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Abstract 

The Southern Ocean is a high-nutrient, low-chlorophyll region where primary productivity is limited mainly 

by iron and light availability, yet it accounts for ~30-40% of global ocean CO2 absorption annually. Marine 

plankton play a major role in the Southern Ocean CO2 sink as they fix dissolved atmospheric CO2 into 

organic carbon biomass, much of which supports the ocean food web and a portion of which sinks into the 

ocean interior, thereby removing atmospheric CO2 on decadal to centennial timescales (i.e., the biological 

carbon pump). The importance of plankton diversity and dynamics in modulating carbon production and 

export remains poorly understood, particularly around the many (Sub)Antarctic islands where physical and 

biogeochemical variability is high. The major motivation for the work presented in this thesis is an improved 

understanding of the role of the plankton system in Southern Ocean fertility and carbon export, and relatedly, 

the response of the plankton to environmental forcing such as changes in nutrient dynamics driven by 

hydrography and island mass effects. To that end, I investigated plankton community diversity and 

ecological dynamics in the context of nutrient cycling, primary production, and carbon export potential in the 

open Southern Ocean and in the vicinity of its many island systems. Specifically, I used carbon and nitrogen 

stable isotope ratios as a tool to quantify carbon export potential and food web dynamics across all major 

hydrographic zones and basins of the Southern Ocean. Five main findings emerged. Firstly, I developed 

insights into the major drivers of spatial and temporal variability in the carbon and nitrogen isotope ratios 

(δ13C and δ15N) of the Southern Ocean’s plankton system using circum-Antarctic carbon and nitrogen 

isoscapes. Along with the drivers commonly invoked by previous studies, I further determined a relationship 

between the δ13C and δ15N of suspended particulate matter (SPM) and phytoplankton community 

composition, with diatoms exerting a particularly strong influence on the δ13C and δ15N of the SPM, which is 

subsequently transferred to the zooplankton. Secondly, I observed that the (Sub)Antarctic islands tend to 

increase the δ13C and δ15N of phytoplankton and zooplankton relative to the open Southern Ocean. This trend 

can be explained by the input of terrestrially-derived iron and other nutrients (e.g., ammonium and/or urea 

from birds and seals) into the surface layer, which stimulate diatom growth on nitrate and/or exogenous 

reduced nitrogen sources that are high in δ15N. Thirdly, I applied a new approach using the δ15N of seawater 

nitrate and SPM to quantify carbon export potential across the summertime Southern Ocean. I found that 
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carbon export potential is highest near the islands and melting sea ice, driven by the input of limiting 

nutrients (i.e., iron) and by the dominance of diatoms. Fourthly, I found that the δ15N of SPM is a reliable 

baseline for trophic analysis of the zooplankton system over a large spatial extent of the Southern Ocean 

(i.e., circum-Antarctic). Since the collection and analysis of SPM samples for δ15N is relatively 

straightforward, this result should be welcomed by researchers who use such data to reconstruct trophic 

flows through plankton food webs, as well as the movements and dietary histories of zooplankton in the 

Southern Ocean. Finally, my new zooplankton δ13C and δ15N isoscapes reveal that during the summer, the 

primary zooplankton consumers in the Subantarctic waters of the Southern Ocean occupy a low trophic 

position akin to herbivores, implying that the Subantarctic food web may act to retain organic carbon within 

the euphotic zone instead of exporting it to depth. By contrast, the primary consumers in Antarctic waters 

occupy a higher trophic position that suggests they are omnivores and carnivores, which potentially indicates 

a shorter food chain and thus a stronger biological pump. The work detailed in this thesis suggests new 

methodological approaches for studying the Southern Ocean plankton system and offers an improved 

understanding of plankton dynamics and their relationship(s) with the biogeochemical processes that govern 

the different zones of the Southern Ocean. 
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Chapter 1. Introduction 

1.1. Motivation 

Through their complex biological and chemical dynamics, marine phytoplankton and zooplankton in the 

world’s oceans provide fundamental ecosystem services that are vital for life (Naselli-Flores and Padisák, 

2022), such as producing the oxygen present in the atmosphere (Harris, 2012; Sekerci and Petrovskii, 2015), 

sustaining the marine system through their role as food sources (Frederiksen et al., 2006), and contributing to 

the regulation of global climate by capturing carbon dioxide (a major greenhouse gas) from the atmosphere 

through photosynthesis and exporting it from the upper water column to the deep ocean, where it will be 

stored for hundreds of years (i.e., the biological pump; Volk and Hoffert 1985). 

Although plankton have been studied for over a hundred years (e.g., Dolan 2021, 2022), there are still 

fundamental uncertainties surrounding their role in both carbon export and the marine food web, including 

the magnitude and drivers of fluxes of nutrients and biomass between plankton and other components of the 

marine system (Lalli and Parsons, 1997; Sarmiento, 2013). One implication of these uncertainties is that 

Earth system models (i.e., ESMs), which are tools used to study the ocean carbon cycle and its response to 

historical, present, and future changes in climate and other forcings (Sixth Assessment Report of the 

Intergovernmental Panel on Climate Change, 2022), are developed based on biogeochemical and plankton 

dynamics and relationships that may be too simplistic and/or incorrect (Séférian et al. 2020 and references 

therein). Advancing the availability of ocean biogeochemical data and our knowledge of plankton dynamics 

will allow us to better understand the role of plankton and the ecological services they provide to the marine 

system, including within its carbon cycle, with implications for improving ESMs. 

My Ph.D. research is focused on the plankton dynamics that govern some of the ecosystem services provided 

by the Southern Ocean. The Southern Ocean is considered one of Earth’s major carbon sinks because it takes 

up approximately one third of the CO2 absorbed by the global ocean annually (DeVries, 2014). Furthermore, 

the Southern Ocean harbours habitats of important large marine species such as whales (Hill et al., 2006) and 

supports large commercial fish stocks (upon which humans are also dependent; Croxall and Nicol 2004). 
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The remoteness and vast spatial extent of the Southern Ocean make it a challenging location for 

observational oceanography, with many of the existing observations studies being by necessity 

locally/regionally focused. Much of my observational research in the Southern Ocean was conducted on a 

circumpolar spatial scale in order to investigate the variability of the major hydrographic zones spanning the 

Southern Ocean, as well as regions affected by sea ice, glaciers, continental shelves, and islands. In 

particular, islands are regions where changes in the circulation and the retention of surface waters, inputs of 

island-derived nutrients, and the upwelling of deep nutrient-rich waters yield localized increases in 

phytoplankton biomass, which affect the entire marine system (i.e., the Island Mass Effect (IME); Doty and 

Oguri 1956). Although all the islands in the Southern Ocean influence the plankton system and their 

dynamics in some way (e.g., Perissinotto et al. 1992; Korb et al. 2004; Bakker et al. 2007; Jouandet et al. 

2008; Jones et al. 2012), a particular focus of the research detailed in this thesis is the ocean properties and 

processes generated by the IME of the Subantarctic Prince Edward Islands archipelago (PEIs) in the 

southwest Indian sector of the Southern Ocean. This focus was motivated by 1) the long historical record of 

observations from the PEIs that span more than 70 years (Pakhomov and Froneman, 1999; Pakhomov et al., 

2000; this Ph.D. thesis); 2) the significance of this particular ecosystem for South Africa’s heritage (e.g., 

Costanza et al. 1997); and 3) the importance of the PEIs as a habitat for hundreds of marine and terrestrial 

species of elevated conservation status and ecological importance (Chown and Froneman, 2008). 

This thesis advances our quantitative understanding of carbon and nutrient export, recycling, and 

redistribution across the Southern Ocean and its islands, through transformations driven by the plankton 

system and their transfer across the pelagic food web. 
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Figure 1.1 Numerous distinct taxonomic groups of varying sizes, morphologies, and physiologies make up the plankton 

communities, which are affected by and adapted to a wide range of environmental conditions. As such, plankton are not 

distributed randomly in the oceans (Castellani and Edwards 2017 and references therein). This image captures the 

researcher's vision while observing through a microscope a fresh sample of plankton collected using a net (200 µm 

mesh size) in the Southern Ocean (photo taken by Luca Stirnimann). 
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1.2. The importance of the plankton 

The term plankton was introduced by Viktor Hensen (Hensen, 1887) and originates from the Greek word 

πλαγκτός meaning errant or drifter in the oceanographic context, in order to separate these marine organisms 

from those associated with the seafloor (βένθος or benthos) or those organisms capable of swimming against 

water currents (νηκτόν or nekton). Plankton span unicellular and small colonial organisms of only a few 

micrometres in size, and multicellular ones several meters long, and can be divided into three major 

categories: the autotrophic and mixotrophic phytoplankton and the heterotrophic zooplankton (Reynolds, 

2006; Stoecker et al., 2017 and references therein).  

Phytoplankton (φυτόν + plankton, or drifter plant) are unicellular plants that live in the euphotic zone (i.e., 

sunlit upper layer) of the water column, amounting to approximately 25,000 recognized species, including 

eubacterial and eukaryotic species (Marañón et al., 2009). Among the eukaryotic marine phytoplankton are 

significant contributors to major global processes, such as diatoms, dinoflagellates, haptophytes, and the 

small prasinophytes, some of which periodically form massive blooms visible in satellite images (Not et al., 

2012). All phytoplankton live in the sunlit surface layer of the water column, and through their activity 

provide ecological services that are fundamental to the regulation and sustenance of life on our planet 

(Naselli-Flores and Padisák, 2022). Through their photosynthesis, phytoplankton transform the inorganic 

carbon dioxide (CO2) that is dissolved from the atmosphere in the water into organic compounds useful for 

cellular growth and division (i.e., primary production; Falkowski et al., 1998; Field et al., 1998; Falkowski 

and Woodhead, 2013). Indeed, phytoplankton are responsible for about half of global net primary production 

(~49% ≈ 108 Pg C year−1) and produce half of the oxygen available in the atmosphere (Field et al., 1998; 

Friend et al., 2009). Phytoplankton, like the plants on land, require macronutrients such as nitrate and 

phosphate (with some requiring silicic acid) and micronutrients such as iron in different amounts depending 

on the species, and are fundamental to the biogeochemical cycles of all the inorganic elements, driving 

processes such as nutrient (re-)cycling and redistribution, which are necessary to support the food web 

(Falkowski, 1994). 

Zooplankton (ζῷον + plankton, or drifter animal) are free-swimming animals, with this group containing 

thousands of species from all phyla of the Animal Kingdom, including Cnidaria, Ctenophora, Mollusca, and 
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the Crustacea, with the last representing the most abundant and diverse zooplankton phylum (Castellani and 

Edwards 2017 and references therein). Zooplankton contribute to the transfer and recycling of organic matter 

through the capture, sorting, filtration, and ingestion of food of diverse origin, such as phytoplankton, other 

zooplankton, faecal pellets, and/or other forms of particulate organic carbon (POC; Lalli and Parsons 1997). 

In turn, the zooplankton biomass (i.e., secondary productivity) is fed upon by a vast variety of predators 

including sea birds, fish, and whales, such that zooplankton provide a fundamental and global ecological 

service by contributing to sustaining the marine food webs (Fenchel, 1988; Frederiksen et al., 2006). 

Zooplankton organisms can live throughout the entire water column, with some capable of swimming 

hundreds of meters from the deep- to the surface layer of the water column and vice versa (i.e., vertical 

migration; Lampert 1989). Zooplankton vertical migration enhances the rate of export of euphotic zone-

produced organic carbon to depth where it is then remineralized into dissolved inorganic carbon (i.e., DIC, 

which includes dissolved CO2, bicarbonate, and carbonate), the concentration of which consequently 

increases with depth. Zooplankton contribute to the removal of CO2 from the atmosphere by exporting new 

biomass produced at the surface (primary productivity) to the bottom of the ocean where it can be stored for 

centuries (i.e., the biological pump) through, in addition to active vertical migration, the gravitational sinking 

of their faecal pellets, crustacean moults from ecdysis, dead bodies, and decaying cells (Figure 1.2; 

Longhurst and Glen Harrison 1989; Ducklow et al. 2001; Steinberg and Landry 2017) 
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Figure 1.2 The biological pump and pelagic food web are two of the major ecosystem services governed by plankton. 

N, P, Fe, Si indicate nitrogen, phosphorus, iron, and silicon. From: Office of Biological and Environmental Research of 

the U.S. Department of Energy Office of Science (DOE, 2008). 

 

1.2.1. Carbon export potential in the context of the biological pump 

In the euphotic zone, much of the new carbon biomass (phytoplankton) produced by the photosynthetic 

fixation of DIC is consumed by zooplankton grazing (with these zooplankton then fuelling higher trophic 

levels including fish and whales) and heterotrophic microbial activity, which recycle it back to CO2 that is 

eventually returned to the atmosphere (Robinson et al., 2010; Turner, 2015; Steinberg and Landry, 2017). 

However, as mentioned above, a fraction of the organic carbon escapes recycling in the upper layer and is 

exported to the deep ocean where it is respired and can be sequestered for centuries (DeVries et al., 2012; 

DeVries, 2014). 
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The amount of carbon that is exported and sequestered (with the former term referring to the transport of 

carbon out of the mixed layer, and the latter to the centennial-scale storage of regenerated nutrients and 

carbon in the ocean interior ocean before they are returned to the surface) is determined by two well-known 

mechanisms that control the surface-to-deep ocean gradient of DIC, the solubility pump and the biological 

pump (Volk and Hoffert, 1985; McKinley et al., 2016; Boyd et al., 2019). The solubility pump involves the 

transport of the DIC to depth through the dissolution of atmospheric CO2 in cold, dense water masses that 

form at high latitudes and subduct into the ocean interior (Volk and Hoffert, 1985; Sarmiento, 2013). The 

biological pump, by contrast, involves two dominant mechanisms that transport POC from the surface to 

depth, the gravitational and migration pumps (Boyd et al., 2019; Halfter et al., 2020, 2022; Nowicki et al., 

2022). It has been suggested that the solubility pump drives approximately 10% of the vertical DIC gradient, 

with the remaining 90% driven by the biological pump (Sarmiento, 2013; Boyd et al., 2019), in particular by 

the gravitational pump (i.e., the sinking of zooplankton faecal pellets, phytoplankton aggregates, detritus, and 

other organic particles), which is responsible for the export of ∼4–9 Pg C yr-1 (Henson et al., 2011; Siegel et 

al., 2014; Nowicki et al., 2022) and for the sequestration of 600–1,400 Pg C globally over the last circa 150 

years (Boyd et al., 2019; Nowicki et al., 2022). 

Although the direct quantification of the gravitational pump (e.g., through the deployment of sediment traps 

along bottom-tethered mooring platforms) gives a good estimate of effective carbon export and sequestration 

in the ocean (Honjo et al. 2008 and references therein), such measurements are difficult to make and 

coverage is sparse. Fortunately, it is also possible to estimate the strength (i.e., the rate of organic carbon 

export) and efficiency (i.e., the degree to which primary productivity contributes to export from the available 

nutrients) of the biological pump through the ‘new production paradigm’, which links surface nitrogenous 

nutrient assimilation to carbon export by mass balance (Dugdale and Goering, 1967; Eppley and Peterson, 

1979). 

The bioavailable nitrogen (N) forms present in the mixed layer include particulate and dissolved organic N 

(PON and DON, respectively), and the dissolved inorganic forms such as nitrite (NO2
-), ammonium (NH4

+), 

and the most common, nitrate (NO3
-). These N forms can be characterized as either ‘new’ or ‘regenerated’ 

(Dugdale and Goering, 1967). In contrast to ‘regenerated production’, which is supported by N recycled in 
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the surface ocean (primarily NH4
+, as well as forms of DON, and NO2

- and NO3
- produced and recycled 

within the surface layer1), ‘new production’ refers to phytoplankton growth fueled by new N (primarily deep 

NO3
- mixed up into the surface layer) (Dugdale and Goering, 1967). The new production paradigm requires 

that new production must be balanced on an annual timescale by the export of organic matter from the 

surface layer (‘export production’). In other words, the amount of new NO3
- introduced and taken up by 

phytoplankton is equivalent to the amount of organic N (and through the application of a known organic 

matter carbon:N ratio, the amount of organic carbon) exported. By contrast, regenerated production yields no 

net organic matter export in a mass balance sense (Figure 1.3; Dugdale and Goering 1967). The proportion of 

new production (and hence, export) relative to total (i.e., new + regenerated) production in an ecosystem can 

be measured by the f-ratio, also known as the ‘flux ratio’ (Eppley and Peterson, 1979).  

Whether phytoplankton assimilation new or regenerated N is controlled by several environmental factors, 

such as solar irradiance, temperature, and macro- and micro-nutrient availability, as well as physiological 

factors such as cell size (e.g., Price et al. 1991; Stolte and Riegman 1995; Sunda and Huntsman 1997; Hu 

and Smith 1998). In general, while the input of limiting nutrients such as iron stimulate the uptake of new 

NO3
- (Traganza et al., 1980; Timmermans et al., 1994, 1998; Cochlan, 2008) leading to higher f-ratios and 

carbon export potential, warmer waters and conditions of nutrient limitation are associated with higher rates 

of regenereted NH4
+ uptake and thus a lower f-ratio and carbon export potential (e.g., Lipschultz 2001; 

Fawcett et al. 2011; Prakash et al. 2015; Wallschuss et al. 2022). At the same time, NH4
+ is less energetically 

expensive for phytoplankton to assimilate than NO3
- (Dortch, 1990; Raven et al., 1992; Glibert et al., 2016), 

in addition to requiring less iron and irradiance (Dortch, 1990; Raven et al., 1992; Glibert et al., 2016). NO3
- 

uptake is also controlled by the size of phytoplankton cells present in the water column, with large cells 

typically able to take up NO3
- at a maximum rate for a greater period of time than small cells (Stolte and 

Riegman, 1995; Fawcett et al., 2011). As such, marine systems where dependence on NO3
- is high tend to be 

characterised by larger phytoplankton than regions where most productivity is fueled by NH4
+ (Stolte and 

Riegman, 1995). On the other hand, as cell size increases, the diffusion-boundary layer around the cell 

 
1In the original formulation of the new production paradigm (sensu Dugdale and Goering 1967), the ‘surface layer’ was 

taken to be the euphotic zone. However, if the mixed layer is deeper than the euphotic zone, as is often the case in the 

Southern Ocean (e.g., Cavagna et al. 2015; Mdutyana et al. 2020), then nutrient supply to, consumption and cycling 

within, and export from the entire mixed layer must be considered. Where the new production paradigm is invoked in 

this thesis, the relevant ‘surface layer’ is always defined.  
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thickens and nutrient diffusion per unit of cell volume decreases (Pasciak and Gavis, 1974; Kiørboe, 1993; 

Raven, 1998). As a result, the capacity of phytoplankton to obtain nutrients decreases faster than the volume-

specific nutrient quotas as cells size increases, which means that small cells are more competitive in low-

nutrient environments (Smith and Kalff, 1982; Litchman et al., 2007). In the Southern Ocean, as in other 

regions, small phytoplankton appear to outcompete larger cells for NH4
+ (Fawcett et al., 2011; Smith et al., 

2022). 

