish, into deep-waters, before further frag-

mentation by detritivores and remineralisation by bacteria can occur (Boyd et al., 2019).

The MMP is based on the diel vertical migration movement of organisms that typically

migrate to the surface during dusk to feed and back down to depth during dawn, as

predator avoidance mechanism (Bollens et al., 2011; Boyd et al., 2019; Lampert, 1993).

Mesozooplankton, micronnekton and microzooplankton: The terms refer to dif-

ferent size classes for organisms. Mesozooplankton are organisms between 0.2 and 20

mm, micronekton are 2-20 cm, and microzooplankton are between 20-200 µm.

Zooplankton swimmers: Zooplankton organisms that actively enter the sediment trap

and are, if the trap is poisoned) subsequently killed by the preservative. They represent a

bias to the carbon flux estimates, in particular, when they disintegrate over time (”Cryptic

swimmers”) and are not distinguishable from the sinking particles (Buesseler et al., 2007b;

Lee et al., 1988; Michaels et al., 1990).
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Appendix A

Chevreuxiopsis franki n. gen. n. sp. (Crus-
tacea, Amphipoda, Thoriellidae) from the deep
sea southwest of Tasmania

A.1 Abstract

A new amphipod species and genus Chevreuxiopsis franki found in a pelagic sediment

trap southwest of Tasmania is subsequently described. The new species can be recognized

by its unique antenna 2, which consists of a narrow peduncle and a 4-articulate flagellum,

which has a massively developed, article 1, large, posteriorly drawn out articles 2 and 3

and an elongate lanceolate 4th article. The pereopod 1 basis surrounds large maxillipedal

plates. Pereopod 3 to 6 are equipped with subchelate propodus dactylus arrangements.

The bases of pereopods 5–7 are narrow.

A.2 Introduction

An unusual amphipod was found in a pelagic sediment trap deployed at 1000 m depth

in the Indian sector of the Southern Ocean, southwest of Tasmania, Australia. Care-

ful examination allowed us to identify it as a member of the family Thoriellidae. The

Thoriellidae Lowry et al. (2011) consists of 4 genera: Chevreuxiella Stephensen (1915);

Danaella Stephensen (1925); Parachevreuxiella Andres (1987) and Thoriella Stephensen
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(1915). The morphological diversity in this family is very high. The two Danaella species,

Danaella mimonectes Stephensen (1925) and Danaella obensis Birstein and Vinogradov

(1962) (initially described as Chevreuxiella obensis) have inflated bodies that remind

more of hyperiid amphipods than of other Aristioidea Lowry and Stoddart (1997). In

contrast to Danaella, the genus Thoriella, represented by the slender Thoriella islandica

Stephensen (1915), has rather small coxal plates. Chevreuxiella and Parachevreuxiella

are very similar, only differing by the length of uropods 1 and 2, their shape and the

presence/absence of an inner ramus on both appendages. As the new species, we are

proposing in the following, does not fit in any of the thoriellid genera we are erecting the

new genus Chevreuxiopsis herein.

A.3 Methods

The material was collected by a McLane 21-cup sediment trap at 1,000 m depth in the

subantarctic Southern Ocean, southwest of Tasmania. The conical sediment trap has a

surface of 0.5 m2 and is filled with unfiltered water from the region (49◦S/153◦E at 1,200

m), which was treated with sodium chloride (5 g L−1) to increase the solution density,

sodium tetracarborate (1 g L−1) as a pH buffer and mercuric chloride (3 g L−1) for

preservation (Roberts et al. 2008). The sample was filtered through a 1 mm screen and

the specimen was found in the fraction >1 mm, which contains plankton and micronekton

organisms Roberts et al. (2008). For taxonomic study, we transferred the material in a

graded series of ethanol-glycerol mixes into pure glycerol and then mounted the specimen

or dissected parts on slides for the preparation of the drawings. Pencil drawings of the

habitus were made with on a Leica M 205c dissecting microscope and details of the

appendages and mouthparts on a Leica DMLB compound microscope. Both microscopes

were equipped with a camera lucida. The line drawings were made following the technique

described in Coleman (2003, 2009). Measurements were made along the dorsal outline

of the animals, from the rostrum to the end of the urosome. The material is held in the

collections of the Leibniz Institute for Evolution and Biodiversity Science, Museum für

Naturkunde Berlin (ZMB).
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A.4 Systematics

Thoriellidae Lowry and Stoddart, 2011

Species List

Chevreuxiella metopoides Stephensen, 1915

Chevreuxiopsis franki n. gen. n. sp.