Concurrent to the fact that plankton depend on the marine N cycle for their productivity, a variety of (mainly 

photosynthetic) prokaryotes, known as diazotroph (e.g., filamentous cyanobacteria), are essential to the 

marine N cycle and to oceanic productivity. These plankton can ‘fixing’ dinitrogen (N2) gas, which involves 

converting unreactive N2 dissolved in seawater into bioavailable NH4
+ (Gruber 2008 and references threin). 

Diazotrophs are thus essential for ocean fertility, while also compensating for N losses via denitrification 

(i.e., the dissimilatory reduction of NO3
- to N2 gas during organic matter oxidation; Gruber 2008; Voss et al. 

2013 and references therein). N2 fixation may represent a fundamental source of new N to N-limited surface 

waters (i.e., the (sub)tropical oceans), potentially even exceeding the supply of deep new N by physical 

processes, with implications for how carbon is cycled through the ecosystem and the proportion that is 

exported (i.e., N2 fixation, like subsurface NO3
-, fuels export production; Karl et al. 1997; Capone et al. 

2005). In the Southern Ocean, the rate of N2 should be low to zero given the cold temperatures, low light and 

iron conditions, and high mixed-layer NO3
- concentrations (Kustka et al., 2003; Knapp, 2012; Jiang et al., 

2018). N2 fixation is therefore not considered in applications of the new production paradigm to the data 

collected for this thesis.  
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Figure 1.3 The new production paradigm as originally formulated by Dugdale and Goering (1967). New production – 

defined as primary production supported by ‘new’ nutrients (such as allochthonous nitrate mixed up into the surface 

layer from depth) – is quantitatively related to ‘export production’ over an annual cycle. Regenerated production, in 

contrast, which is fuelled by ‘regenerated’ nutrients (such as ammonium and nitrate regenerated within the surface 

layer), does not contribute to export (figure adapted from Plumbago 2006). 

 

1.2.2. Carbon export through the food web 

As mentioned above, zooplankton play a central role in elemental cycling, by ingesting and converting POC 

and nutrients into dissolved pools, and actively exporting nutrients to depth during diurnal and seasonal 

migrations (Figure 1.2; Steinberg and Landry 2017 and references therein; Halfter et al. 2020 and references 

therein), as well as in the trophic linkages between primary producers and higher trophic levels (such as fish 

and whales; Figure 1.4; e.g., Cavan et al. 2019 and references therein). However, the study of zooplankton 

participation in food webs and biogeochemical cycles is extremely complex due to their large diversity of 
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taxa, life histories, sizes, trophic ecology, and physiology (Steinberg and Landry 2017 and references there 

in). Zooplankton trophic roles and biological processes impact oceanic biogeochemical cycles and the 

efficiency of carbon export through the pelagic food web. The proportion of organic carbon that leaves the 

euphotic zone can vary significantly, as a function of the top-down regulation of the vertical flux due to the 

trophic behaviour of different types of zooplankton and the structure of the zooplankton community 

(Kiørboe, 1997; Wassmann, 1997; Nowicki et al., 2022). Uncertainties regarding the pathways of carbon and 

nutrient flows through the food web can be reduced through the analysis of trophic structure and the roles of 

each consumer in the pelagic ecosystem (Steinberg and Landry, 2017). That said, assessing regional and 

temporal variability in the transfer of phytoplankton production to higher trophic levels requires knowledge 

of the mean trophic position of zooplankton relative to phytoplankton, which is still a significant unknown in 

most marine ecosystems. For instance, this thesis presents a novel assessment of the trophic positions of 

specific zooplankton species relative to phytoplankton, to better understand the plankton food web system 

across the Southern Ocean.  
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Figure 1.4 Example of an Antarctic marine food web and energy flows from prey to predator/grazer (black arrows). The 

keystone species of the Antarctic ecosystem are phytoplankton and zooplankton, especially Antarctic krill, since they 

are a vital source of food for whales, seals, squid, icefish, penguins, albatrosses, and several other bird species. Picture 

source: unknown 
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Figure 1.5 The Southern Ocean as seen from space: it surrounds the Antarctic continent without interruption and 

touches three of the world's continents: Africa (top-right), Australia (bottom-right), and South America (top-left). 

Satellite image courtesy of NASA.  
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1.3. The importance of the Southern Ocean 

The Southern Ocean is a significant marine system that surrounds the Antarctic continent and accounts for 

around 20% of the world's ocean surface. It has a disproportionate influence on global climate and hosts vast 

and diverse marine ecosystems (e.g., Sarmiento and Toggweiler 1984; Murphy 1995; Sarmiento and Le 

Quere 1996; Takahashi et al. 2009; Deppeler and Davidson 2017). 

The Southern Ocean is separated from the subtropical waters of the Atlantic, Pacific, and Indian Oceans by a 

steep gradient in sea surface temperature and salinity termed the Subtropical Front (Orsi et al., 1995; 

Holliday and Read, 1998) and is subject to strong winds that generate the dominant eastward-flowing 

Antarctic Circumpolar Current (ACC; Trenberth et al. 1990). A series of fronts within the ACC driven by 

sea-wind interactions represent important physical and biological boundaries that separate hydrographic 

zones characterized by distinct environmental characteristics (Figure 1.6; Orsi et al. 1995; Chapman et al. 

2020). From north to south, the Southern Ocean can be divided into two main oceanic regions: 1) the 

Subantarctic, which makes up more than half of the Southern Ocean's surface and can be further divided into 

two zones: the Subantarctic Zone (SAZ), between the Subtropical and Subantarctic Fronts (STF and SAF, 

respectively), and the Polar Frontal Zone (PFZ), between the SAF and the Antarctic Polar Front (APF or PF) 

(Orsi et al., 1995); and to the south of the PF, 2) the Antarctic Ocean, which includes the permanently ice-

free zone (or Open Antarctic Zone [OAZ]) to the north of the Southern Antarctic Circumpolar Current Front 

(SACCF) and the seasonal sea-ice zone to the south of the SACCF (Hempel 1985; Talley 2011; Figure 1.6), 

that can be further divided by the Antarctic Shelf Front (ASF) into the Antarctic Zone (AZ) between the 

SACCF and the ASF, and the Continental Zone (CZ) between the ASF and the continent (Orsi et al., 1995; 

Post et al., 2014). 

While the hydrographic fronts of the Southern Ocean are regions of enhanced vertical exchange between 

deep- and surface water masses (e.g., Carter et al. 2008), they often coincide with dynamical mixing barriers 

or jets, which reduce the exchange of biogeochemical elements across fronts (Palter et al., 2013). In addition, 

the extent of the seasonal variability in irradiance and temperature increases from north to south, leading to 

strong latitudinal (and thus hydrographic zone-related) differences in regional biogeochemical cycling and 

ecosystem functioning (Abbott et al., 2000; Landry et al., 2002; Chapman et al., 2020). 
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Figure 1.6 Average estimates of surface chlorophyll-a concentration (mg m-3; background shading) from summer 

season between 2002/03 and 2015/16, frontal locations (black lines), and sea-ice extent (magenta line for the maximum 

winter extent and white shading for the minimum summer extent) in the Southern Ocean. Frontal positions are based on 

the definitions of Orsi et al. (1995) and are summertime climatological averages: STF = Subtropical Front, SAF = 

Subantarctic Front, PF = Antarctic Polar Front, SACCF = Southern Antarctic Circumpolar Current Front. The red line 

denotes the maximum extent of sea ice averaged over the 1979/80 to 2007/08 winter seasons. Figure from Deppeler and 

Davidson (2017). 

It is estimated that the Southern Ocean south of 30°S removes about 3 Pg of carbon emitted to the 

atmosphere every year, which represents approximately 30-40% of the global ocean’s total carbon flux 

(Schlitzer, 2002; DeVries, 2014; Frölicher et al., 2015; Arteaga et al., 2018); the Southern Ocean is therefore 

a significant contributor to the planet’s oceanic CO2 sink. Additionally, by the absorption of CO2 through 



The importance of the Southern Ocean 

- 22 - 

 

solubility and biological pump processes and the release of CO2 from the deep ocean, the Southern Ocean 

significantly modifies global climate over seasonal to millennial time-scales (e.g., Sarmiento and Le Quere 

1996; Gruber et al. 2009; Takahashi et al. 2009; Sigman et al. 2010). 

Although the Southern Ocean’s biological pump plays a central role in the export and sequestration of 

carbon, the combined low concentrations of iron and, in some regions, manganese (Mn) and/or silicic acid 

(SiO4
-), as well as reduced light availability for many months of the year, limit the consumption by 

phytoplankton of macronutrients such as new NO3
- and phosphate (PO4

3-; Martin et al. 1990; Sunda and 

Huntsman 1997; Bracher and Kroon 1999; Boyd 2002; Boyd et al. 2016; Hawco et al. 2022). As a 

consequence, the input of new nutrients from deep water does not yield as much carbon fixation and export 

as one might expect, such that the Southern Ocean is considered a ‘leak’ in the global ocean’s biological 

pump (Sarmiento and Toggweiler, 1984). In this context, the (Sub)Antarctic islands, continental shelves, sea 

ice, and glaciers contribute significantly to alleviating phytoplankton from iron and silicic acid stress, largely 

as a result of bathymetric upwelling, terrestrial run-off, and ice melt, all of which are a manifestation of the 

‘island mass effect’ (see section 1.4; e.g., Doty and Oguri 1956; Hamner and Hauri 1981; Pollard et al. 2009; 

Lourantou and Metzl 2011; Alderkamp et al. 2012). This thesis focuses on estimating the carbon export 

potential implied by phytoplankton consumption of new NO3
- in the Southern Ocean and the effects of 

nutrient release from glaciers, sea-ice, continental shelves, and islands (particularly the Subantarctic islands). 

Due in part to the prevalence of two main consumers in the Southern Ocean, Euphausia superba, a species of 

Antarctic krill, and several species of plankton-consuming whales (e.g., Murphy 1995; Baines et al. 2021, 

2022; McBride et al. 2021; Johnston et al. 2022), the Antarctic food web is often referred to as a ‘krill-whale 

food chain’ (Figure 1.4), which is unique in the world’s oceans because of its shorter, simpler, and more 

linear energy fluxes compared to marine food webs found at lower latitudes (Hempel, 1985; Murphy, 1995). 

Antarctic krill transfer energy through the food web after consuming phytoplankton biomass by becoming 

prey for higher trophic levels. They also contribute to driving the biogeochemical cycles in the Southern 

Ocean, including carbon, N, and iron, through the production and sinking of faecal pellets, which are then 

remineralized by microbial activity (Tarling and Johnson, 2006; Cavan et al., 2019). It has been estimated 

that the sinking of krill faecal pellets contributes between 17% and 72% of total carbon export in Antarctic 



The importance of the Southern Ocean 

- 23 - 

 

waters (Gleiber et al., 2012; Belcher et al., 2019), such that krill are one of the most important actors in the 

region’s biological pump. As a consequence, most of the models used to quantify carbon export are based on 

the role of Euphausia superba in the Antarctic food web (Hill et al. 2006; McCormack et al. 2021a; and 

references therein). However, the Antarctic plankton system is more intricate than the krill-whale food chain 

and several other organisms contribute substantially to the energy fluxes, and may become more important in 

future as the plankton trophic structure varies with global change (Atkinson et al., 2004, 2019; Hill et al., 

2019; Johnston et al., 2022). For instance, zooplankton organisms such as salps, copepods, amphipods, 

pteropods, and jellyfish (Voronina, 1998; Atkinson et al., 2012a; Johnston et al., 2022) contribute to the 

carbon and nutrient flows in Antarctica’s marine system by providing substantial biomass to top predators 

such as seabirds (penguins and Procellariiformes, including albatrosses, shearwaters, storm- and diving 

petrels) and marine mammals (cetaceans, including whales and dolphins, and pinnipeds such as seals) 

(Clarke, 1985; Murphy, 1995; Grant et al., 2013; Bestley et al., 2020), and likely also influence the 

biogeochemical cycles. Indeed, it has been reported for the Southern Ocean that salps produce large amounts 

of faecal pellets, which sink 2.5-times faster than krill pellets (760 versus ~300 m d−1; (Pakhomov et al., 

2006; Atkinson et al., 2012b), contributing between 5% and 66% of the total flux of POC (Fischer et al., 

1988; Gleiber et al., 2012). In addition, contrary to the widely held belief that salps are indiscriminate and 

continuous filter feeders (Andersen, 1998 and references therein; Pakhomov et al., 2002) whose diets 

generally reflect the composition of the available plankton community, recent research on the stomach 

contents of Antarctic salps and the composition of plankton communities in the water column during autumn 

has revealed that salps exhibit selective feeding behaviour (Pauli et al., 2021). Specifically, salps 

preferentially consume small flagellates and golden algae over other unicellular algae (Pauli et al., 2021). 

This selective grazing behaviour of salps adds complexity to the study of the energy flow driven by these 

organisms and raises questions about whether other species exhibit different trophic behaviours than 

currently understood, with potential implications for our understanding of food web interactions and energy 

flows. 

Marine species and the pelagic food web vary with the physical and biogeochemical environments of the 

different hydrographic zones of the Southern Ocean (Constable et al., 2014; McCormack et al., 2021b; Yang 

et al., 2021; Johnston et al., 2022). Notably, future changes in the distributions and ecological roles of 



The importance of the Southern Ocean 

- 24 - 

 

plankton and (related) food web structures in the hydrographic zones of the Southern Ocean (Hill et al., 

2021; McCormack et al., 2021b) could have implications for ecosystem services such as carbon export and 

sequestration, ocean acidification, recovery of the great whales, and fisheries (Trebilco et al., 2020; 

McCormack et al., 2021b). As such, understanding the food web and the food requirements of different 

trophic levels in the Southern Ocean is crucial for understanding the energy fluxes between species and the 

implications for carbon export (Hill et al., 2006; Melbourne-Thomas et al., 2017).  

In this thesis, the plankton contributions to carbon export and their trophic roles in the Southern Ocean’s 

marine system, with implications for the major biogeochemical cycles, are investigated using sensitive 

ecological tools such as the stable isotopes of carbon and nitrogen (see section 1.5). 
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Figure 1.7 The Prince Edward Islands archipelago is formed by the Prince Edward Island (north-east) and Marion 

Island (south-west) and hosts one of the most biodiverse marine ecosystems of the Subantarctic Ocean. Satellite image 

courtesy of NASA.  
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1.4. The Island Mass Effect (IME) 

The island mass effect (IME) describes a localized increase of the oceanic biota and primary production 

downstream and in close proximity to islands (Doty and Oguri, 1956) that results from a spectrum of 

physical and biogeochemical processes (e.g., Boden 1988; Perissinotto et al. 1992; Blain et al. 2007; Gove et 

al. 2016). The physical mechanisms responsible for the IME, such as current-island interactions, wind-island 

interactions, ocean-atmosphere coupled processes and interactions, and ocean mixing, control the circulation 

and retention of surface waters around islands and the by extension, the availability (i.e., supply and 

residence time) of nutrients in the upper water column, ultimately resulting in enhanced biological activity 

(Figure 1.8; De Falco et al., 2022). Currents interacting with the bathymetry upstream of an island may lift 

the isotherms and cause upward vertical transport of nutrient-rich deep water (Hamner and Hauri, 1981; 

Gove et al., 2006; Liu et al., 2014), while anti-cyclonic (or cyclonic for the northern hemisphere) eddies 

often form downstream of an island due to barotropic or baroclinic instabilities (Dong et al., 2007; Teinturier 

et al., 2010) and flow divergence (Heywood et al., 1990; Hasegawa et al., 2004; Chang et al., 2013), 

enhancing upwelling mechanisms and the retention of water (McCartney, 1976; Gordon et al., 1978). 

Finally, the friction between strong currents or tidal waves and the sea floor can introduce cold water and 

nutrients (particularly iron, as many ocean islands are volcanic in origin) from the thermocline into the 

surface mixed layer (Hamner and Hauri 1981; De Falco et al. 2020 and references therein; Storlazzi et al. 

2020). 

In addition to bathymetry-induced mechanisms, nutrients can be imported into the surface layer near islands 

due to terrestrial run-off (Figure 1.8). Submarine groundwater, surface streams, and glacial run-off transport 

high concentrations of nutrients into near-shore waters surrounding the islands (Doty and Oguri, 1956; 

Hawkings et al., 2014; Gove et al., 2016; Pérez-Tribouillier et al., 2020). In addition to supplying nutrients, 

the input of freshwater enhances upper water-column stability in the vicinity of the islands, generating a 

more stable mixed layer that reduces the likelihood of light limitation of phytoplankton, thus stimulating 

productivity (Perissinotto et al., 1990, 1992). Because of the nutrient input and retention mechanisms 

associated with islands in the Southern Ocean, phytoplankton blooms can persist for periods of more than 

two weeks and extend spatially over thousands of kilometres (Perissinotto et al., 1992; Mongin et al., 2009). 
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Figure 1.8 Multiple physical mechanisms drive the Island Mass Effect (IME) of (Sub)Antarctic island systems that 

ultimately results in enhanced plankton productivity. The vertical transport of nutrients to the surface (e.g., iron, nitrate 

and silicic acid) near the islands is promoted by the shoaling of the bathymetry, which leads to the development of (1) 

tidally-driven internal waves, (2) upwelling of deep waters on the upstream side of the islands, and (3) anti-cyclonic 

eddies downstream of the island/plateau region. The morphology of the island/plateau may also promote the formation 

of (4) retention areas where deep- and terrestrially-derived nutrients are concentrated and (5) nutrient recycling is 

favoured. Terrestrially-derived inputs into nearshore waters include (6) riverine outflow (including submarine 

groundwater discharge and glacially-derived flow) and (7) animal-derived runoff (figure made by Luca Stirnimann and 

adapted from Gove et al. 2016). 

 

1.4.1. Subantarctic islands: The Prince Edward Islands archipelago 

There are tens of islands (single islands or archipelagos) in the Southern Ocean, and most of them are located 

in the Atlantic and Indian Subantarctic. The productivity in the Subantarctic Ocean is highly variable due to 

the strong seasonality in solar irradiance, deep mixing, nutrient availability, frontal positions, and the IME 

(Pakhomov et al., 2000b; Lamont et al., 2019; Lamont and Toolsee, 2022). Because of the islands’ basaltic 

(i.e., volcanic) nature, surface waters are enriched with micronutrients such as dissolved iron due to the re-

suspension of shallow benthic sediments (Blain et al., 2007; Jouandet et al., 2008; Mongin et al., 2008). In 

addition, many of the Subantarctic islands are sources of macronutrients such as SiO4
4- derived from the 
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dissolution of deep-sea sediments and terrigenous rocks eroded by streams (Heath, 1974; Leblanc et al., 

2002; Tréguer, 2014), as well as nitrogen-based nutrients derived from remineralized soil and guano from 

colonies of sea birds and marine mammals (Blain et al., 2001; Wing et al., 2014; Treasure et al., 2015). The 

input of these nutrients (particularly iron and SiO4
4) into Subantarctic surface waters alleviate the 

phytoplankton from nutrient limitation (particularly the larger size classes and heavily-silicified diatoms), 

thus enhancing their productivity, abundance, and diversity, with a consequent enhancement of carbon 

export (Tréguer and Pondaven, 2000; Blain et al., 2001; Hoffmann et al., 2006; Shatova et al., 2016). 

Of the Subantarctic islands, the Prince Edward Islands archipelago (PEIs; Figure 1.7 and Figure 1.9), Crozet 

Islands, Kerguelen Island, and Heard Island are located in the Indian sector, and South Georgia, the South 

Sandwich Islands, and Bouvet Island are located in the Atlantic sector of the Southern Ocean. However, 

depending on the position of hydrographic fronts (i.e., the Antarctic Polar Front [APF]), some of these 

islands may variably experience Subantarctic or Antarctic Ocean conditions (Lutjeharms and Valentine, 

1984; Belkin and Gordon, 1996; Graham et al., 2012; Chapman et al., 2020). This thesis focused particularly 

on the influence of the IME on the plankton system of the PEIs (e.g., on their rates of nutrient uptake and 

primary productivity), because this archipelago provides habitats of elevated ecological and conservation 

importance for hundreds of terrestrial and marine organisms (Figure 1.9; Chown and Froneman, 2008) and is 

an important offshore marine protected area in the exclusive economic zone of South Africa (Lombard et al., 

2007; Sink et al., 2012). 

The marine system surrounding the PEIs, which comprises two islands, Marion Island and Prince Edward 

Island (Figure 1.7 andFigure 1.9), has been studied since 1947. The establishment in 2014 of permanent 

moorings at fixed locations between the two islands (Verheye and Makhado, 2014) allows for daily 

monitoring of the physical dynamics (i.e., temperature, salinity, Sea Surface Hight (SSH); Lamont et al. 

2019). The PEIs have long been used as a living laboratory to study the sensitivity and adaptation strategies 

of sub-polar ecosystems to long-term natural and anthropogenic changes, with evidence of climate change 

already described for the waters surrounding the islands (Smith, 2002; Le Roux and McGeoch, 2008; 

Ansorge et al., 2012; Louise Allan et al., 2013; von der Meden et al., 2017). The plankton ecosystem at the 
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PEIs has been studied for more than 40 years, during which observations of plankton abundance, taxonomy, 

size, and productivity have been collected (Pakhomov and Froneman, 1999; Ansorge et al., 2012). 

 

Figure 1.9 View of the Prince Edward Island (island at the top of the image) from one of the Marion Island’s cliffs, 

which formed a ‘pocket beach’ where sea birds (i.e., penguins, albatrosses, gulls) and marine mammals (i.e., seals) 

established large colonies (photo by Luca Stirnimann). 

The PEIs lie in the path of the ACC between the SAF and the APF (Lutjeharms, 1985; Pakhomov et al., 

2000a). The fronts exhibit a significant degree of latitudinal fluctuation in this area (Ansorge et al., 2009; 

Sokolov and Rintoul, 2009a), resulting in frequent exchange of Subantarctic and Antarctic surface- and 

intermediate water masses (Deacon, 1982), with implications for advective forcing around the archipelago 

and thus for the IME on plankton productivity (Ansorge et al., 1999, 2009; Lamont and Toolsee, 2022). 

When the SAF is located in close proximity to the PEIs, its strong advective forcing impedes water retention 

around the archipelago (Perissinotto and Duncombe Rae, 1990; Pakhomov and Froneman, 1999; Pakhomov 

et al., 2000a). In contrast, when the SAF is positioned far to the north of the archipelago, the advection of the 

ACC is relatively weak, leading to the formation of anti-cyclonic eddies downstream of the archipelago, 
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which concentrate and retain upwelled and island-derived nutrients (Allanson et al., 1985; Perissinotto and 

Duncombe Rae, 1990; Pakhomov et al., 2000a). 

The Subantarctic waters around the PEIs host two groups of organisms that dominantly drive the input of 

energy into the ecosystem (Kaehler et al., 2000); 1) the autochthonous phytoplankton, whose productivity is 

highly influenced by the IME (Boden and Parker, 1986), and 2) the allochthonous zooplankton, the 

distribution of which is determined by the availability of their food sources (Gallup, 1970; Paffenhöfer, 

1983), as well as by the highly variable hydrographic environment near the PEIs (Bernard and Froneman, 

2003; Ansorge and Lutjeharms, 2005; Ansorge et al., 2012). Although considerable research has been 

conducted on the plankton of the PEIs, very little work to-date has focused on the variability of plankton 

dynamics relative to carbon fixation, nutrient uptake, and export, particularly using methodologies based on 

stable isotopes. Some of the work detailed in this thesis used stable isotope techniques to examine the effect 

of the PEIs on primary production and carbon export potential, and to investigate the transfer of energy from 

the producers to the first consumers. 
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Figure 1.10 Comic illustration of Bryan Fry (from Fry 2006), showing that the ‘light’ and ‘heavy’ isotopes are atoms of 

the same element that differ by the number of neutrons. 
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1.5. The use of stable isotopes in ecology 

Stable isotopes are non-radioactive elements with the same number of electrons and protons but differing 

numbers of neutrons, distinguishing the ‘lighter’ (less neutrons, e.g., 12C and 14N) from the ‘heavier’ (more 

neutrons, e.g., 13C and 15N) isotope (Figure 1.10). In the last few decades, isotopes have become commonly 

used in several fields, including ecology and biogeochemical oceanography, to identify food sources, infer 

biogeochemical and biological processes, monitor animal migrations, and define food web structures 

(Peterson and Fry, 1987; Michener and Lajtha, 2007). Methods of sample preparation and analysis vary for 

each isotope and substrate (Sharp 2017); however, the main goal is to convert a sample quantitatively into a 

gas that an isotope ratio mass spectrometer (IRMS) can analyse. The IRMS measures the ratio of heavy-to-

light isotopes (e.g., 15N/14N) relative to an internal (i.e., laboratory) standard, and the measured value must 

subsequently be converted and reported relative to an international reference, expressed in parts per thousand 

(per mille or ‰) deviations from that standard as: 

 𝛿 (‰) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) × 1000 (Eqn. 1.1) 

where 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 and 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 are the heavy-to-light isotope ratios in the sample and the standard, 

respectively (McKinney et al., 1950). 

The use of the stable isotopes of carbon and nitrogen (δ13C and δ15N, respectively) has escalated in the last 

decades in ecology and oceanography to elucidate physiological and biogeochemical processes that involve 

the cycling of molecules such as CO2, nitrate (NO3
-), and ammonium (NH4

+) through the organic biomass of 

marine organisms, including plankton (Peterson and Fry, 1987; Michener and Lajtha, 2007). In addition to 

the isotope ratios themselves, researchers are interested in the differences in velocity and bond strength 

among isotopes that lead to ‘fractionation’, or isotopic differences between the source and product of a 

chemical reaction (Michener and Lajtha, 2007). For instance, during a kinetic unidirectional reaction, the 

lighter isotopes are typically preferentially transformed because it requires less energy to react their lower 

mass while the heavier isotopes form stronger bonds with other elements and thus react more slowly (Figure 

1.11). As such the extent to which the reactant pool is enriched in the heavy isotope relative to the product 
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pool can be quantified by the kinetic isotope effect (ɛ; (Eqn. 1.2), defined as the ratio of the rates by which 

the two isotopes are converted from reactant to product: 

 ɛ (‰) = ((
𝑘𝑙

𝑘ℎ
) − 1) × 1000 (Eqn. 1.2) 

where 𝑘ℎand 𝑘𝑙are the rate coefficients for the reactant containing the heavy and light isotope, respectively. 

 

Figure 1.11 Comic illustration of Bryan Fry (from Fry 2006), showing that having an extra neutron does make a 
difference in chemical and biological reactions. Heavier isotopes form stronger chemical bonds than lighter ones, 
as such the lighter isotopes are preferentially transformed with faster reactions since their smaller mass needs 
less energy to react. The fractionation is the reaction difference. 

In the context of marine plankton ecology, measurements of δ13C are used to define the origin of a nutrient or 

food source to phytoplankton and zooplankton or as a tool for tracking the movements and migration of 

marine animals (e.g., McMahon et al. 2013; Trueman and St John Glew 2019). In contrast, measurements of 

δ15N have been widely used to explore a variety of ecological and biogeochemical processes in the ocean, 

including the assessment of trophic levels of organisms in the food web (Post, 2002; Fry, 2006), N uptake 



The use of stable isotopes in ecology 

- 34 - 

 

rates and the cycling of N nutrients (e.g., NO3
- and NH4

+; Sigman et al. 1999; Fawcett et al. 2011; Mdutyana 

et al. 2020), and for the estimation of the net primary production (NPP; Dugdale and Wilkerson 1986). 

The δ13C of phytoplankton is set by the fractionation between 13C and 12C that occurs during several 

transport- and biological reactions that occur in the cells, such as CO2 diffusion across the cell membrane, 

carboxylation during photosynthesis, which can be catalysed by a few different carboxylase enzymes 

(O’Leary, 1981; Fry and Sherr, 1989; Descolas-Gros and Oriol, 1992), the organic carbon content of the cell 

(Laws et al., 1997), the cell growth rate, and the ambient pCO2 (François et al., 1993; Goericke, 1994; Laws 

et al., 1995). The δ15N of phytoplankton is strongly influenced by the δ15N of the available N source (i.e., 

δ15N-NO3
- or δ15N-NH4

+), the degree of consumption of the different N sources (Sigman et al., 1999; Altabet 

and Francois, 2001; DiFiore et al., 2010; Fawcett et al., 2011, 2014), and the fractionation between 15N and 

14N that occurs during N-source assimilation (Mariotti et al., 1981; Altabet and Francois, 1994; Waser et al., 

1998; Lourey et al., 2003; Granger et al., 2004, 2010; Lara et al., 2010; Somes et al., 2010). For example, 

when phytoplankton take up NO3
-, they preferentially consume the lighter 14N, meaning that the substrate 

pool remaining in the water column becomes progressively enriched in the heavier 15N, such that it increases 

in δ15N. At the same time, the δ15N of the phytoplankton consuming the NO3
- will be lower than the δ15N-

NO3
-, and will increase as consumption of the source pool proceeds, to eventually converge upon the original 

δ15N-NO3
- once its consumption is complete (Mariotti et al., 1981; Sigman et al., 1999).  

If the transformation of NO3
- to biomass N proceeds unidirectionally with a constant ε (Eqn. 1.2) and if the N 

pools are neither replenished nor depleted from the system during transformation, then the process can be 

described in terms of Rayleigh fractionation kinetics, which quantify variations in the δ15N of the reactant 

pool (e.g., NO3
-) and the δ15N of the generated product (e.g., phytoplankton biomass) as a function of the 

extent to which the reactant pool has been transformed (Mariotti et al., 1981; Sigman et al., 1999; Sigman 

and Fripiat, 2019). It is common practice to interpret N isotope data from the ocean in terms of the ‘Rayleigh 

model’ or alternatively, the ‘steady-state’ model. Key parameters in both of these models include the fraction 

of the reactant N pool that remains unconsumed in the water column (F), the initial δ15N of the reactant pool 

(δ15Ninitial), and isotope effect (ɛ). 
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The Rayleigh model is applicable to reactions that take place in a closed system (i.e., neither the reactant nor 

product N pools are replenished or depleted during the reaction, which proceeds with a constant isotope 

effect; Mariotti et al. 1981), such as phytoplankton nitrate assimilation in stratified surface waters. The 

Rayleigh model describes the δ15N of the reactant N pool (δ15Nreactant), the instantly generated product pool 

(for example, organic biomass N produced from nitrate at any given moment; δ15Ninstantaneous), and the 

integrated product N pool (δ15Naccumulated) as a given reservoir of reactant N is consumed. Since the purpose of 

this section is only introductory, I will not extend the description of the Rayleigh model here; rather, it is 

described and explored in great detail in Chapter 2. 

The δ13C and δ15N of the first producers are propagated up the food web through to its higher trophic levels, 

following the general paradigm that “you are what you eat plus a few per mille” (DeNiro and Epstein, 1978, 

1981). By this principle, both δ13C and δ15N progressively increase from the lower to the higher trophic 

levels of the food web, which makes their measurement a useful tool for defining the structure of the trophic 

web and tracking feeding ecology (Peterson and Fry, 1987; Herman et al., 2000; Post, 2002; Fry, 2006). 

While the δ13C of an organism predominantly reflects the different food sources they have assimilated and 

can thus be used to monitor the migration of the marine animals or to identify the food source(s) to specific 

organisms, their δ15N provides insights into their role and trophic position within the food web(MacKenzie et 

al. 2011 and references therein). 

Because of their numerous applications, measurements of δ13C and δ15N are the major tools used in this 

research. In the open Southern Ocean and in the vicinity of the (Sub)Antarctic islands, I use measurements of 

δ13C and δ15N to elucidate plankton ecological dynamics, such as variations in community composition and 

trophic behaviours, and characterize and quantify biogeochemical processes, including carbon production 

and export. For instance, I have studied the geographical and temporal variability of plankton δ13C and δ15N, 

applied the Rayleigh model to determine the potential for carbon export, and assessed isotopic niches and 

trophic positions of zooplankton across the Southern Ocean. 
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1.6. Objectives and thesis outline 

The overarching aim of this work is to advance our understanding of plankton dynamics in the open 

Southern Ocean and in the vicinity of the (Sub)Antarctic islands, particularly as they pertain to carbon 

fixation and uptake of nitrogenous nutrients during primary production, along with the transfer of carbon and 

N through the plankton trophic system, using novel methods and high-resolution observations. The thesis is 

comprised of four data chapters presented as scientific papers (one already published; Chapter 4; Stirnimann 

et al., 2021) that address distinct topics, each with its own set of research questions. Below, I outlined the 

workflow of the thesis, contextualising each chapter’s broad aims and specific research questions. The thesis 

concludes with a final chapter that briefly summarizes my major findings, outlines the main messages that 

emanate from this work, and suggests some research directions that could pursued in the future. 

• Chapter 2. A circum-Antarctic plankton isoscape I: Carbon export potential across the Southern 

Ocean 

Recent studies have reported the geographical distributions (‘isoscapes’) of the δ13C and δ15N of surface 

suspended particulate matter (SPM; δ13CSPM and δ15NSPM) in the Southern Ocean (e.g., Espinasse et al., 2019; 

St John Glew et al., 2021). However, the mechanisms underlying the carbon and nitrogen isoscapes have not 

been fully explored, with key aspects remaining poorly understood. This chapter discusses the major drivers 

of geographical variability in phytoplankton community composition and relatedly, of δ13CSPM and δ15NSPM in 

the Southern Ocean. Sampling was conducted at a circumpolar scale, including in the vicinity of sea-ice and 

land masses, such as the (Sub)Antarctic islands and continental shelves. Here, I aimed to answer the 

following questions: 

• How does the phytoplankton community composition differ between the hydrographic zones of the 

Southern Ocean? 

• What are the main drivers affecting the δ13CSPM and δ15NSPM in the open Southern Ocean and in the 

vicinity of the islands? 

• Is phytoplankton community composition a key determinant of δ13CSPM and δ15NSPM variability? 
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Following an assessment of the major processes affecting the δ13CSPM and δ15NSPM isoscapes of the Southern 

Ocean, I show that the δ15NSPM is a powerful tool for studying biogeochemical processes and quantifying 

carbon export potential in the Southern Ocean. In this context, I modified the Rayleigh model for isotopic 

fractionation during NO3
- assimilation and combined its output with a simple isotope mixing model to 

quantify the fraction of organic carbon (i.e., primary production) produced through the uptake of ‘new’ 

versus ‘regenerated’ N by phytoplankton (i.e., a version of the f-ratio) to ultimately assess carbon export 

potential across the Southern Ocean. Here, I aimed to answer the following questions: 

• Can measurements of δ15NSPM be used to assess carbon export potential in the Southern Ocean? 

• What is the carbon export potential across the Southern Ocean implied from the δ15NSPM, how does it 

differ among hydrographic zones, and how it is altered by proximity to ice and island systems? 

• To what extent does phytoplankton community composition explain geographical variations in 

carbon export potential?  

 

• Chapter 3. A circum-Antarctic plankton isoscape II: zooplankton isotope 

niches and trophic structure across Southern Ocean hydrographic zones 

There are substantially more investigations and observations of δ13CSPM and δ15NSPM in the Southern Ocean 

than of zooplankton biomass δ13C and δ15N. Having assessed the principal drivers of the carbon and N 

isoscape of SPM in the Southern Ocean (Chapter 2), in the present chapter, I describe the drivers of 

geographical variability in the δ13C and δ15N of zooplankton in the Southern Ocean at a circumpolar scale. In 

addition, I characterize the geographical variability in zooplankton community composition in the open 

Southern Ocean and near ice and land masses. Here, I aimed to answer the following questions: 

• How does zooplankton community composition differ among the hydrographic zones of the 

Southern Ocean?  

• What are the major drivers of the spatial variability in the δ13C and δ15N of zooplankton in the 

Southern Ocean? 

• How do δ13CSPM and δ15NSPM contribute to the spatial variability in zooplankton δ13C and δ15N? 