Danaella mimonectes Stephensen, 1925

Danaella obensis (Birstein & Vinogradov, 1962)

Parachevreuxiella justi Lowry & Stoddart, 2011

Parachevreuxiella lobata Andres, 1987

Thoriella islandica Stephensen, 1915

Key to the species of the Thoriellidae

1. Coxae small and separate from each other, in uropods 1 and 2 both rami subequal

in length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Thoriella islandica

1. Coxae large and overlapping each other, uropods 1 and 2 inner ramus short,

vestigial or absent

2. Pereonites 3–6 grossly swollen

3. Posterior margin of urosome straight . . . . . . . . . . . . . . . . . Danaella mimonectes

3. Posterior margin of urosome incised . . . . . . . . . . . . . . . . . . . . . . . Danaella obensis

2. Pereonites 3–6 ordinary

4. Antenna 2 flagellum consisting of 4 massive articles, article 1 expanded,

articles 2–3 drawn out posteriorly, article 4 lanceolate . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Chevreuxiopsis franki n. gen. n. sp.

4. Antenna 2 with flagellum consisting of subequal articles

5. Uropods 1 and 2 with spine-like inner rami . . . .Chevreuxiella metopoides
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5. Uropods 1 and 2 without inner rami

6. Uropods 1 and 2 rami much longer than peduncle . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Parachevreuxiella lobata

6. Uropods 1 and 2 rami subequal or shorter than peduncle . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Parachevreuxiella justi

Chevreuxiopsis n. gen.

Diagnosis Body slender, pereon not inflated. Antenna 1 slender, with normal flagel-

lum. Antenna 2 flagellum 4-articulate, much wider than peduncle, massively developed;

article 1 enlarged, weakly drawn out posteriorly; articles 2 and 3 strongly drawn out pos-

teriorly; article 4 lanceolate. Maxilla 1 inner plate with 2 terminal plumose setae; outer

plate with 6+1 apical spine-like setae; palp 2–articulate; article 2 inflated, lanceolate.

Maxilla 2 ordinary. Pereopod 1 basis ovoid, expanded, with anteromarginal nose-like

process; dactylus knob-like. Pereopods 3–6 propodus subchelate; dactylus falcate (prob-

ably prehensile). Pereopod 3 coxa slightly longer than that of peropod 2. Pereopod 4

coxa enlarged, posteromarginally straight. Pereopods 5–7 basis slender. Urosome seg-

ments 2 and 3 fused; uropods 2 pairs, each with lanceolate outer ramus and spine-like

inner ramus. Telson absent.

Type species. Chevreuxiopsis franki n. sp., monotypic

Chevreuxiopsis franki n. sp. (A.1 - A.5)

Material examined. Holotype: female (the specimen appears to have unsetose ooste-

gites), 12 mm.

Type locality. The specimen was collected with a McLane 21-cup sediment trap at

1,000 m depth between the 11 and 26 August 1998 at the Southern Ocean Time Se-

ries site (SOTS, 46◦45.52′S, 142◦5.38′E), southwest of Tasmania, Australia; (ZMB Crust

31700).
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Etymology The species is named for Frank Halfter, the father of the first author.

Diagnosis. As for generic diagnosis.

Description, based on holotype, 12 mm. Body (A.1c). Head deeper than long, shorter

than pereonite 1. Pereonite 2 slightly longer than 1. Pereonites 3 and 4 subequal in

length. Pereonite 5 as long as pereonite 2. Pleonites subequal in length, posteroventrally

rounded. Urosomite 1 longer than the fused urosomites 2 and 3. Telson absent.

Head (A.1c) with anterior rounded lobe between insertion of antenna 1 and 2. Eyes

present, dark pigments visible in alcohol; weakly reniform, extended dorsoventrally. An-

tenna 1 (A.1a, c) about 2 x as long as antenna 2; peduncular article ratios 1 : 0.4 :

0.6, width successively smaller; 15 flagellum articles, slender, with very few slender setae.