• How do terrestrial systems affect zooplankton δ13C and δ15N? 
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This study also assessed the validity of five different N isotopic baselines for trophic analysis. Ultimately, I 

used the δ15NSPM to determine the trophic position of the zooplankton and the ecological niches of the various 

communities present at the time of sampling. In this context, I aimed to answer the following questions: 

• Is δ15NSPM a suitable baseline for trophic analysis of the zooplankton system? 

• How do the latitudinal trends in phytoplankton community composition and isotope ratios (assessed 

in Chapter 5) influence zooplankton trophic structure in the Southern Ocean? 

• Are there differences in zooplankton trophic structure among hydrographic zones and what are the 

implications thereof for the biological pump?  

Before outlining the objectives of Chapters 4 and 5, I first need to briefly outline my motivation for 

undertaking the research described therein. I learned from Chapters 2 and 3 that, in addition to the well-

known IME on plankton biomass and community composition, the (Sub)Antarctic Island systems increase 

the carbon and N isotope ratios of SPM and zooplankton. Specifically, during the Antarctic 

Circumnavigation Expedition (ACE; Landwehr et al., 2021), I examined the plankton community near the 

Prince Edward Islands archipelago (PEIs) at the start of the austral summer of 2016–2017 (Chapters 2 and 3) 

and found that the higher δ13C and δ15N of the plankton community relative to that measured in the open 

Southern Ocean was due to the dominance in near-island waters of large diatoms and primary-consumer 

zooplankton that were likely herbivorous. I carried out a second excursion to the PEIs two months after the 

ACE cruise, in April-May 2017, to further investigate the plankton dynamics near this archipelago. The 

outcomes of these efforts are discussed in Chapters 7 and 8, with a brief summary of the aims and objectives 

provided below. 

• Chapter 4. Plankton community composition and productivity near the 

Subantarctic Prince Edward Islands archipelago in autumn 

I conducted a high-resolution study in autumn (April-May) of 2017 to determine how the PEIs affect the 

composition and productivity of the plankton community. I analysed biological, chemical, and ecological 

parameters, including grazing rates, primary and secondary production rates, and plankton species 

composition, with the aim of answering the following questions: 
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• How productive are the plankton in the vicinity of the Prince Edward Islands archipelago at the end 

of the summer growth season? 

• What is the plankton community composition during this period? 

• What are the major differences between the PEIs’ plankton system and that of the nearby 

Subantarctic Islands (e.g., Crozet and Kerguelen Islands)? 

 

• Chapter 5. Short-term variations in plankton biomass, δ13C and δ15N and 

trophic structure near the Subantarctic Prince Edward Islands archipelago 

In addition to the biological and chemical observations detailed in Chapter 4, during the autumn expedition 

to the PEIs (April-May 2017), I collected samples for analysis of the δ13C and δ15N of SPM and zooplankton. 

I compared these measurements to similar data produced for four seasons (i.e., July to August 2015, April to 

May 2016, late December 2016, April to May 2017, and June to July 2017) in order to characterize the short-

term temporal variability in the δ13C and δ15N of SPM and zooplankton near the PEIs archipelago. Here, I 

aimed to answer the following questions: 

• What is the temporal variability in the isotope ratios of plankton near a Subantarctic Island system? 

• What are the major drivers of the observed seasonal variability in δ13CSPM and δ15NSPM? 

• To what extent do the PEIs affect the isotope ratios of plankton? 

 

• Chapter 6. Summary and future research directions 

Each of the four data chapters in this thesis (Chapters 2 to 5) includes a comprehensive summary of the 

major findings, along with detailed conclusions. Therefore, this final chapter does not reiterate those 

conclusions in depth. Instead, following a brief summary of the main findings of the thesis work, this chapter 

suggests some potential future research directions, specifically related to better understanding the 

implications of climate change for the plankton ecosystems of the Southern Ocean. 
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Figure 1.12 Uncovering the mysteries of the Southern Ocean: a scientist (myself) is busy studying plankton samples 

collected from the deep sea using advanced microscopy techniques (photo taken by Sina Wallschuss). 
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1.7. Observations 

1.7.1. Overview of the field campaigns 

The datasets that underpin my research are in situ oceanographic observations collected during two projects 

and expeditions, the Antarctic Circumnavigation Expedition (ACE) and the 2017 Marion Island Relief 

Voyage 024. 

The ACE cruise was conducted from December 2016 to March 2017 on board the Russian research vessel 

Akademik Treshnikov. Starting and ending in Cape Town, South Africa, the clockwise longitudinal 

circumnavigation around the Antarctic continent was split into three legs: Leg1, from Cape Town to Hobart, 

Australia, Leg2 from Hobart to Punta Arenas, Chile, and Leg3 from Punta Arenas to Cape Town (Figure 

1.13). The ACE programme as a whole, which included 55 scientists from 30 nations working on 22 

different projects, was developed to improve our collective understanding of the Southern Ocean and its 

ecosystems (https://swisspolar.ch/expeditions/ace/). The expedition followed the path of the largest 

oceanographic feature of the Southern Ocean, the eastward propagating, wind-driven Antarctic Circumpolar 

Current (ACC), which involved crossing a series of marine and terrestrial (i.e., islands and glaciers) 

environments. These included the Subantarctic and Antarctic islands (e.g., from the Prince Edward Islands 

archipelago to Heard Island [Leg1], from the Scott Islands to Diego Ramirez Islands [Leg2], and from South 

Georgia Island and the South Sandwich Islands to Bouvet Island [Leg3]), as well as the seasonal sea ice zone 

near Antarctica, which was the focus of Leg2.  

This thesis uses data generated by the South African Project XII of ACE: A multi-disciplinary, multi-

resolution approach to understanding nutrient cycling and microbial diversity in changing Subantarctic 

ecosystems. The overarching goal of ACE Project XII was to develop an integrated observational model of 

the Subantarctic Island systems based on the diversity of the pelagic system (phytoplankton, bacteria, and 

zooplankton) and metabolic activity, interpreted in the context of various chemical and physical parameters, 

in order to better understand their role in Southern Ocean productivity and CO2 draw down. 
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Figure 1.13 Map showing the cruise track followed during the Antarctic Circumnavigation Expedition (ACE), and the 

Russian research vessel Akademik Treshnikov (Академик Трёшников; top-right) (picture from the Swiss Polar 

Institute). The research vessel circumnavigated Antarctica in a clockwise direction and was split into three legs: Leg1 in 

the Indian sector between Cape Town and Hobart (24th December 2016 – 17th January 2017); Leg2 in the Pacific sector 

between Hobart and Punta Arenas (23rd January – 19th February 2017); and Leg3 in the Atlantic sector between Punta 

Arenas and Cape Town (26th February – 16th March 2017). 
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This thesis also has a strong focus on the Prince Edward Islands archipelago (PEIs) , which was investigated 

between the 20th and 28th of December 2016 (austral summer) during the ACE cruise, and again from the 6th 

of April to the 12th of May 2017 (autumn) during the Marion Island Relief Voyage 024 conducted by the 

then South African National Department of Environmental Affairs (DEA). The latter voyage was conducted 

on board of the South African polar research vessel MV S.A. Agulhas II (Figure 1.14). This expedition 

occurred as part of a long-term monitoring effort managed by several South African research institutions and 

spear-headed by the DEA. During the annual Marion Island Relief Voyages, multi-disciplinary studies are 

routinely conducted to assess and monitoring changes in the marine environment, with a strong focus on 

microbial, planktonic and benthic communities in the near-shore zone around the PEIs (Verheye, 2017). 

 

Figure 1.14 The MV S.A. Agulhas II, a state-of-the-art research vessel designed to support oceanographic and 

atmospheric research in the Southern Ocean and Antarctic waters (photo from Redit). 
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1.7.2. Sampling and analytical approaches 

During both expeditions, a series of atmospheric and oceanic properties were measured while the ships were 

underway, and physical, biogeochemical, and biological samples were collected in both the open ocean and 

in the vicinity of the islands. The materials and methods for each study are described in detail in each of the 

following chapters; below, I include a brief summary of the main methodologies employed during this 

project. 

Biogeochemical (e.g., nutrients, nitrate isotopes, primary production rates, chlorophyll-a and particulate 

organic carbon and nitrogen concentrations) and physical (e.g., temperature, mixed layer depth, salinity) data 

were collected and/or measured 1) throughout the water column (with a focus on the epipelagic layer) using 

a Conductivity Temperature Depth (CTD; Figure 1.15) profiling instrument augmented with various 

environmental sensors and equipped with 12L Niskin bottles for seawater collection, and 2) at the near-

surface through the underway seawater supply system of the research vessels (intake at ~5-7 m). 

For taxonomic analysis, phytoplankton were collected 1) using vertically towed nets with a mesh size of 60 

µm, 2) from Niskin bottles fired at different euphotic zone depths during the CTD casts, and 3) by filtering 

the underway water supply through 20 µm nylon mesh filters, whereafter the samples were preserved with 

1% glutaraldehyde. Zooplankton samples were also collected using nets, including via horizontal Neuston 

net tows and oblique and vertical Bongo net tows, both equipped with 200 µm mesh nets (Figure 1.15 and 

Figure 1.16). When vertical sampling was conducted, our goal was to investigate the epipelagic layer of the 

water column (between the surface and 200 m). Zooplankton samples were preserved in a 4% formaldehyde-

seawater solution or 70% ethanol in plastic or glass bottles. To quantify species abundances in the different 

locations, a rigorous evaluation of community composition and species diversity was performed using 

optical microscopes and taxonomic keys available in the literature (Figure 1.12). 

Analyses of carbon and N stable isotope ratios were performed on both biogeochemical and biological 

samples, including surface NO3
-, bulk suspended particulate matter (SPM), and zooplankton species and/or 

size-fractionated classes. These samples were stored at -80°C until analysis ashore using isotope ratio mass 

spectrometers.
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Figure 1.15 On board of the MV S.A. Agulhas II: 

(Centre) Plankton sample collection using a Bongo net 

requires rigorous net washing for plankton 

concentration in the Bongo net's cod-end. (Left) The 

Conductivity Temperature Depth (CTD) profiling 

instrument, crucial for determining the physical 

properties of seawater, is affixed to the rosette frame, 

which can also hold Niskin bottles used for water 

sampling (photo taken by Sina Wallschuss). 

 

Figure 1.16 Bongo nets' cod-ends concentrate the 

plankton samples, which will be successively analysed 

for taxonomic identifications and for the examination 

of the chemical and biological properties of the 

plankton (photo taken by Sina Wallschuss). 
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Chapter 2. A circum-Antarctic plankton isoscape I: Carbon 

export potential across the Southern Ocean 

Supplementary information of this Chapter can be found in Appendix A. 

2.1. Abstract 

The Southern Ocean accounts for >30% of the ocean’s CO2 sink, partly due to its biological pump 

that transfers surface-produced organic carbon into deeper waters. To estimate large-scale Southern 

Ocean carbon export potential and characterize its drivers, we measured the carbon and nitrogen 

isotope ratios of surface suspended particulate matter (δ13CSPM and δ15NSPM) for samples collected in 

summer 2016/17 during the Antarctic Circumnavigation Expedition (364 stations). Concurrent 

measurements of phytoplankton community composition revealed the dominance of large diatoms in 

the Antarctic and nano-phytoplankton in open Subantarctic waters. As expected, δ13CSPM was strongly 

dependent on pCO2, with local deviations in this relationship explained by phytoplankton community 

dynamics. δ15NSPM reflected the nitrogen sources consumed by phytoplankton, with higher inferred 

nitrate (versus recycled ammonium) dependence generally coinciding with higher micro-

phytoplankton (mainly diatom-) abundances. Using δ15NSPM and a two-endmember isotope mixing 

model, we quantified the extent of nitrate- versus ammonium-supported phytoplankton growth, which 

yields a measure of carbon export potential. We estimated that across the Southern Ocean, 43 ± 28% 

of the surface-produced organic carbon was potentially exported during the growth season, with 

maximum export potential (50-99%) occurring in the Antarctic Circumpolar Current’s southern 

Boundary Zone and near (Sub)Antarctic islands, reaching a minimum in the Subtropical Zone 

(<33%). Along with iron, phytoplankton community composition emerged as an important driver of 

the Southern Ocean’s biological pump, with large diatoms dominating regions characterized by high 

nitrate dependence and elevated carbon export potential and smaller, mainly non-diatom taxa 

proliferating in waters where recycled ammonium supported most productivity. 
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2.2. Introduction 

Phytoplankton are the foundation of marine food webs (Falkowski et al., 2003; Reynolds, 2006) and 

contribute to climate regulation by fixing CO2 into organic carbon biomass (i.e., primary production; 

Falkowski et al. 1998). In the Southern Ocean, iron and light limitation of phytoplankton growth lead 

to mixed-layer macronutrient concentrations (i.e., nitrate and phosphate) that are perennially high 

(Martin et al., 1990a; de Baar et al., 1995; Sunda and Huntsman, 1997). Nonetheless, the Southern 

Ocean is a major contributor to the global ocean CO2 sink and is estimated to account for ~30% of the 

global ocean carbon flux (Schlitzer, 2002; DeVries, 2014; Frölicher et al., 2015; Arteaga et al., 2018). 

While CO2 removal is largely attributed to the solubility pump (i.e., atmospheric CO2 dissolved in the 

Southern Ocean’s cold surface waters is subducted into the deep ocean), a key mechanism 

maintaining the surface-to-deep CO2 gradient is the biological pump, which transfers a portion of the 

organic carbon produced by phytoplankton into the ocean interior where it may be stored for hundreds 

of years (Volk and Hoffert, 1985). 

Of the 15.8 ± 3.9 Pg C yr−1 of net primary production (NPP) occurring in the Southern Ocean south of 

30°S (Arteaga et al., 2018), ~3 Pg C yr-1 is exported from surface waters (Schlitzer, 2002). NPP and 

carbon export have been shown to be elevated over the Antarctic continental shelf and near the 

various (Sub)Antarctic islands, as well as in the marginal ice zone (MIZ), with the Ross and Weddell 

Seas in particular emerging as productivity hotspots (Schlitzer, 2002; Arrigo et al., 2008a, 2008b; 

Pollard et al., 2009). Carbon production and export are thought to be enhanced in these regions 

because of local increases in the iron (and at times, silicic acid) supply and/or increased stratification 

(and thus light exposure) due to seasonal ice melt (e.g., Death et al. 2014; Lannuzel et al. 2016). 

Experimental analyses, geochemical measurements, and satellite data coupled with biogeochemical 

models have been used to investigate carbon export in the Southern Ocean (e.g., Hirawake et al. 2011; 

Fan et al. 2020; Kerkar et al. 2020). However, this flux is challenging to quantify from satellite data 

(e.g., Strutton et al. 2012; Dubovik et al. 2021) and direct measurements require expensive sediment 

trap arrays and/or analysis of thorium-uranium disequilibria, both of which only record the 
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functioning of a small region of the ocean and are subject to limitations (Buesseler et al., 2007; 

Clevenger et al., 2021). Proxies for carbon export, such as measurements of surface seawater O2/Ar 

ratios, are powerful in that they can be made at high spatial resolution (Kaiser et al., 2005; Cassar et 

al., 2009). However, the conversion of O2/Ar ratios to export estimates involves numerous 

assumptions that are frequently violated (Wang et al., 2020). Autonomous float-based measurements 

of the annual cycle of mixed-layer nitrate concentrations provide a promising alternative measure of 

export (Johnson et al., 2017; Prend et al., 2022), although as with satellite data, this approach must be 

calibrated against direct measurements. There thus remains a need for additional estimates of carbon 

export in the Southern Ocean based on in situ measurements. Furthermore, to better predict how the 

Southern Ocean’s biological pump and CO2 sink may change requires an improved understanding of 

the drivers of carbon export at large scales (Henley et al., 2020). 

The stable isotope ratios of carbon (δ13C, in ‰ versus Vienna Pee Dee Belemnite (VPDB) = 

{[(13C/12C)sample/(13C/12C)VPDB]–1)×1000}) and nitrogen (δ15N, in ‰ versus N2 in air = 

{[(15N/14N)sample/(15N/14N)air]–1)×1000}) in suspended particulate matter (SPM) have been widely used 

to explore a variety of ecological and biogeochemical processes in the ocean. The δ13C of 

phytoplankton biomass (often approximated by the δ13C of SPM; δ13CSPM) is largely set by 

discrimination between the 12C and 13C isotopes (i.e., fractionation) during CO2 diffusion across the 

cell membrane and its subsequent carboxylation (O’Leary, 1981; Fry and Sherr, 1989). Variations in 

carbon isotope fractionation can arise due to changes in the partial pressure of CO2 in seawater (pCO2, 

which is strongly controlled by temperature), cell growth rate and cell membrane permeability, 

phytoplankton species and size, light availability, and sea-ice cover (Descolas-Gros and Fontungne, 

1990; Rau et al., 1991b; Dehairs et al., 1997; Trull and Armand, 2001). pCO2 appears to have a 

dominant effect on phytoplankton δ13C, with higher ambient pCO2 associated with a higher degree of 

discrimination against 13C by phytoplankton and thus a lower δ13CSPM (Rau et al., 1989, 1991b, 1992a; 

François et al., 1993). Phytoplankton δ13C also depends on the environmental conditions and (related) 

photosynthetic activity. For example, conditions that favour a bloom (e.g., high light, micro- and 

macronutrient concentrations, and/or stratification) can enhance cell growth, resulting in a higher 
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δ13CSPM due to a reduction in the net fractionation associated with inter-cellular CO2 carboxylation 

(Deuser, 1970; Dehairs et al., 1997; Laws et al., 1997; Raven, 1997; Tortell et al., 1997; Keller, 

1999). 

Phytoplankton δ15N (often approximated by the δ15N of SPM; δ15NSPM) is set by the δ15N of the 

nitrogenous nutrients supporting growth (i.e., nitrate, ammonium, dissolved organic N; Altabet 1988; 

Lourey et al. 2003; Fawcett et al. 2011, 2014) as well as the associated kinetic isotopic fractionation 

occurring during N assimilation (e.g., Needoba et al. 2004; Granger et al. 2004). For example, 

phytoplankton preferentially consume the 14N-bearing form of nitrate, causing the residual nitrate pool 

to become progressively enriched in 15N as consumption proceeds (Mariotti et al., 1981; Sigman et 

al., 1999). In the summertime Southern Ocean, variations in δ15NSPM in surface waters have been 

largely attributed to isotope fractionation during nitrate consumption, with a strong negative 

correlation observed between the surface nitrate concentration and δ15NSPM (Altabet and Francois, 

1994; Lourey et al., 2003; Smart et al., 2020). However, the δ15N of primary producers (and thus 

SPM) is also influenced by other N species that support production, with the assimilation of recycled 

N (e.g., ammonium) yielding a lower δ15NSPM than the consumption of nitrate supplied from the 

subsurface (Altabet, 1988; Fawcett et al., 2011, 2014; Treibergs et al., 2014). Because of the different 

isotopic signals of nitrate versus ammonium assimilation, δ15NSPM can be leveraged to distinguish 

‘new’ versus ‘regenerated’ N uptake by phytoplankton (e.g., Lourey et al. 2003; Fawcett et al. 2011, 

2014; Van Oostende et al. 2017). Since the rate of new nitrate uptake by phytoplankton must be 

balanced by the downward flux of organic matter (‘export production’), distinguishing nitrate- from 

ammonium-fuelled NPP using δ15NSPM provides a means of estimating carbon export potential 

(Dugdale and Goering, 1967; Eppley and Peterson, 1979). 

While δ13CSPM and δ15NSPM are commonly used as a proxy for the bulk phytoplankton community 

(e.g., Van Oostende et al. 2017; Espinasse et al. 2019; St John Glew et al. 2021) and as a baseline for 

food web analyses (e.g., Lorrain et al. 2015; Pasotti et al. 2015; Puccinelli et al. 2020), SPM includes 

diverse living and dead autotrophic and heterotrophic material. As such, measurements of δ13CSPM and 

δ15NSPM that are not accompanied by phytoplankton assemblage data may yield a limited view of the 
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biogeochemical functioning of a system (Falkowski, 1991). For example, the strong correlation 

observed between surface δ15NSPM and nitrate in the Southern Ocean appears to be relevant only in 

spring to mid-summer when phytoplankton consume mainly mixed-layer nitrate (Lourey et al., 2003; 

Smart et al., 2020). In late summer when phytoplankton increase their reliance on recycled 

ammonium, surface δ15NSPM has been observed to be significantly lower than expected from nitrate 

assimilation (Lourey et al., 2003; Smart et al., 2020), while in winter when nitrate assimilation is 

light-limited and heterotrophic bacteria and detritus constitute a significant fraction of the SPM, 

δ15NSPM is decoupled from nitrate δ15N and instead reflects heterotrophic processes (Smart et al., 

2020).  

Maps showing the spatial distribution of δ13CSPM and δ15NSPM (i.e., ‘isoscapes’) are increasingly used 

to address large-scale ecological and biogeochemical questions (West et al., 2009; Bowen, 2010; 

Espinasse et al., 2019; St John Glew et al., 2021). Such studies have described gradients in δ13CSPM 

and δ15NSPM across the Southern Ocean, with many reporting relatively stable values within each 

hydrographic zone but substantial differences among zones (e.g., François et al. 1993; Espinasse et al. 

2019; St John Glew et al. 2021; Smith et al. 2022). Recently, St John Glew et al. (2021) used an 

Integrated Nested LaPlace Approximation-based approach constrained by measured environmental 

variables to predict δ13CSPM and δ15NSPM for the entire Southern Ocean. The authors found that δ13CSPM 

and δ15NSPM generally decreased southwards with latitudinal variations in sea surface temperature 

(SST) and changes in N nutrient availability. Additionally, δ13CSPM and δ15NSPM increased near 

Antarctica, the islands (e.g., Kerguelen Island), and within the MIZ, as has been observed by others 

(Federici et al., 2003; Trull et al., 2008; Espinasse et al., 2019; Smart et al., 2020). While the meta-

analysis of St John Glew et al. (2021) represents a significant improvement in Southern Ocean 

isoscape coverage, particularly for regions where sample collection has been limited, more direct 

observations are needed to fill sampling gaps and validate isoscape models. Another shortcoming of 

δ15NSPM isoscapes in particular is that they often do not consider variations in the δ15N of the nitrate 

supply as a potential driver of δ15NSPM variability (cf. Van Oostende et al. 2017). However, the δ15N of 

the source nitrate to surface waters (e.g., Subantarctic Mode Water nitrate) can change by >2‰ 
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zonally across the Southern Ocean (Rafter et al., 2013; Fripiat et al., 2021), such that for the same 

amount of nitrate consumption, and without varying any other environmental parameter, 

phytoplankton biomass δ15N (and thus, δ15NSPM) could also differ by >2‰.  

Here, we use samples collected during the 2016/17 Antarctic Circumnavigation Expedition (ACE) to 

describe circum-Antarctic δ13CSPM and δ15NSPM isoscapes and phytoplankton community composition 

in summer. The ACE cruise provided a unique opportunity for direct high-resolution observations 

across all sectors of the Southern Ocean that could be used to confirm and expand upon the 

conclusions of previous more localized and/or model-based studies. A major advantage of our dataset 

is its high spatial resolution, which means that very little interpolation is required (Brault et al. 2018). 

We discuss the dominant drivers of isotopic variability among and within the hydrographic zones and, 

by applying a two-endmember isotope mixing model to our δ15NSPM data, initialized with measured 

and modelled nitrate concentration and δ15N data, constrain phytoplankton reliance on new versus 

recycled N. We use this information to estimate carbon export potential across the Southern Ocean 

and further discuss the potential drivers of new, regenerated, and export production during the 

summer growth season. 
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Materials and methods 

2.2.1. Sample collection  

The ACE cruise occurred during the summer of 2016/17 onboard the R/V Akademik Treshnikov 

(Академик Трёшников) (Walton and Thomas, 2018; Landwehr et al., 2021). The research vessel 

circumnavigated Antarctica in three legs (Figure 2.1): Leg1 in the Indian sector between Cape Town 

and Hobart (24th December 2016 – 17th January 2017; Figure 2.1b); Leg2 in the Pacific sector 

between Hobart and Punta Arenas (23rd January – 19th February 2017; Figure 2.1c); and Leg3 in the 

Atlantic sector between Punta Arenas and Cape Town (26th February – 16th March 2017; Figure 2.1d). 

Leg1 and Leg3 crossed the open Southern Ocean zonally, visiting the Prince Edward Islands (PEIs), 

Crozet, Kerguelen, and Heard Islands during Leg1, and South Georgia, the South Sandwich, and 

Bouvet Island during Leg3. Leg2 followed the Antarctic coastline, sampling the MIZ and visiting the 

Mertz Glacier, Balleny Islands, Scott Island, Siple Island, Peter 1st Island, and Diego Ramírez Islands. 

Seawater samples were collected from the ship’s underway system (~4.5 m subsurface intake) every 

one- to-three hours while the ship was steaming, at a total of 330 stations, and from Niskin bottles 

triggered between the surface and 200 m during CTD casts at 34 stations. In total, we collected 364 

unique samples at 142, 132, and 90 stations during Leg1, Leg2, and Leg3, respectively. 

At all the underway stations, samples for phosphate (PO4
3−), silicic acid (SiO4

4-), nitrate (NO3
-+NO2

-; 

hereafter referred to as NO3
-), and nitrite (NO2

-) concentrations were collected in sample-rinsed 50 mL 

Falcon tubes that were immediately stored at -20°C. Samples for ammonium (NH4
+) concentrations 

were collected in 50 mL high-density polyethylene bottles (HDPE) that had been ‘aged’ with 

orthophthaldialdehyde working reagent (Holmes et al., 1999; Smith et al., 2022). Samples were 

analysed on board within 24 hours of collection, except for those from Leg1 which were frozen and 

measured on land. Nutrient samples were also collected at the CTD stations in 15 mL Falcon tubes 

(Janssen et al. 2020; Hassler and Ellwood, 2020). Iron concentrations were measured for samples 

collected at 17 CTD stations during Leg1 and Leg2 (Janssen et al., 2020b). While iron data are not 

available for the whole transect, measurements were made near some (Sub)Antarctic islands (stations 
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16, 19, 43, 47, and 49), in the Mertz polynya (stations 26 and 36), near the Antarctic Peninsula 

(station 71), at open ocean stations (21 and 22), and on meridional transects to and from Antarctica 

(stations 23-25 and 56, 68, 72, and 73). We refer to these data in our analysis.  

At all the underway and all but two of the CTD stations, duplicate 2L seawater aliquots were collected 

in sample-rinsed opaque HDPE bottles, then filtered through pre-combusted (450°C for 8h) glass fibre 

filters (GF-75s; 0.3 µm pore size) to capture the bulk suspended particulate matter (SPM). Filters 

were stored in pre-combusted aluminium foil envelopes at -80°C. 

Samples for micro-phytoplankton (20-200 µm) taxonomy were collected at 83 underway stations. 

Seawater was filtered through a 20 µm nylon mesh with the volume filtered varying according to the 

concentration of cells in the water (range of 4.5 to 60 L). The nylon filter was then suspended in 5 mL 

of 0.2 μm-filtered seawater in a 10 mL polyethylene tube, fixed via the addition of 5 μL of 25% 

glutaraldehyde, and stored at 4°C in the dark.  
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Figure 2.1 (a) Cruise track and stations sampled during the Antarctic Circumnavigation Expedition (ACE). 

Yellow dots indicate underway stations, white/black dots show CTD stations, and numbers are station 

identifiers, with the font colour corresponding to the cruise leg: Leg1 = orange, Leg2 = light blue, Leg3 = dark 

blue. b-d) Monthly satellite-based chlorophyll-a concentrations (mg m-3; level-3 Chl-a from the Moderate 

Resolution Imaging Spectroradiometer (MODIS) Aqua satellite product 

(https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Monthly/4km/chlor_a/) at 4 km spatial resolution 

for each cruise leg overlaid with monthly average frontal positions (coloured lines: yellow = Subtropical Front 

(STF), orange = Subantarctic Front (SAF), red = Antarctic Polar Front (APF), purple = Southern Antarctic 

Circumpolar Current Zone (SACCZ)). Fronts were determined from satellite-derived SST (UKMO 2005) 

according to Orsi et al. (1995).  
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2.2.2. Sample analysis  

Underway nutrient concentrations were analysed in the Marine Biogeochemistry Lab at the University 

of Cape Town. NO3
- and SiO4

4- were measured using a Lachat QuickChem flow injection analysis 

platform (detection limit of 0.5 μM and precision of ≤0.5 μM) (Grasshoff, 1976; Diamond, 1994). 

PO4
3− and NO2

- were analysed manually using standard benchtop colorimetric methods 

(Bendschneider and Robinson, 1952; Strickland and Parsons, 1972) and a Thermo Scientific Genesys 

30 Visible spectrophotometer (detection limit of 0.05 μM, precision of ≤ 0.05 μM). Certified 

reference materials (JAMSTEC) were analysed during all autoanalyzer and manual runs to ensure 

measurement accuracy. Nutrient samples collected at the CTD stations were analysed as described by 

Hassler and Ellwood (2020) and Janssen et al. (2020). 

The SPM filters were dried for 24 h at 40°C, then subsamples were packaged into tin capsules and 

analysed for C and N content and δ13C and δ15N using a Flash 2000 elemental analyser coupled to a 

Delta V Plus isotope ratio mass spectrometer (IRMS) (detection limit of 2 μg C and 1 μg N, precision 

of ±0.2‰ for δ13C and δ15N). Three in-house standards calibrated against certified reference materials 

were included in each IRMS run along with numerous blanks (unused pre-combusted filter + tin 

capsule). The particulate organic C and N (POC and PON) concentrations were calculated by 

normalizing C and N content to seawater volume filtered. The station-specific δ13CSPM and δ15NSPM 

values reported hereafter are the POC- and PON concentration-weighted averages of duplicate 

samples. 

Phytoplankton taxonomic identification involved gently mixing each preserved sample, then 

transferring 0.08 mL onto two clean microscope slides. Cells with intact chloroplasts (i.e., alive at the 

time of sampling) were counted at 630x magnification using a Zeiss Axioscope A1 light microscope; 

all live cells on both slides were counted. The remaining volume of preserved sample was treated with 

10% hydrochloric acid and 37% hydrogen peroxide to remove carbonate particles and organic matter, 

respectively. After a thorough rinsing with distilled water, permanent slides were prepared by 

pipetting the cleaned material onto acid-washed coverslips that were air-dried overnight and then 

mounted onto glass slides using Naphrax® mountant (refractive index of 1.7). The permanent slides 
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were examined using a Zeiss Axioscope A1 light microscope equipped with differential interference 

contrast at 1000x magnification (under oil immersion). Stubs were also prepared from the cleaned 

material for examination using a JEOL JSM-7001F field emission scanning electron microscope to 

visualize the morphological features not evident under the light microscope. 

2.2.3. Supporting data products  

Satellite data were used to supplement the ship-based surface hydrography measurements (Appendix 

A.a). Daily high-resolution SST (GHRSST) Level 4 data on a global 0.054° grid from the OSTIA 

database (https://podaac.jpl.nasa.gov/dataset/UKMO-L4HRfnd-GLOB-OSTIA; UKMO 2005) were 

used to determine the positions of the major oceanic fronts following Orsi et al. (1995). The 

Subtropical Zone (STZ) lies north of the Subtropical Front (STF) and is characterized by a SST of 

20°C to 10°C. South of the STF and bounded to the south by the Subantarctic Front (SAF), the 

Subantarctic Zone (SAZ) has a SST of 10°C to 6°C, while the Polar Frontal Zone (PFZ) has a SST of 

6°C to 4°C and is bounded to the south by the Antarctic Polar Front (APF). The PFZ is characterized 

by high physical variability and is often considered the transition zone between Antarctic and 

Subantarctic waters (Orsi et al., 1995; Bowie et al., 2011); here, we take the APF as the point of 

separation between these two predominant regions. South of the APF is the Southern Antarctic 

Circumpolar Current Zone (SACCZ), which remains ice-free year-round. The SACCZ has a SST of 

4°C to 0.7°C and is bounded to the south by the Southern ACC Front (SACCF), which constitutes the 

southern edge of the ACC core (Orsi et al., 1995). South of the SACCF is the southern Boundary 

Zone (sBZ), which experiences seasonal sea-ice cover (e.g., Squire 1998). Here, we group all stations 

south of the SACCF, including in the Antarctic Continental Zone, into the sBZ.  

Phytoplankton pigment data were collected underway every three hours and analysed using High 

Performance Liquid Chromatography (HPLC) (Antoine et al., 2020). We used the total chlorophyll-a 

concentrations (Chl-a; defined as the sum of monovinyl Chl-a, divinyl Chl-a, chlorophyllide a, and 

Chl-a allomers and epimers) as a proxy for biological activity. Seven marker pigments were weighted 

as per Uitz et al. (2006) and used to estimate the phytoplankton size classes present in each mixed 
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population (i.e., pico-phytoplankton (<2 μm), nano-phytoplankton (2–20 μm), and micro-

phytoplankton (20–200 μm); Vidussi et al. 2001). In addition, monthly (December 2016 to March 

2017) level-3 Chl-a concentrations from the Moderate Resolution Imaging Spectroradiometer 

(MODIS) Aqua satellite product (https://oceandata.sci.gsfc.nasa.gov/MODIS-

Aqua/Mapped/Monthly/4km/chlor_a/) at 4 km spatial resolution were used to visualize phytoplankton 

biomass distributions (Figure 2.1b-d). For each leg, we used the monthly average of the data product 

corresponding to January for Leg1, February for Leg2, and March for Leg3. 

Surface ocean pCO2 (Pa), air-sea fluxes of CO2 (fCO2; mg m-2 h-1), and pH were obtained from a 

monthly 1-degree resolution global reconstructed product (resources.marine.copernicus.eu/ product-

detail/ MULTIOBS_GLO_BIO_CARBON_SURFACE_REP_015_008) that was created by 

interpolation using an ensemble of artificial neural networks (https://doi.org/10.48670/moi-00047). 

For each leg, we used the monthly average of the data product corresponding to January for Leg1, 

February for Leg2, and March for Leg3. 

2.2.4. Isotope models to assess phytoplankton dependence on NO3
- versus 

NH4
+ 

δ15NSPM is strongly influenced by the δ15N of the nitrogenous nutrients supporting phytoplankton 

growth (Altabet 1988; Lourey et al. 2003; Fawcett et al. 2011; 2014; Treibergs et al. 2014). 

Additionally, the extent to which phytoplankton rely on new N is quantitatively related to the fraction 

of NPP that escapes recycling to sink into the ocean interior (i.e., export production; Dugdale and 

Goering 1967; Eppley and Peterson 1979). A major goal of this study was to leverage these two 

concepts and, using our large SPM dataset, estimate the fraction of new production relative to total 

production (and thus, carbon export potential) across the summertime Southern Ocean.  

We assume that surface SPM in summer comprises mainly actively growing phytoplankton (e.g., 

Trull and Armand, 2001; Popp et al. 1999). As such, δ15NSPM can be described by a two-endmember 

isotope mixing model (Fawcett et al., 2011): 
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 δ15NSPM  =  δ15N new  ×  𝑓𝑛𝑒𝑤 + δ15N RN  ×  𝑓𝑅𝑁 (Eqn. 1) 

where δ15Nnew and δ15NRN are the δ15N of the new and regenerated N assimilated by phytoplankton 

and 𝑓new and 𝑓RN are the fraction of growth fuelled by new and regenerated N (with 𝑓new + 𝑓RN = 1). 

The fraction of new production can thus be computed as:  

 𝑓new =  
( δ15NSPM −  δ15NRN)

(δ15Nnew − δ15NRN)
 (Eqn. 2) 

We assume that regenerated N is well represented by NH4
+, the most abundant recycled N form to 

phytoplankton that is dominantly sourced in the surface layer from the remineralization of SPM. We 

did not directly measure δ15NNH4 because it is near-impossible to analyse at the low NH4
+ 

concentrations characteristic of the open ocean (Zhang et al., 2007). However, δ15NNH4 should be low 

given the isotope effects associated with its production (Macko et al., 1986; Checkley and Miller, 

1989; Silfer et al., 1992; Möbius, 2013). We estimate δ15NNH4 as: 

 δ15NNH4
+ =  δ15NSPM −  ɛregen (Eqn. 3) 

where εregen is the isotope effect associated with NH4
+ production (i.e., regeneration), set here to 1.5‰. 