Antenna 2 (A.1b, 6) peduncle articles slender, with 2 minute basal articles (which were

damaged during dissection), article 3 short; article 4 about 2 x as long as article 3; article

5 as long as article 1–4 combined; flagellum article 1 distally expanded, about 3 x as wide

as basal articles, posterodistally lobate; article 2–3 proximally as wide as peduncular ar-

ticle 3 and posterodistally drawn out into long narrow lobes; article 4 lanceolate, distally

pointed and inside with a dense mass of tissue. Mouthparts (A.1c, 2f) extended ventrally,

all covered by large outer plates of maxilliped, which leave an anteriorly and ventrally

slit-like opening and additionally surrounded posteriorly by wide bases of pereopods 1.

Mandibles to maxilla 2 directed anteriorly; ventrally of these mouthparts is a dense tissue

mass (dashed in A.2f; A.3a), that might represent the inner maxillipedal plates. Both

mandibles slender without molar, setal rows or palp (A.2a, b). Labrum without pro-

nounced epistome, rounded from lateral view (A.1d). Lower lip (A.2e) with rather long

rounded apices with few setae in the hypopharyngeal gap and with slender mandibular

lobes. Maxilla 1 (A.2c, d) inner plate with 2 plumose apical setae; outer plate with 6 plus

1 apical robust setae; palp 2-articulate, line between both articles barely visible, distal

article lanceolate, with 1 short seta on tapering tip. Maxilla 2 (A.2g) inner plate with

some medial setae; outer plate with 4 distolateral plumose setae.

Pereon. Pereopod 1 (A.3b) dark purple/black pigmented in ethanol; coxa subquadrate;
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basis anteromarginally expanded with short nose-shaped protrusion; ischium and merus

subequal; carpus weakly expanded distally 2.2 x as long as wide; propodus slightly ta-

pering distally with distal knob-like dactylus. Pereopod 2 (A.3d, e) basis elongate and

slender; ischium 2.7 x as long as wide; merus short, distally pointed; carpus longer than

propodus with cushions of slender, hair-like setae on anterior and posterior margins;

propodus anteromarginally rounded with similar setation as carpus; dactylus subapi-

cally, accompanied with long several long setulated setae and with few setae on the inner

curvature. Pereopod 3 (A.3c) coxa subrectangular, slightly directed anteriorly; basis as

long as coxa; ischium 0.6 x the width of basis; merus relatively short, distally expanded;

carpus wider than long, distally expanded; carpus curved posteriorly, distally oblique;

dactylus with proximal rounded joint, weakly curved, slender; propodus and dactylus

form subchelate complex. Pereopod 4 (A.4a) coxa largest, about 4 x as long as coxa 1,

surpassing basis, ischium and part of merus, anteriorly convex, posteriorly straight; basis

to dactylus subequal to pereopod 3, except for the slightly longer carpus. Pereopod 5

(A.4b) coxa bilobed; basis to merus subequal to pereopod 4; carpus shorter than wide,

with anterior process; propodus curved anteriorly with oblique distal margin; carpus and

long, slender, weakly curved dactylus form a very large subchela. Pereopod 6 (A.5a, d)

coxa wide, weakly bilobate, posterior lobe slightly longer than anterior one; basis about

half as long as coxa width; ischium longer than wide; merus expanded posterodistally;

carpus short, distally expanded, with some small teeth anteromarginally; propodus, rela-

tively slender, convex posteromarginally, anteromarginally straight, with marginal small

teeth, especially on the medial face; dactylus falcate. Pereopod 7 (A.4c) coxa shorter than

wide, subrectangular; basis posteroproximally weakly expanded, somewhat tapering dis-

tally; ischium subquadrate; merus weakly expanded posterodistally; carpus subquadrate;

propodus convex posteromarginally, straight anteromarginally; dactylus much shorter

than preceding appendages.

Pleon. Pleopod 1 (A.5b, c) peduncle 2 x as long as wide; coupling hooks (A.5c) long

with rows of protrusions ventrally; both rami slightly longer than peduncle, inner ramus

somewhat shorter than outer ramus; swimming setae moderately long with dense setula-

tion (A.5f).

Urosome. First urosomite longer than the fused second and third segment; urosomite
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2 expanded midlaterally and weakly incised posteromarginally forming 2 short rounded

lobes; peduncle of uropod 1 2.5 x as long as wide; outer ramus lanceolate; inner ramus

spine-like, 25 % of outer ramus length; uropod 2 peduncle shorter than that of uropod 1

and weakly expanded distally; outer ramus slightly wider compared to that of uropod 1;

inner ramus 23 % of outer ramus. Telson absent.

Distribution. The species is so far only known from the type locality.

A.5 Discussion

We classified the new species in a new genus Chevreuxiopsis. This genus is related to

Chevreuxiella (represented by the only species C. metopoides) and both genera share the

following: - pereon not inflated (cf. Danaella); - coxa 4 enlarged; - similarities in the

mouthparts: rather underived maxilla 1 and 2 and the morphology of the maxilliped; -

urosome and both uropods are very similar in the lanceolate shape of the rami and the

dimensions of the inner rami.

However, there are also strong differences between the new species and C. metopoides.

Chevreuxiopsis franki n. gen. n. sp. has a differently shaped, slender antenna 1 (vs ex-

panded and elongate first flagellar article. This is perhaps a sexually dimorphic character,

as C. metopoides was described on a male specimen) and especially antenna 2 flagellum,

which has an enlarged article 1, large, posteriorly drawn out articles 2 and 3 and a lance-

olate article 4 (vs normally shaped and multiarticulate); maxilla 1 with inflated palp

article 2 (vs normal), inner plate with 2 plumose setae (vs 4 setae); basis of pereopod 1

ovoid expanded with anteromarginal nose-like process (vs weakly expanded and without

nose-like process); coxa 3 slightly longer than coxa 2 (vs much longer and wider); coxa

4 posteromarginally straight (vs posteroventally lobate); basis of pereopods 5–7 slender

(vs expanded); pereopod 3–6 probably prehensile due to their subchelate arrangement of

propodus and falcate dactylus (vs simple).

The maxilliped is of a unique shape in thoriellids. Large plates surround the mouthparts

and leave a small slit anteriorly and ventrally. However, due to its derived morphology
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it is very difficult to homologize the parts. For example, Stephensen (1915, p. 41, Fig.

24) labelled the massive maxillipedal plates, that surround the mouthparts, as the first

palp articles, but we think they are the outer plates of the maxilliped. These plates are

overlapped by the huge bases of the first pereopod, which has dark purple/black pigmen-

tation and may act as a shutter (see below).

Due to the low number of records in literature, knowledge about the biology of the

Thoriellidae is limited (Lowry et al., 2011). Stephensen (1915) suggested a semipara-

sitic lifestyle for Chevreuxiella and Thoriella and Andres (1987) found Parachevreuxiella

lobata attached to a wound of a bathypelagic fish. However, it is difficult to draw con-

clusions about the lifestyle of Chevreuxiopsis franki n. sp. Due to the relatively good

preservation of the body, an active entering of the specimen into the sediment trap is

assumed. The long-term deployment of the sediment trap prevents analyses of potential

differences in day versus night distribution due to diurnal vertical migration. Hence, no

additional information on the vertical distribution of this species can be concluded.

The specimen is of transparent appearance apart from the dark purple gnathopod 1, which

covers the maxilliped (A.6). Herring (1981) already noted a blue-green bioluminescence

in the genera Chevreuxiella and Danaella in the thoriellid family while handling, which

“almost extinguished when the maxilliped plate was withdrawn between the two densely

pigmented expanded basal articles of the first pair of gnathopods”. Also, Parker (1999)

studied the luminescence of an unidentified thoriellid juvenile and found the expanded

fifth articles of the second antennae to act as reflectors of the luminescent maxilliped.