While εregen has been estimated under steady state conditions to be ~3‰ (i.e., the NH4
+ 

instantaneously produced from organic N decomposition by heterotrophic bacteria is ~3‰ lower than 

the SPM being degraded; Möbius, 2013), we use a lower value for εregen because 1) processes other 

than regeneration are coincidentally acting on the SPM pool, violating the steady state assumption and 

altering δ15NSPM; 2) while the primary fate of regenerated NH4
+ is rapid consumption by 

phytoplankton, some NH4
+ will nonetheless have accumulated over a variable time period and as 

such, is unlikely to have a δ15N equal to that of NH4
+ instantaneously produced from the in situ SPM; 

and 3) previous studies of SPM and our own preliminary data from elsewhere in the Southern Ocean 

suggest that the δ15NNH4 in the summer is on the order of -1‰ (Lourey et al., 2003; Smart et al., 
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2020). The mean δ15NNH4 computed for our dataset using Eqn. 3 is -0.99 ± 0.13‰. In the open ocean 

where NH4
+ concentrations are <5 μM, NH4

+ assimilation by phytoplankton is thought to occur with 

little to no isotopic fractionation (Hoch et al., 1992; Pennock et al., 1996; Liu et al., 2013); thus, 

δ15NRN = δ15NNH4
+. 

Above, we have assumed that regenerated N is well-represented by NH4
+. However, if nitrification 

(i.e., the chemoautotrophic oxidation of NH4
+ to NO2

- and then NO3
-) occurs in the surface layer, the 

NO3
- produced therefrom constitutes a regenerated rather than a new N source to phytoplankton. In a 

mass balance sense, productivity fuelled by this regenerated NO3
- will yield no carbon export 

(Dugdale and Goering, 1967; Yool et al., 2007). However, direct measurements of nitrification from 

across the summertime Southern Ocean indicate that regenerated NO3
- production is negligible in 

open surface waters (Mdutyana et al., 2020). Moreover, even if nitrification were occurring in the 

surface layer (as has been suggested near Kerguelen Island; Dehairs et al. 2015; Fripiat et al. 2015), 

the difference in the magnitude of the isotope effects associated with NH4
+ oxidation (14-19‰; 

Casciotti et al. 2003) and NH4
+ assimilation (negligible; Liu et al. 2013) means that the regenerated 

NO3
- would be low in δ15N, akin to δ15NRN (DiFiore et al., 2009; Fawcett et al., 2011). 

Determining δ15Nnew is more complex than estimating δ15NRN because NO3
- is never fully consumed in 

Southern Ocean surface waters and undergoes isotopic fractionation during assimilation (Mariotti et 

al., 1981; Granger et al., 2004). The effect of this fractionation on the NO3
- pool being consumed and 

the SPM produced therefrom can be characterized using the Rayleigh model. This model describes a 

unidirectional N transformation process (i.e., NO3
- assimilation into SPM) that proceeds with a 

constant isotope effect (ɛassim) under conditions where the reactant NO3
- is neither resupplied (e.g., by 

mixing) nor lost by any mechanism other than phytoplankton assimilation (Mariotti et al., 1981). In 

the Southern Ocean in summer, the N isotope dynamics associated with NO3
- assimilation are 

reasonably well described by the Rayleigh model since NO3
- is supplied to the surface mainly during 

winter mixing, then assimilated in spring and summer following surface-layer stratification (Sigman 

et al., 1999).  
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The Rayleigh model describes the isotopic evolution of the reactant pool (δ15Nreactant; Eqn. 4a), the 

instantaneously generated product pool (δ15Ninstantaneous; Eqn. 4b), and the accumulated product pool 

(δ15Naccumulated; Eqn. 4c) (Mariotti et al., 1981) as: 

 δ15Nreactant  =  δ15Nsource −  ɛassim  ×  ln(𝐹) (Eqn. 4a) 

 δ15Ninstantaneous  =  δ15Nreactant −  ɛassim (Eqn. 4b) 

 δ15Naccumulated  =  δ15Nsource + ɛassim  ×  {
𝐹 × ln(𝐹)

(1 −  𝐹)
} (Eqn. 4c) 

where δ15Nsource is the initial δ15N of the source NO3
- supplied to surface waters in winter, F is the 

fraction of this NO3
- supply remaining at the time of sampling (i.e., the measured surface NO3

- 

concentration ([NO3
-]meas) divided by the source NO3

- concentration ([NO3
-]source)), and ɛassim is the 

isotope effect of NO3
- assimilation. The δ15Ninstantaneous is the SPM produced from NO3

- at each moment 

of consumption, while the δ15Naccumulated is the sum of all the SPM produced from NO3
- since 

consumption began (Mariotti et al., 1981). As such, both δ15Ninstantaneous and δ15Naccumulated provide a 

measure of the δ15N of SPM generated from the assimilation of NO3
- (i.e., δ15Nnew; Eqn. 2).  

Whether δ15Naccumulated or δ15Ninstantaneous best characterizes δ15Nnew depends on the extent to which the 

SPM produced from NO3
- has been exported from the surface since NO3

- consumption began. For 

δ15Ninstantaneous to approximate δ15Nnew, almost all the SPM must have been exported. However, 

phytoplankton biomass is known to accumulate in surface waters during the growth season (e.g., 

Peloquin and Smith Jr. 2007; Swart et al. 2015; van Leeuwe et al. 2020), such that δ15Ninstantaneous 

unlikely approximates δ15Nnew. On the other hand, if a significant portion of the accumulated SPM 

was exported by the time of our sampling, then δ15Nnew also cannot be approximated by δ15Naccumulated. 

We estimate the quantity of exported SPM (Nexport) by comparing the [NO3
-]source to the sum of the 

measured surface concentrations of NO3
-, SPM, and NH4

+:  
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 Nexport  =  [NO3
−]source − ([NO3

−]  +  [SPM] + [NH4
+])meas (Eqn. 5) 

[NH4
+]meas is included in Eqn. 5 because unlike NO3

-, NH4
+ is not supplied by vertical mixing but is 

regenerated in situ, with a concentration at the start of the spring growth season that is below 

detection (Smith et al., 2022); as such, the NH4
+ present in the surface layer at the time of our 

sampling was regenerated from SPM produced from assimilation of the source NO3
-. To apply Eqn. 5, 

we interpolated our NH4
+ concentration measurements using DIVA (i.e., Data-Interpolating 

Variational Analysis; Barth et al. 2010), which allowed for the extraction of NH4
+ concentrations at 

stations where measurements are lacking (195 out of 364 stations).  

Mathematically, Nexport should always be ≥0 µM. However, since the surface ocean is not truly at 

steady state, we allow for a confidence interval equal to the propagated error associated with the terms 

on the right-hand side of Eqn. 5 (±1.5 µM); all observations that fall within this confidence interval 

are included in our analysis. Using Nexport, we then calculate the fraction of the source NO3
- pool 

consumed since the start of the growth season that was exported by the time of our sampling as:  

 𝑓export =  
Nexport

[NO3
−]source − [NO3

−]meas
∈ [0; 1] (Eqn. 6) 

For our dataset, the median concentration (± interquartile range) of Nexport is 2.4 ± 3.8 µM and the 

median fexport is 0.6 ± 0.4, indicating that a significant portion of the SPM produced since the start of 

the growth season was exported prior to our sampling. Thus, δ15Nnew cannot be approximated by 

δ15Naccumulated.  

We propose that δ15Nnew can instead be estimated by integrating δ15Ninstantaneous over the concentration 

of SPM + NH4
+ measured in the surface layer at the time of sampling since this SPM + NH4

+ 

represents the product of NO3
-
source consumption that has not been exported. As such, Eqn. 4a can be 

modified as: 
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δ15Nreactant_sampling  = δ15Nsource −  ɛassim  × ln
([NO3

−]  +  SPM +  [NH4
+])meas

[NO3
−]source

 (Eqn. 7) 

where δ15Nreactant_sampling is the theoretical δ15N of the surface NO3
- pool at the concentration of 

total N (i.e., ([NO3
-] + [SPM] + [NH4

+])meas) present in the surface layer at the time of sampling. Using 

Eqn. 4c, but integrating over only the measured surface-layer SPM + NH4
+, we compute δ15Nnew as:  

 δ15Nnew  = δ15Nreactant_sampling +  ɛassim  × 
𝐹meas  ×  ln(𝐹meas)

1 − 𝐹meas
 (Eqn. 8) 

Where 𝐹meas is the fraction of NO3
-
source remaining (i.e., measured as NO3

-) in the surface at the time 

of sampling: 

 𝐹meas =  
[NO3

−]meas

([NO3
−]  +  SPM + [NH4

+])
meas

 (Eqn. 9) 

We note that if δ15Nnew were well approximated by either the instantaneous or the accumulated 

product equations (Eqns 4b and 4c), our definition of δ15Nnew (Eqn. 8) will still return the correct value 

of δ15Ninstantaneous or δ15Naccumulated (Figure A.2). 

In applying Eqn. 8 to our dataset, we assume that the NO3
-
source to phytoplankton is the NO3

- that was 

present directly following winter mixing, which we take to be represented by the NO3
- below the 

summer mixed layer at the time of sampling and above the maximum depth of the winter mixed layer; 

we refer to these waters between the winter and summer mixed layer depths (MLDs) as W-S. Due to a 

paucity of vertically-resolved measurements from ACE, we use a data-constrained model output, the 

biogeochemical-Southern Ocean State Estimate (b-SOSE) (Mazloff et al., 2010; Verdy and Mazloff, 

2017), to estimate the summer (average of January to March 2017) and winter (average of June to 

August 2016) MLDs at each station, as well as the source NO3
- concentrations, computed as the mean 

NO3
- concentration over the W-S layer ([NO3

−](W−S)). Comparison of the b-SOSE-derived 
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[NO3
−](W−S) with measurements of the [NO3

−](W−S) from ACE (Hassler and Ellwood, 2020) reveals 

good agreement between the two datasets (Appendix A.b; Figure A.3). The δ15N of the NO3
-
source was 

approximated as the concentration-weighted average δ15NNO3
−(W−S), with the δ15N values extracted 

from the neural-network-based global ocean NO3
- δ15N database of Rafter et al. (2019). Comparison 

of the NO3
- δ15N from Rafter et al. (2019) with measurements of the NO3

- δ15N from ACE (Forrer, 

2021) reveals good agreement between the two datasets (Appendix A.c; Figure A.4). 

For stations located near islands and continents, we used the average NO3
- concentration and δ15N 

from 200-300 m to represent the source NO3
- ([NO3

−](200−300) and δ15NNO3
−(200−300), respectively) as 

land-adjacent waters are influenced by physical processes that can supply NO3
- from below the winter 

mixed layer (e.g., wind stress, topographic upwelling, internal waves; De Falco et al. 2022). These 

stations (117 in total) were identified considering proximity to land, plateau bathymetry, and the 

extent of the Island Mass Effect (IME) (Mongin et al., 2009).  

While estimates of ɛassim for the summertime Southern Ocean have been observed to vary (from 4‰ to 

10‰; Sigman et al. 1999; Karsh et al. 2003; Lourey et al. 2003; DiFiore et al. 2010; Fripiat et al. 

2019), DiFiore et al. (2010) showed a strong linear correlation between the summer MLD and ɛassim, 

which we use to derive ɛassim at each station:  

 ɛassim = 0.07 × MLDsummer + 4‰ (Eqn. 10) 

We then calculate a median ɛassim for each of the hydrographic zones.  

In summary, via the approach outlined above, we can estimate the isotopic endmembers, δ15NRN and 

δ15Nnew, that we then incorporate into Eqn. 2 to estimate 𝑓𝑛𝑒𝑤 from our SPM data. 

2.2.5. Statistical analysis  

Data were analysed using a combination of tools and software, including R for statistical analysis (R 

Core Team, 2018) and Python (van Rossum, 1995) and Ocean Data View (Schlitzer, 2021) for data 
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visualization. Results are reported in the text as mean ± 1 standard deviation (SD), medianQ1
Q3

 where 

Q1 = first quartile and Q3 = third quartile, or median ± interquartile range (IQR), where IQR = Q3 −

 Q1. 

Shapiro-Wilk tests, quantile-quantile plot analysis, and Levene’s tests were performed to assess the 

normality and homogeneity of variance of data distributions. Data were sub-grouped according to 

geographical region (oceanic zones = STZ, SAZ, PFZ, SACCZ, and sBZ; and oceans = Subantarctic 

and Antarctic). While parametric assumptions were satisfied when data were grouped as either 

Subantarctic or Antarctic, the equal variance assumption was violated when data were sub-grouped 

into the five oceanic zones. As such, and given the differently-sized sample sets from each oceanic 

zone, non-parametric analyses were used to test for differences among zones. Parametric analysis 

included analysis of variance (ANOVA) and t-tests while non-parametric analysis included the 

Kruskal-Wallis test and multiple pairwise-Wilcoxon test. When multiple statistical tests were 

performed on a single dataset, the probability values were adjusted using the Bonferroni correction 

(Chen et al., 2017). Hereafter, the probability values obtained from the parametric and non-parametric 

tests are denoted as p-value(s) and p-value(s)*, respectively. 

The stats R-package was used for linear regression model analysis of the surface SPM data, with the 

p-value and R2 reported for each model. Spearman’s rank correlation (ρ) was performed as a 

nonparametric measure of how well the relationship between two variables is described using a 

monotonic function. A Principal Component Analysis (PCA) was performed to investigate how 

various parameters (e.g., SST, nutrient concentrations, δ15NSPM) drive data variance and distribution, 

with clustering based on observational similarity. Biodiversity and evenness were determined for the 

taxonomic counts using the Shannon-Wiener index (H’). 
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2.3. Results 

2.3.1. Oceanic setting 

The satellite-based Chl-a concentrations and positions of the major oceanic fronts at the time of 

sampling are shown in Figure 2.1b-d. The surface distributions of the main contextual parameters 

(i.e., concentrations of NO3
-, PO4

3-, SiO4
4-, NH4

+, iron, pCO2) are presented in Table 2.1 and Figure 

2.2. 

Surface NO3
- and PO4

3- concentrations and pCO2 increased from the STZ to the SAF (from 8.376.18
11.43 

to 19.9217.82
21.70 µM, from 0.720.56

1.32 to 1.461.32
1.56 µM, and from 37.035.9

38.4 to 39.038.8
39.1 Pa, respectively; p-

values* <0.001Figure 2.2a, b, and f) while the air-sea flux of CO2 (fCO2) decreased (from 3.541.63
4.93 to 

1.100.75
1.37 mg m-2 h-1; p-value* <0.001; Table 2.1 and Figure A.6). South of the SAF, the NO3

- and 

PO4
3- concentrations remained constant towards Antarctica (23.4021.2

24.9 and 1.561.43
1.66 µM; p-values* = 

1). pCO2 also changed minimally until ~65°S (38.637.2
39.0 Pa), south of which it decreased strongly 

towards Antarctica, with minimum values at the mouth of the Ross Sea and near Siple Island (~23.0 

Pa). fCO2 was highly variable in the PFZ (~0 to 5.59 mg m-2 h-1), becoming more constant south of the 

APF to ~65°S (1.820.83
2.39 mg m-2 h-1), beyond which it increased towards Antarctica to reach maxima 

where pCO2 was lowest (>10 mg m-2 h-1). The near-island waters hosted elevated surface NO3
- and 

PO4
3- concentrations, particularly over the Indian archipelago (formed by the PEIs, Crozet and 

Kerguelen Islands), the Balleny Islands, and Peter 1st Island (>25 µM and >1.8 µM, respectively). 

Waters adjacent to the Atlantic archipelago (formed by South Georgia, South Sandwich, and Bouvet 

Islands) were also local hotspots for NO3
- and PO4

3-, although their surface concentrations were lower 

than near the Indian and Pacific islands (20-25 µM and 1.3-1.8 µM, respectively). Surface pCO2 was 

lower near the islands than in the surrounding offshore waters (<36 Pa), while fCO2 was higher (>2.5 

mg C m-2 h-1).  

The surface SiO4
4- concentrations increased gradually from the STZ to the APF (1.040.92

1.34 µM to 

9.304.39
11.8 µM) before increasing sharply southwards (Antarctic = 40.6038.50

51.50 µM), reaching ~80 µM 

near the Balleny Islands (Figure 2.2c). The SiO4
4- concentrations over the Atlantic archipelago were 
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higher than elsewhere on Leg3 because this region is in the SACCZ. In the Subantarctic, SiO4
4- 

concentrations were highest downstream of Kerguelen Island (>15 µM).  

The surface NH4
+ concentrations were highly variable along the transect, ranging from relatively low 

values in the open ocean (0.720.50
1.02 µM) to higher concentrations near the islands (1.170.73

1.73 µM). 

While NH4
+ concentrations near Peter 1st, Diego Ramírez, South Sandwich and Bouvet Islands 

exceeded 1.5 µM and reached up to 2.0 µM, maximum concentrations of 2.7 µM were measured 

within the Indian archipelago and near the Balleny Islands (Figure 2.2d).  

Surface dissolved iron concentrations were higher in the eastern Indian sector (second half of Leg1; 

ranging from 0.14 to 0.43 nmol kg-1) than on Leg2 ( from 0.21 to 0.33 nmol kg-1), with maxima at 

Kerguelen Island and downstream of Heard Island (0.28 nmol kg-1 and 0.43 nmol kg-1, respectively), 

as well as at the Balleny Islands and the West Antarctic Peninsula (WAP) (Leg2; 0.31 nmol kg-1 and 

0.25 nmol kg-1, respectively) Figure 2.2e; Janssen et al. 2020a). No iron data are available for the first 

half of Leg1 or Leg3. 
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Table 2.1 Medians (± IQR) of the sea surface temperature (SST; °C), concentrations of nitrate (NO3
-; µM), 

phosphate (PO4
3-; µM), silicic acid (SiO4

4-; µM), and ammonium (NH4
+; µM), the partial pressure of CO2 

(pCO2; Pa), and the air-sea flux of CO2 (fCO2; mg m-2 h-1) in the different regions of the Southern Ocean during 

ACE: ‘Subantarctic’ includes the STZ = Subtropical Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal Zone 

while ‘Antarctic’ includes the SACCZ = Southern Antarctic Circumpolar Current Zone and sBZ = southern 

Boundary Zone. In parentheses are the numbers of observations used to calculate the medians ± interquartile 

ranges. 

Region SST (°C) NO3
- (µM) PO4

3- (µM) SiO4
4- (µM) NH4

+ (µM) pCO2 (Pa) 

fCO2  

(mg m-2h-1) 

Subantarctic 

6.62 ± 3.44 

(196) 

20.29 ± 7.43 

(177) 

1.46 ± 0.39 

(177) 

2.64 ± 6.91 

(177) 

0.81 ± 0.65 

(196) 

38.80 ± 1.42 

(196) 

1.26 ± 1.54 

(196) 

Antarctic 

1.86 ± 1.58 

(166) 

23.37 ± 3.68 

(142) 

1.56 ± 0.26 

(142) 

40.62 ± 21.05 

(142) 

0.88 ± 0.66 

(166) 

36.88 ± 2.84 

(166) 

2.23 ± 1.94 

(166) 

STZ 

11.89 ± 2.25 

(38) 

8.37 ± 5.26 

(35) 

0.72 ± 0.44 

(35) 

1.04 ± 0.42 

 (35) 

0.63 ± 0.39 

(38) 

37.03 ± 2.52 

(38) 

3.54 ± 3.30 

(38) 

SAZ 

7.31 ± 1.44 

(77) 

19.92 ± 3.52 

(71) 

1.46 ± 0.24 

(71) 

2.31 ± 2.79  

(71) 

0.98 ± 0.62 

(77) 

39.02 ± 0.29 

(77) 

1.10 ± 0.62 

(77) 

PFZ 

5.01 ± 0.72 

(81) 

23.37 ± 3.72 

(71) 

1.53 ± 0.20 

(71) 

9.30 ± 7.40  

(71) 

0.72 ± 1.20 

(81) 

38.66 ± 1.60 

(81) 

1.33 ± 1.75 

(81) 

SACCZ 

2.28 ± 1.37 

(141) 

23.15 ± 3.50 

(122) 

1.56 ± 0.23 

(122) 

39.03 ± 23.04 

(122) 

0.94 ± 0.61 

(141) 

37.08 ± 2.07 

(141) 

2.08 ± 1.70 

(141) 

sBZ 

0.45 ± 0.27 

(25) 

24.29 ± 4.46 

(20) 

1.56 ± 0.42 

(20) 

46.26 ± 11.28 

(20) 

0.42 ± 0.34 

(25) 

33.98 ± 7.68 

(25) 

3.76 ± 4.47 

(25) 
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Figure 2.2 Surface distributions of the concentrations of (a) nitrate (NO3
-; µM), (b) phosphate (PO4

3-; µM), (c) 

silicic acid (SiO4
4-; µM), (d) ammonium (NH4

+; µM), and (e) iron (nmol kg-1), and (f) the partial pressure of 

CO2 (pCO2; Pa) during ACE. The islands visited during the cruise are indicated on panel (a): PEIs = Prince 

Edward Islands, Crzt = Crozet Island, Krgln = Kerguelen Island, Hrd = Heard Island, DR = Diego Ramírez 

Island, SG = South Georgia Island, and SS = South Sandwich Islands. 
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2.3.2. POC and PON concentrations around the Southern Ocean 

The POC and PON concentrations varied similarly along the transect, ranging from 1.9 to 70.7 µM 

(7.45.8
9.9  µM) and from 0.3 to 7.7 µM (1.00.8

1.4 µM), respectively Figure 2.3a, b). Variable concentrations 

were measured in the STZ (medians of 10.74.0
11.0 µM and 1.31.0 

1.7 µM, respectively) and the sBZ 

(medians of 11.49.2
19.2 µM and 1.51.3

2.2 µM, respectively), and these values were significantly higher than 

those measured in the other zones (p-values* <0.01; Table 2.2). The POC and PON concentrations in 

the SAZ, PFZ, and SACCZ were statistically homogeneous (medians of 7.25.6
8.9 µM and 1.00.8

1.2 µM, 

respectively; p-values* = 1.0). Particularly high POC and PON concentrations were measured in the 

open STZ south of South Africa and in the sBZ near Siple Island (30.0-70.7 µM and 4.0-7.7 µM, 

respectively), with elevated concentrations also observed near Kerguelen and Bouvet Islands, the 

Mertz Glacier, at the mouth of the Ross Sea, near the WAP, and off South America (15.0-30.0 µM 

and 2.0-4.0 µM, respectively). 

Table 2.2 Medians (± IQR) of the surface particulate organic carbon (POC) and nitrogen (PON) concentrations 

(µM) and δ13CSPM and δ15NSPM (‰) for different regions of the Southern Ocean sampled during ACE: 

‘Subantarctic’ includes the STZ = Subtropical Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal Zone while 

‘Antarctic’ includes the SACCZ = Southern Antarctic Circumpolar Current Zone and sBZ = southern Boundary 

Zone. In parentheses are the numbers of observations used to calculate the medians. 

Region POC (µM) PON (µM) δ13CSPM (‰) δ15NSPM (‰) 

Subantarctic 7.3 ± 3.6 (195) 1.0 ± 0.5 (195) -25.2 ± 2.1 (194) -0.1 ± 3.1 (194) 

Antarctic 7.5 ± 4.9 (166) 1.1 ± 0.7 (166) -28.4 ± 2.0 (166) 0.4 ± 2.6 (166) 

STZ 10.7 ± 7.7 (37) 1.3 ± 0.7 (37) -23.6 ± 2.3 (37) 2.1 ± 5.4 (37) 

SAZ 6.8 ± 2.3 (77) 0.9 ± 0.3 (77) -25.4 ± 1.3 (76) -0.1 ± 3.1 (76) 

PFZ 7.4 ± 3.3 (81) 1.1 ± 0.5 (81) -26.1 ± 2.2 (81) -0.8 ± 2.2 (81) 

SACCZ 7.1 ± 3.8 (141) 1.0 ± 0.5 (141) -28.4 ± 2.2 (141) 0.3 ± 2.8 (141) 

sBZ 11.4 ± 10.0 (25) 1.5 ± 0.9 (25) -28.4 ± 0.8 (25) 0.6 ± 1.3 (25) 
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Figure 2.3 Surface concentrations (µM) of (a) particulate organic carbon (POC) and (b) particulate organic 

nitrogen (PON) and surface (c) δ13CSPM (‰) and (d) δ15NSPM (‰) for samples collected during ACE. The islands 

visited during the cruise are indicated on panel (a): PEIs = Prince Edward Islands, Crzt = Crozet Island, Krgln = 

Kerguelen Island, Hrd = Heard Island, DR = Diego Ramírez Island, SG = South Georgia Island, and SS = South 

Sandwich Islands. 

2.3.3. POC and PON isoscapes around the Southern Ocean 

For the entire transect, δ13CSPM and δ15NSPM ranged from -33.7‰ to -19.6‰ (−26.6−28.4
−25.1‰) and -

5.9‰ to 14.4‰ (0.2−1.1
+1.7‰), respectively (Figure 2.3c, d). Local maxima in δ13CSPM and δ15NSPM were 

apparent in the STZ and near the Indian archipelago, South America, and Siple Island (δ13CSPM >-

22.0‰ and δ15NSPM >5.0‰). Elsewhere, a negative relationship was observed between δ13CSPM and 

δ15NSPM. For example, δ15NSPM at the mouth of the Ross Sea (0.60.2
1.8‰) and near the Atlantic 

archipelago (1.50.4
1.9‰) was higher than at the surrounding stations (−0.8−1.8

+0.6‰ and 0.5−1.5
+1.8‰ for 

Leg2 and Leg3, respectively) while δ13CSPM was lower (−27.6−28.4
−26.2‰ and −29.9−31.0

−29.1‰ versus 
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−28.4−28.9
−27.5‰ and −25.7−26.4

−24.8‰). Below, we describe the broad latitudinal trends in δ13CSPM and 

δ15NSPM in detail, while the longitudinal and temporal patterns are presented in Appendix A.f and A.g, 

respectively. 

In general, δ13CSPM decreased with increasing latitude and was significantly higher in the Subantarctic 

(-25.2 ± 1.9‰, mean ± 1SD) than the Antarctic (-28.4 ± 1.7‰; p-values <0.001; Table 2.2; Figure 

2.4a). The boundary between these two regions (~55°S to 60°S) was characterized by a δ13CSPM 

minimum (reaching -33.7‰, average of -28.9 ± 2.5‰). δ15NSPM was high at many lower latitude (i.e., 

STZ) stations (>5‰), yet the median Subantarctic δ15NSPM was statistically similar to the median 

Antarctic δ15NSPM (−0.1−1.2
+1.9‰ and +0.4−1.0

+1.6‰, respectively; p-value* =0.63; Figure 2.4b). 

For the hydrographic zones in the Subantarctic, significantly higher δ13CSPM and δ15NSPM were 

measured in the STZ (−23.6−24.8
−22.5‰ and 2.10.5

5.9‰, respectively) than in the SAZ and PFZ (p-values* 

<0.001) where the values were similar (δ13CSPM = −25.4−26.1
−24.7‰ and −26.1−27.0

−24.7‰, δ15NSPM = 

−0.1−1.3
+1.8‰ and −0.8−1.5

+0.7‰; p-values* >0.27; Table 2.2, Figure 2.4). The STZ values were also 

higher than those measured in the SACCZ (δ13CSPM = −28.4−29.3
−27.1‰ and δ15NSPM = 0.3−1.2

+1.6‰) and for 

δ13CSPM, higher than in the sBZ (−28.4−28.8
−28.1‰; p-values* <0.001) while δ15NSPM in the sBZ was 

similar (0.6−1.2
+1.6‰; p-value* = 0.37). For the Antarctic stations, δ13CSPM and δ15NSPM in the SACCZ 

and the sBZ were similar (p-values* >0.05). Additionally, δ15NSPM in the SACCZ was similar to that 

measured in the SAZ and PFZ (p-values* >0.18) but different from δ15NSPM in the STZ (p-values* 

<0.001).  
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Figure 2.4 Latitudinal distribution of (a, c, e) δ13CSPM (‰) and (b, d, f) δ15NSPM (‰) for surface samples 

collected during ACE. Panels (a-b) show data coloured according to ocean: Subantarctic (yellow) and Antarctic 

(blue); panels (c-f) show data coloured according to hydrographic zone: STZ = Subtropical Zone (yellow), SAZ 

= Subantarctic Zone (orange), PFZ = Polar Frontal Zone (red), SACCZ = Southern Antarctic Circumpolar 

Current Zone (dark blue), and sBZ= southern Boundary Zone (light blue). Boxplots (panels e and f) show 

medians (thick horizontal lines), IQR (50% of the data; box within first and third quartiles), and whiskers (1.5 

times the IQR). 
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2.3.4. Chlorophyll-a concentrations and phytoplankton community 

composition from pigment data 

Total Chl-a concentrations ranged from 0.01 to 3.7 mg m-3 (median of 0.20.1
0.4 mg m-3) for the entire 

transect and were significantly higher (p-value* <0.001) in the sBZ and the STZ (0.40.2
1.0 mg m-3 and 

0.30.1
0.5 mg m-3; p-value* = 0.18) than in the SAZ, PFZ, and SACCZ (0.20.1

0.4 mg m-3, 0.20.1
0.4 mg m-3, and 

0.10.1
0.3 mg m-3; p-values* >0.05; Table 2.3 and Figure 2.5a). Low Chl-a concentrations were recorded 

in the open ocean (0.01-0.3 mg m-3) while elevated concentrations (>3 mg m-3) occurred near Heard 

Island, Siple Island, and South America. Elevated Chl-a (1-2 mg m-3) was also measured during Leg2 

at the mouth of the Ross Sea and near the Mertz Glacier.  

The relative contributions (%) of the different phytoplankton size classes to total Chl-a derived from 

the HPLC varied across the transect, from 11% to 99% and <1% to 89% for the micro-phytoplankton 

and nano-phytoplankton, respectively, and from 0% to 13% for the pico-phytoplankton (Figure 2.5b-

d, Figure A.13, Table 2.3). The contributions of the micro-phytoplankton increased polewards (from 

24.519.1
33.4% in the STZ to 81.162.4

90.7% in the sBZ) as the nano-phytoplankton contribution declined (from 

72.363.2
75.5% in the STZ to 18.99.3

37.6% in the sBZ; Figure 2.5b). Pico-phytoplankton contributed 2.71.7
4.5% 

and 0.80.1
1.8% to the total Chl-a in the STZ and the SAZ, respectively, but in the PFZ, SACCZ, and 

sBZ, their median contributions were negligible. Consequently, the Subantarctic and Antarctic Oceans 

were dominated by nano-phytoplankton (56.441.5
68.5%) and micro-phytoplankton (72.855.7

83.1%), 

respectively. The highest micro-phytoplankton contributions (>75%) were observed near Heard 

Island, throughout Leg2, and between the South Sandwich and Bouvet Islands (Figure 2.5c). Nano-

phytoplankton were dominant near South Africa and Tasmania, in the open ocean waters of Leg1, and 

between South America and South Georgia Island (Figure 2.5d). 
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Table 2.3 Median (± IQR) surface total chlorophyll-a concentrations (Chl-a; mg m-3), relative contributions to 

total Chl-a (i.e., fraction; %), and biomass concentrations (mg m-3; expressed as fraction × total Chl-a) of the 

various phytoplankton size classes (pico-phytoplankton (<2 μm; blue), nano-phytoplankton (2 – 20 μm; yellow), 

and micro-phytoplankton (20 – 200 μm; green) determined from HPLC pigment data from different regions of 

the Southern Ocean during the Antarctic Circumnavigation Expedition: ‘Subantarctic’ includes the STZ = 

Subtropical Zone, SAZ = Subantarctic Zone, and PFZ = Polar Frontal Zone; and ‘Antarctic’ includes the 

SACCZ = Southern Antarctic Circumpolar Current Zone and sBZ = southern Boundary Zone. In parentheses are 

the numbers of observations used to calculate the medians. 

Region 

Total Chl-a Micro-phytoplankton (>20 µm) Nano-phytoplankton (2-20 µm) Pico-phytoplankton (<2 µm) 

mg m-3 Fraction (%) mg m-3 Fraction (%) mg m-3 Fraction (%) mg m-3 

Subantarctic 0.2 ± 0.3 (208) 43.1 ± 29.8 (215) 0.1 ± 0.1 (208) 56.4 ± 27.0 (215) 0.1 ± 0.1 (208) 0.7 ± 1.8 (215) 0.0 ± 0.0 (208) 

Antarctic 0.2 ± 0.3 (169) 72.8 ± 27.4 (169) 0.1 ± 0.2 (169) 26.1 ± 27.4 (169) 0.1 ± 0.1 (169) 0.0 ± 0.4 (169) 0.0 ± 0.0 (169) 

STZ 0.3 ± 0.4 (39) 24.5 ± 14.3 (45) 0.1 ± 0.2 (39) 72.3 ± 12.3 (45) 0.2 ± 0.2 (39) 2.7 ± 2.7 (45) 0.0 ± 0.0 (39) 

SAZ 0.2 ± 0.3 (81) 35.4 ± 20.3 (82) 0.1 ± 0.1 (81) 62.3 ± 18.4 (82) 0.1 ± 0.1 (81) 0.8 ± 1.7 (82) 0.0 ± 0.0 (81) 

PFZ 0.2 ± 0.2 (88) 57.1 ± 19.3 (88) 0.1 ± 0.1 (88) 42.7 ± 19.3 (88) 0.1 ± 0.1 (88) 0.0 ± 0.6 (88) 0.0 ± 0.0 (88) 

SACCZ 0.1 ± 0.2 (127) 71.2 ± 28.3(127) 0.1 ± 0.2 (127) 28.8 ± 28.4 (127) 0.1 ± 0.0 (127) 0.0 ± 0.5 (127) 0.0 ± 0.0 (127) 

sBZ 0.4 ± 0.8 (42) 81.1 ± 28.3 (42) 0.3 ± 0.7 (42) 18.9 ± 28.3 (42) 0.1 ± 0.1 (42) 0.0 ± 0.0 (42) 0.0 ± 0.0 (42) 
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Figure 2.5 Pigment data collected during ACE (Antoine et al., 2020). (a) Surface concentrations of total 

chlorophyll-a (Chl-a; mg m-3); (b) boxplots showing the relative contributions (%) of three phytoplankton size 

classes to total Chl-a in each hydrographic zone (pico-phytoplankton (<2 μm; blue), nano-phytoplankton (2 – 20 

μm; yellow), and micro-phytoplankton (20 – 200 μm; green)): STZ = Subtropical zone, SAZ = Subantarctic 

Zone, PFZ = Polar Frontal Zone, SACCZ = Southern Antarctic Circumpolar Current Zone, and sBZ = southern 

Boundary Zone. Also shown are the surface distributions of the percent contribution of (c) micro-phytoplankton 

and (d) nano-phytoplankton to total Chl-a. The islands visited during the cruise are indicated on panel (a): PEIs 

= Prince Edward Islands, Crzt = Crozet Island, Krgln = Kerguelen Island, Hrd = Heard Island, DR = Diego 

Ramírez Island, SG = South Georgia Island, and SS = South Sandwich Islands. Boxplots (panel (b)) show 

medians (think horizontal lines), IQR (50% of the data; box within first and third quartiles), and whiskers (1.5 

times the IQR). 
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2.3.5. Micro-phytoplankton abundance and diversity from microscopy 

data  

The total microplankton abundances ranged from 2 to 12056 cells L-1 (average of 1773 ± 2393 cells L-

1 and median of 880217
2022 cells L-1 for the entire cruise) and 119 species of diatoms, 21 species of 

dinoflagellates, and 2 species of silicoflagellates were identified. Diatom abundances ranged from 0 to 

11972 cells L-1, with diatoms dominating at most stations and accounting for an average of 82.5 ± 

30.6% of the total micro-phytoplankton (Figure 2.6a). Maximum diatom abundances occurred 

between South Sandwich and Bouvet Islands, with high abundances (>5000 cells L-1) also observed 

near the PEIs, Kerguelen, and Heard Islands (Figure 2.6b and Figure 2.7a). Diatom abundances were 

particularly low (0 to 200 cells L-1) in the open ocean over the Indian archipelago, at the end of Leg1, 

and for most of Leg2. Dinoflagellate abundances ranged from 0 to 762 cells L-1 and dinoflagellates 

accounted for an average of 17.1 ± 30.7% of the total micro-phytoplankton (Figure 2.6c). Near the 

end of Leg1 and east of South America, the dinoflagellate contribution increased to 70-100%, with 

abundances of >200 cells L-1 (and a maximum abundance near Tasmania of 762 cells L-1), while for 

much of Leg1 and Leg2, dinoflagellate abundances were ≤20 cells L-1. Silicoflagellates were rare, 

averaging 4 ± 23% of the total micro-phytoplankton and reaching a maximum abundance near the 

PEIs of 55.6 cells L-1 (data not shown). 