He assumed that rather than having a communication or defensive function, light flashes

could be used to catch prey. Similarly, this could be the case in our specimen. Additional

to the dark purple/black shutter, we also note enlarged articles of the second antenna,

which could function as reflector of the emitted bioluminescence and lead potential prey

towards the maxillipeds. However, this has to be further investigated in behavioural

studies.
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Figure A.1: a–d. Chevreuxiopsis franki n. gen. n. sp., holotype 12 mm. a) antenna
1; b) antenna 2, peduncular articles 1–2 missing; c) habitus; d) labrum and mandible,
lateral view. Scale bars: a, b = 500 µm; c = 1 mm; d = 100 µm.
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Figure A.2: a–g. Chevreuxiopsis franki n. gen. n. sp., holotype 12 mm. a) right
mandible; b) left mandible; c, d) maxilla 1; e) lower lip; f) mouthparts, left aspect; g)
maxilla 2. Scale bars: a–e = 100 µm; f = 500 µm.
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Figure A.3: a–e. Chevreuxiopsis franki n. gen. n. sp., holotype 12 mm. a) maxilliped,
opened up; b) pereopod 1, basis to dactylus; detail shows knob-like dactylus; c) pereopod
3; d) pereopod 2, without coxa; e) dactylus of pereopod 2. Scale bars: a–d = 500 µm.
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Figure A.4: a–c. Chevreuxiopsis franki n. gen. n. sp., holotype 12 mm. a) pereopod 4;
b) pereopod 5; c) pereopod 7, medial aspect. Scale bars: a–c = 500 µm.
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Figure A.5: Chevreuxiopsis franki n. gen. n. sp., holotype 12 mm. a) pereopod 6; b)
pleopod 1; c) coupling hooks of pleopod; d) anterior margin of propodus; e) urosome,
dorsal view; f) setulated seta of pleopod. Scale bars: a, b, e = 500 µm.
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Figure A.6: Chevreuxiopsis franki n. gen. n. sp., holotype 12 mm. Photo of head,
antennae, maxillipeds and anterior pereopods. Note the dark purple/black colour of the
1st pereopods. Scale bar = 500 µm.
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Arteaga, L., Haëntjens, N., Boss, E., Johnson, K. S., and Sarmiento, J. L. (2018). Assessment
of export efficiency equations in the Southern Ocean applied to satellite-based net primary
production. Journal of Geophysical Research: Oceans, 123(4):2945–2964.

Atkinson, A. (1998). Life cycle strategies of epipelagic copepods in the Southern Ocean. Journal
of Marine Systems, 15(1-4):289–311.

Atkinson, A., Siegel, V., Pakhomov, E., and Rothery, P. (2004). Long-term decline in krill stock
and increase in salps within the Southern Ocean. Nature, 432(7013):100–103.

Atkinson, A. and Sinclair, J. D. (2000). Zonal distribution and seasonal vertical migration of
copepod assemblages in the Scotia Sea. Polar Biology, 23(1):46–58.

Atkinson, A., Ward, P., Hunt, B. P. V., Pakhomov, E. A., and Hosie, G. W. (2012). An
overview of Southern Ocean zooplankton data: Abundance, biomass, feeding and functional
relationships. CCAMLR Science, 19:171–218.

Auguie, B. (2017). gridExtra: Miscellaneous Functions for ”Grid” Graphics. R package version
2.3.

141



REFERENCES

Aumont, O. and Bopp, L. (2006). Globalizing results from ocean in situ iron fertilization studies.
Global Biogeochemical Cycles, 20(GB2017):1–15.

Axler, R. P. and Owen, C. J. (1994). Measuring chlorophyll and phaeophytin: Whom should
you believe? Lake and Reservoir Management, 8(2):143–151.

Bach, L. T., Riebesell, U., Sett, S., Febiri, S., Rzepka, P., and Schulz, K. G. (2012). An approach
for particle sinking velocity measurements in the 3-400 µm size range and considerations on
the effect of temperature on sinking rates. Marine Biology, 159(8):1853–1864.

Baumgartner, M. F. and Tarrant, A. M. (2017). The physiology and ecology of diapause in
marine copepods. Annual Review of Marine Science, 9(1):387–411.

Belcher, A., Iversen, M., Giering, S., Riou, V., Henson, S., and Sanders, R. (2016a). Depth-
resolved particle associated microbial respiration in the northeast Atlantic. Biogeosciences
Discussions, 13(17):4927–4943.

Belcher, A., Iversen, M., Manno, C., Henson, S. A., Tarling, G. A., and Sanders, R. (2016b).
The role of particle associated microbes in remineralization of fecal pellets in the upper
mesopelagic of the Scotia Sea, Antarctica. Limnology and Oceanography, 61(3):1049–1064.

Benoit-Bird, K. J., Moline, M. A., Schofield, O. M., Robbins, I. C., and Waluk, C. M. (2010).
Zooplankton avoidance of a profiled open-path fluorometer. Journal of Plankton Research,
32(10):1413–1419.

Berge, J., Geoffroy, M., Daase, M., Cottier, F., Priou, P., Cohen, J. H., Johnsen, G., McKee,
D., Kostakis, I., Renaud, P. E., Vogedes, D., Anderson, P., Last, K. S., and Gauthier, S.
(2020). Artificial light during the polar night disrupts Arctic fish and zooplankton behaviour
down to 200 m depth. Communications Biology, 3(1):102.

Birstein, J. A. and Vinogradov, M. E. (1962). Pelagic Gammaridea (Amphipoda, Gammaridea)
collected by the Soviet Antarctic Expedition on the M/V ”Ob”, south of 40◦S. Akademiya
Nauk SSSR, Issledovaniya Fauny Morei, 1(10):33–56.
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and Yebra, L. (2019). Carbon export through zooplankton active flux in the Canary Current.
Journal of Marine Systems, 189:12–21.

Herraiz-Borreguero, L. and Rintoul, S. R. (2011). Regional circulation and its impact on upper
ocean variability south of Tasmania. Deep Sea Research Part II: Topical Studies in Oceanog-
raphy, 58(21-22):2071–2081.

Herring, P. J. (1981). Studies on bioluminescent marine amphipods. Journal of the Marine
Biological Association of the United Kingdom, 61(1):161–176.

Hickford, M. J. H. and Schiel, D. R. (1999). Evaluation of the performance of light traps for
sampling fish larvae in inshore temperate waters. Marine Ecology Progress Series, 186:293–
302.

Hirst, A. G. and Kiørboe, T. (2002). Mortality of marine planktonic copepods: Global rates
and patterns. Marine Ecology Progress Series, 230:195–209.

Horton, T., Thurston, M. H., and Duffy, G. A. (2013). Community composition of scavenging
amphipods at bathyal depths on the Mid-Atlantic Ridge. Deep Sea Research Part II: Topical
Studies in Oceanography, 98:352–359.

Hosie, G. W., Fukuchi, M., and Kawaguchi, S. (2003). Development of the Southern Ocean
Continuous Plankton Recorder survey. Progress in Oceanography, 58(2-4):263–283.

Howard, W. R., Roberts, D., Moy, A. D., Lindsay, M. C., Hopcroft, R. R., Trull, T. W.,
and Bray, S. G. (2011). Distribution, abundance and seasonal flux of pteropods in the
Sub-Antarctic Zone. Deep-Sea Research Part II: Topical Studies in Oceanography, 58(21-
22):2293–2300.

151



REFERENCES

Hunt, B. (2005). The spatio-temporal distribution of zooplankton communities in the Southern
Ocean south of Australia: high resolution sampling by the Continuous Plankton. PhD thesis,
University of Tasmania.

Hunt, B. and Hosie, G. (2006). The seasonal succession of zooplankton in the Southern Ocean
south of Australia, part II: The Sub-Antarctic to Polar Frontal Zones. Deep Sea Research
Part I: Oceanographic Research Papers, 53(7):1203–1223.

Hunt, B. P. and Hosie, G. W. (2005). Zonal structure of zooplankton communities in the
Southern Ocean South of Australia: Results from a 2150 km continuous plankton recorder
transect. Deep-Sea Research Part I: Oceanographic Research Papers, 52(7):1241–1271.

Hunt, B. P. V. and Hosie, G. W. (2003). The Continuous Plankton Recorder in the Southern
Ocean: a comparative analysis of zooplankton communities sampled by the CPR and vertical
net hauls along 140 E. Journal of Plankton Research, 25(12):1561–1579.

Ikeda, T. (1985). Metabolic rates of epipelagic marine zooplankton as a function of body mass
and temperature. Marine Biology, 85:1–11.

Ikeda, T., Kanno, Y., Ozaki, K., and Shinada, A. (2001). Metabolic rates of epipelagic marine
copepods as a function of body mass and temperature. Marine Biology, 139(3):587–596.

Ikeda, T., Sano, F., Yamaguchi, A., and Matsuishi, T. (2006). Metabolism of mesopelagic and
bathypelagic copepods in the western North Pacific Ocean. Marine Ecology Progress Series,
322:199–211.

Iversen, M. H. and Ploug, H. (2010). Ballast minerals and the sinking carbon flux in the
ocean: Carbon-specific respiration rates and sinking velocity of marine snow aggregates.
Biogeosciences, 7(9):2613–2624.

Iversen, M. H. and Poulsen, L. K. (2007). Coprorhexy, coprophagy, and coprochaly in the cope-
pods Calanus helgolandicus, Pseudocalanus elongatus, and Oithona similis. Marine Ecology
Progress Series, 350:79–89.

Ivory, J. A., Tang, K. W., and Takahashi, K. (2014). Use of Neutral Red in short-term sediment
traps to distinguish between zooplankton swimmers and carcasses. Marine Ecology Progress
Series, 505:107–117.

Jacquet, S. H. M., Dehairs, F., Dumont, I., Becquevort, S., Cavagna, A. J., and Cardinal, D.
(2011). Twilight zone organic carbon remineralization in the Polar Front Zone and Subantarc-
tic Zone south of Tasmania. Deep Sea Research Part II: Topical Studies in Oceanography,
58(21-22):2222–2234.

Jansen, P., Weeding, B., Shadwick, E. H., and Trull, T. W. (2020). Southern Ocean Time Se-
ries (SOTS) Quality Assessment and Control Report-Sediment Trap Particle Fluxes Records
Version 1.0. Technical Report April, CSIRO, Australia.

Jarms, G., Tiemann, H., and B̊amstedt, U. (2002). Development and biology of Periphylla
periphylla (Scyphozoa: Coronatae) in a Norwegian fjord. Marine Biology, 141(4):647–657.

152



REFERENCES

Jillett, J. B. (1968). Calanus tonsus (Copepoda, Calanoida) in southern New Zealand waters
with notes on the male. Marine and Freshwater Research, 19(1):19–30.
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Lee, J.-H. (2014). Polar Front around the Kerguelen Islands: An up-to-date determination
and associated circulation of surface/subsurface waters. Journal of Geophysical Research:
Oceans, 119(10):6575–6592.

Parker, A. R. (1999). An unusually isolated reflector for host bioluminescence on the second an-
tenna of a lysianassoid (Amphipoda: Gammaridea). In Schram, F. and von Vaupel Klein, J.,
editors, Crustaceans and the biodiversity crisis (Crustaceana), pages 879–887. Brill, Leiden.

Pasternak, A., Hagen, W., Kattner, G., Michels, J., Graeve, M., and Schnack-Schiel, S. B.
(2009). Lipid dynamics and feeding of dominant Antarctic calanoid copepods in the eastern
Weddell Sea in December. Polar biology, 32(11):1597–1606.

Pearce, I., Davidson, A. T., Thomson, P. G., Wright, S., and van den Enden, R. (2011).
Marine microbial ecology in the sub-Antarctic Zone: Rates of bacterial and phytoplankton
growth and grazing by heterotrophic protists. Deep Sea Research Part II: Topical Studies in
Oceanography, 58(21-22):2248–2259.

Peloquin, J., Hall, J., Safi, K., Ellwood, M., Law, C. S., Thompson, K., Kuparinen, J., Harvey,
M., and Pickmere, S. (2011). Control of the phytoplankton response during the SAGE exper-
iment: A synthesis. Deep Sea Research Part II: Topical Studies in Oceanography, 58(6):824–
838.

Peterson, W. and Dam, H. G. (1990). The influence of copepod “swimmers” on pigment
fluxes in brine-filled vs. ambient seawater-filled sediment traps. Limnology and Oceanography,
35(2):448–455.

Pielou, F. C. (1975). Ecological Diversity. John Wiley & Sons, Ltd, New York.

Pierce, D. (2019). ncdf4: Interface to Unidata netCDF (Version 4 or Earlier) Format Data
Files.

Ploug, H. and Grossart, H. P. (2000). Bacterial growth and grazing on diatom aggregates:
Respiratory carbon turnover as a function of aggregate size and sinking velocity. Limnology
and Oceanography, 45(7):1467–1475.

Poloczanska, E. S., Burrows, M. T., Brown, C. J., Garćıa Molinos, J., Halpern, B. S., Hoegh-
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