In terms of phytoplankton species, Fragilariopsis kerguelensis (Figure 2.8a) dominated the diatom 

communities along the transect (average of 56 ± 28% of total diatom abundance), reaching 

particularly high abundances near the PEIs and Kerguelen Island (1000-5556 cells L-1; Figure 2.7a-c). 

By contrast, the high diatom abundances near Heard Island (three stations) were due to Odontella 

weissflogii and Eucampia antarctica var. antarctica (Figure 2.8c) (1895 and 1519 cell L-1, 

respectively), while the high abundances observed during Leg3 between the South Sandwich and 

Bouvet Islands were largely due to Chaetoceros atlanticus (3264 ± 2212 cells L-1, ~40%) and F. 

kerguelensis (1861 ± 1254 cells L-1, ~20%). 

Micro-phytoplankton species richness was higher in the SAZ, PFZ, and SACCZ (108, 101, and 72 

species, respectively) than in the STZ and sBZ (9 and 8 species, respectively), noting that of the 83 
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stations sampled for micro-phytoplankton, there were five in the STZ, 33 in the SAZ, 26 in the PFZ, 

18 in the SACCZ, and one in sBZ. The average micro-phytoplankton abundance was highest in the 

PFZ (124 ± 551 cells L-1), followed by the SACCZ and the SAZ (188 ± 653 and 145 ± 531 cells L-1, 

respectively), with far lower abundances in the STZ and sBZ (6.6 ± 10.4 and 16.7 ± 14.6 cells L-1; 

Table 2.4). H’ ranged between 0.1 and 2.3 across the transect. Excluding the sBZ (one station only; 

H’ = 1.8), the most diverse communities occurred in the PFZ (H’ of 1.20.9
1.4) and SACCZ (H’ of 1.00.7

1.5) 

followed by the SAZ (H’ of 0.90.6
1.2) and STZ (H’ of 0.70.6

0.9). 

 

Figure 2.6 Surface distribution of the percent contribution (a, c; %) to the micro-phytoplankton and total 

abundances (cells L-1; b, d) of (a-b) diatoms and (c-d) dinoflagellates sampled during ACE. The islands visited 

during the cruise are indicated on panel (a): PEIs = Prince Edward Islands, Crzt = Crozet Island, Krgln = 

Kerguelen Island, Hrd = Heard Island, DR = Diego Ramírez Island, SG = South Georgia Island, and SS = South 

Sandwich Islands. 
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Figure 2.7 (a) Abundance (cells L-1) and (b-c) percent contribution of different micro-phytoplankton species at 

each station (b) and in different hydrographic zones (c) of the Southern Ocean during ACE: STZ = Subtropical 

Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal Zone, SACCZ = Southern Antarctic Circumpolar Current 

Zone, and sBZ = southern Boundary Zone. Vertical arrows indicate island archipelagos, with PEIs = Prince 

Edward Islands, and horizontal lines denote the cruise legs. The percent contribution in panel (c) was estimated 

from the average abundance of the different micro-phytoplankton species in each zone. 
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Figure 2.8. Examples of micro-plankton taxa collected during ACE and recorded using a scanning electron 

microscope. (a) Fragilariopsis kerguelensis, (b) Asteromphalus roperianus, (c) Eucampia antarctica, (d) 

Chaetoceros dichaeta, (e) Thalassiosira lentignosa, (f) Thalassiosira gracilis var. gracilis. 
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2.3.6. Estimates of fnew 

The inputs to the Rayleigh model used to determine δ15Nnew (Figure A.14) and the resultant estimates 

of δ15NNO3
−(surf) and δ15Nnew (Figure A.15) are listed in Table 2.4 and discussed in section S6.  

Before applying the Rayleigh model to our dataset (total of 364 δ15NSPM observations), we excluded 

32 datapoints that did not satisfy the conditions of Nexport ≥ 0 (-1.5) µM and Fexport ∈ (0, 1). For the 

resulting dataset (332 observations), the two-endmember isotope mixing model-derived estimates of 

fnew ranged from -7.0 to 35.2, with 86 values of fnew ∉ (0, 1). Most of these values occurred in the STZ 

and near or downstream of land masses, islands, or regions of sea-ice melt (Figure A.16) where the 

Rayleigh model requirement of a closed system was violated (e.g., by intermittent upward or lateral 

mixing of subsurface NO3
- or allochthonous nutrient inputs). Excluding the out-of-range values 

yielded 246 estimates of fnew ∈ (0, 1).  

Our estimates of fnew ranged from 0.07 to 0.99 (0.430.31
0.60; Figure 8). High values of fnew (>0.7) were 

estimated for the waters near the PEIs, at the mouth of the Ross Sea, at Scott and Siple Islands, 

between the South Sandwich and Bouvet Islands, and downstream of South America, with values 

>0.9 at the stations near Kerguelen and Heard and to the east of the South Sandwich Islands. In 

addition, relatively high values (>0.5) were estimated for the Drake Passage and near the Mertz 

Glacier, with lower values (<0.5) for much of the open ocean, particularly in the STZ. 

Values of fnew gradually increased from the STZ (0.320.24
0.47) to the SAZ and the PFZ (0.390.32

0.57 and 

0.440.33
0.55%, respectively) (Figure 2.9b, Table 2.4). In the SACCZ, fnew was 0.420.31

0.61, increasing 

considerably to 0.600.47
0.66% in the sBZ. The estimates of fnew in the SAZ, PFZ, and SACCZ were 

statistically similar (p-values* >0.1). 
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Table 2.4 Inputs to and outputs of the Rayleigh model. Medians (± IQR) of the isotope effect of NO3
- assimilation (ɛassim; ‰), summer and winter mixed layer 

depth (MLDsummer and MLDwinter; m; from b-SOSE: Mazloff et al. 2010; Verdy and Mazloff 2017), and the concentration (µM) and δ15N (‰) of the NO3
- 

source (from b-SOSE and Rafter et al. (2019), respectively), taken to be either the water mass between the MLDsummer and the MLDwinter (NO3
-
(W-S) and 

δ15NNO3
−(W−S)) or the water mass at 200-300 m (NO3

-
(200-300) and δ15NNO3

−(200−300)), the δ15N of regenerated N (δ15NRN; ‰), the δ15N of the new N (NO3
-) 

consumed by phytoplankton (δ15Nnew; ‰), and the fraction of phytoplankton growth fuelled by new N (fnew). In parentheses and in the column headed n are 

the number of observations used to calculate the medians. Medians of input parameters were calculated from the whole dataset (364 observations), while the 

medians of the outputs were calculated for a subset of the dataset that met certain criteria: Nexport ≥ 0 (-1.5) µM, Fexport ∈ (0, 1), and fnew ∈ (0, 1) (270 

observations). Values are shown for the Subantarctic and Antarctic Oceans, as well as for the STZ = Subtropical Zone, SAZ = Subantarctic Zone, PFZ = Polar 

Frontal Zone, SACCZ = Southern Antarctic Circumpolar Current Zone, and sBZ = southern Boundary Zone. 

Region 

Input to Rayleigh model   Output from Rayleigh model 

ɛassim (‰) MLDsummer (m) 
MLDwinter  

(m) 

NO3
-
(W-S) (µM) 

δ15N NO3
- (W-S) 

(‰) 

NO3
-
(200-300) 

(µM) 

δ15N NO3
- (200-300)  

(‰) 

δ15NRN  

(‰) 

n 
δ15Nnew 

(‰) 

fnew 

Subantarctic 

6.5 ± 2.0 

(189) 

35.2 ± 28.8 

(189) 

105.0 ± 30.0 

(189) 

23.3 ± 6.2 

(189) 

6.7 ± 1.1  

(189) 

26.0 ± 9.5 (196) 

5.7 ± 1.0  

(187) 

-1.6 ± 3.1  

(194) 

121 1.1 ± 2.4 0.41 ± 0.24 

Antarctic 

5.3 ± 0.5 

(158) 

18.6 ± 7.7 (158) 55.0 ± 20.0 (158) 

28.8 ± 1.9 

(158) 

6.1 ± 0.5  

(158) 

34.0 ± 1.0 (158) 

4.9 ± 0.1  

(158) 

-1.1 ± 2.6  

(166) 

125 1.8 ± 0.8 0.45 ± 0.31 

STZ 5.8 ± 1.1 (34) 26.2 ± 16.3 (34) 105.0 ± 40.0 (34) 14.2 ± 4.9 (34) 
8.2 ± 0.6 

(34) 

15.4 ± 4.7 (38) 
6.8 ± 0.5  

(33) 

0.6 ± 5.4  

(37) 

27 4.5 ± 3.2 0.32 ± 0.22 

SAZ 6.5 ± 1.3 (77) 35.2 ± 18.8 (77) 105.0 ± 20.0 (77) 21.7 ± 3.5 (77) 

7.1 ± 0.7  

(77) 

25.1 ± 5.4 (77) 

5.8 ± 0.3  

(76) 

-1.6 ± 3.1  

(76) 

50 1.1 ± 1.0 0.39 ± 0.25 

PFZ 7.2 ± 2.0 (78) 45.0 ± 28.8 (78) 105.0 ± 61.5 (78) 26.1 ± 2.7 (78) 

6.4 ± 0.5  

(78) 
31.3 ± 6.5 (81) 

5.2 ± 0.2  

(78) 

-2.3 ± 2.2  

(81) 
44 0.3 ± 1.1 0.44 ± 0.21 

SACCZ 
5.3 ± 0.5 

(138) 

18.6 ± 7.7 (138) 55.0 ± 20.0 (138) 
28.7 ± 2.0 

(138) 

6.2 ± 0.4  

(138) 

34.0 ± 1.2 (138) 
4.9 ± 0.1  

(138) 

-1.2 ± 2.8  

(141) 

108 1.8 ± 0.8 0.42 ± 0.30 

sBZ 5.3 ± 0.0 (20) 18.6 ± 0.0 (20) 50.0 ± 39.8 (20) 29.0 ± 0.7 (20) 

5.9 ± 0.7  

(20) 

34.3 ± 0.2 (20) 

4.9 ± 0.0  

(20) 

-0.9 ± 1.3  

(25) 

17 1.6 ± 1.1 0.60 ± 0.20 
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Figure 2.9 (a) Fraction of phytoplankton growth fuelled by new NO3
- (fnew), and (b) boxplots of fnew for each 

hydrographic zone: yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone 

(PFZ), dark blue = Southern Antarctic Circumpolar Current Zone (SACCZ), light blue = southern Boundary Zone 

(sBZ). Numbers at the top of the boxplots are the median NO3
- assimilation isotope effects derived for each zone (ɛassim; 

‰; Eqn. 10) and used as inputs to the Rayleigh model. Numbers at the bottom of the boxplots are the median δ15N 

computed for regenerated N (δ15NRN; ‰; Eqn. 3) and used as inputs to the isotope mixing model. All values shown 

here, excluding ɛassim, were calculated for the subset of the data for which Nexport ≥0 (-1.5) µM, Fexport ∈ (0, 1), and fnew ∈ 

(0,1) (270 observations). The islands visited during the cruise are indicated on panel (a): PEIs = Prince Edward Islands, 

Crzt = Crozet Island, Krgln = Kerguelen Island, Hrd = Heard Island, DR = Diego Ramírez Island, SG = South Georgia 

Island, and SS = South Sandwich Islands. Boxplots (panel (b)) show medians (thick horizontal lines), IQR (50% of the 

data; box within first and third quartiles), and whiskers (1.5 times the IQR). 

2.3.7. Principal Component Analysis 

The first and the second principal components (PC1 and PC2) together explained 55.79% of the variance, 

with the data clustering according to the five hydrographic zones (Figure 2.10). Observations in the STZ and 

SAZ were associated with higher values of SST, δ13CSPM, δ15NSPM, δ15Nnew, the δ15N of the NO3
- sources (W-

S and 200-300 m), and with higher relative contribution to the Chl-a of nano- and pico-phytoplankton (F-

nano and F-pico, respectively). The higher latitude stations (SACCZ and sBZ) were negatively associated 

with these variables. The PCA revealed a generally positive relationship for the SAZ and PFZ with pCO2 and 

a slight negative relationship with fnew. Observations from Kerguelen and Heard Islands were negatively 

associated with pCO2 and positively associated with fCO2, pH, δ15NSPM, δ15Nnew, and biomass (i.e., Chl-a, 

POC, PON), with a slight positive relationship with fnew. Data from the SACCZ and sBZ were associated 

with higher concentrations of SiO4
4-, PO4

3-, and NO3
-, as well as with higher relative contributions of micro-

phytoplankton (F-micro) to the Chl-a. Observations at the extreme latitudes (a few from the STZ and many 
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from the sBZ) were associated with higher concentrations of POC, PON, and Chl-a, high values of δ15NSPM, 

δ15Nnew, fCO2, and pH, and low pCO2. In addition, many observations from the sBZ and some from the 

SACCZ were slightly positively correlated with fnew. In the context of PC1 and PC2, NH4
+ did not impact the 

data distribution, even though it was slightly positively related to the observations at higher latitudes. 

 

Figure 2.10 Principal Component Analysis (PCA) of our dataset from ACE. Surface parameters considered include 

observations of sea surface temperature (SST), the concentrations of nitrate (NO3
-), nitrite (NO2

-), phosphate (PO4
3-), 

silicic acid (SiO4
4-), and ammonium (NH4

+), the partial pressure and air-sea flux of CO2 (pCO2 and fCO2), pH, the 

concentrations of particulate organic carbon and nitrogen (POC and PON) and their isotopes (δ13CSPM and δ15NSPM), 

total chlorophyll-a concentration (Chl-a) and the fractions of micro-, nano-, and pico-phytoplankton (F-micro, F-nano, 

and F-pico, respectively) derived using the HPLC data. Modelled parameters were also included, such as the winter and 

summer mixed layer depths (MLDwinter and MLDsummer), the concentration and δ15N of the NO3
- source (NO3

-
(W-S) and 

δ15NNO3
−(W−S) and NO3

-
(200-300) and δ15NNO3

−(200−300)), the theoretical δ15N of phytoplankton biomass produced from 

the assimilation of NO3
- (δ15Nnew), and the fraction of phytoplankton growth fuelled by NO3

- (fnew). The symbol colours 

indicate the hydrographic zones: yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar 

Frontal Zone (PFZ), dark blue = Southern Antarctic Circumpolar Current Zone (SACCZ), and light blue = southern 

Boundary Zone (sBZ). 

   
 

    
  

   
  

   

     

       

      

    

    

  

       

   
   

   
 
     

   
 
         

         

         

    

   

   

   

   

                 

            

 
 
 
  
 
 
  
 
 
 

   
 

       

 

       
       

 (   )

      
        (       )    

 

    

     

         

   



 

 

A circum-Antarctic plankton isoscape I: Carbon export potential across the Southern Ocean 

- 84 - 

 

2.4. Discussion 

2.4.1. SPM isotopic differences among Southern Ocean zones reflect different 

biogeochemical regimes 

Variability in physical forcings (e.g., SST) and mixed-layer nutrient concentrations is a major reason for the 

differentiation of the Southern Ocean’s hydrographic zones (Orsi et al. 1995; Figure 2.9), driving differences 

in the solubility- and biological pumps, and in phytoplankton biomass and community composition (e.g., 

Pollard et al. 2002; Rigual-Hernández et al. 2015). Our dataset reveals that the physical, chemical, and 

biological differences among the zones, directly or indirectly, also control the δ13CSPM and δ15NSPM isoscapes. 

Below, we discuss the spatial trends in δ13CSPM and δ15NSPM, evaluate potential drivers of the dominant 

patterns, and consider the implications for regional productivity and Southern Ocean food webs.  

2.4.2. Spatial variability in δ13CSPM 

During photosynthesis, phytoplankton preferentially fix 12C-bearing CO2, producing biomass (SPM) that is 

lower in δ13C than the CO2 substrate (O’Leary, 1981). The remineralization of this SPM returns low-δ13C 

CO2 to the dissolved inorganic carbon (DIC) pool (e.g., McCorkle et al. 1985) such that upwelling of deeper 

waters, which introduces remineralized DIC, lowers the δ13C of the surface DIC pool (Gruber et al., 1999). 

The extent to which phytoplankton discriminate against 13CO2 is strongly driven by their growth rate and the 

ambient pCO2 (François et al., 1993; Goericke, 1994; Laws et al., 1995). For the same initial pCO2, a higher 

growth rate yields less isotopic fractionation and thus a higher δ13CSPM, while for phytoplankton growing at 

the same rate, higher surface-water pCO2 is associated with higher isotopic fractionation and thus a lower 

δ13CSPM (Rau et al. 1991; Gruber et al. 1999). The δ13C of the DIC available to phytoplankton will also affect 

δ13CSPM as it sets the isotopic baseline for the ecosystem (e.g., Tamelander et al. 2009). Net fractionation of 

CO2 during photosynthesis is further influenced by the isotope effects associated with any process that brings 

DIC into the cell (i.e., passive diffusion and/or active uptake of bicarbonate (HCO3
-) or CO2) (Laws et al., 

1997; Keller, 1999).  

We observed a general northward increase in δ13CSPM, of ~12‰ between the Antarctic and the STZ, with a 

higher median (± IQR) δ13CSPM in the Subantarctic than the Antarctic (-25.2 ± 2.1‰ versus -28.4 ± 2.0‰; 

Figure 2.4a, c, e; Figure A.17a). This meridional trend has been reported previously and attributed to a 
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gradual northward decrease in isotopic fractionation during photosynthesis driven by a decline in surface 

pCO2 and higher phytoplankton growth rates (François et al., 1993; Popp et al., 1999; Arteaga et al., 2018; 

Espinasse et al., 2019), along with a northward increase in DIC-δ13C (of ~1‰ between ~60°S and the STF; 

Kroopnick 1985; François et al. 1993; Gruber et al. 1999). Across the Subantarctic, δ13CSPM was negatively 

correlated with pCO2 (ρ = -0.41; Figure 2.11a-b) and (relatedly) positively correlated with pH, fCO2, and 

SST (ρ = 0.50, 0.53, 0.37; p-values <0.05; Figure A.19), which indicates that ambient pCO2 was a dominant 

driver of its δ13CSPM variability. DIC-δ13C may also have played a role, although it changed by <1‰ across 

>20 degrees of latitude while δ13CSPM increased by >10‰ from the APF to the STZ. We also observed strong 

deviations from the expected pCO2-driven latitudinal trend in δ13CSPM. For instance, δ13CSPM reached a 

minimum in the southern PFZ and northern SACCZ (55-60°S; median of -29.3 ± 3.2‰, reaching -33.7‰). 

Furthermore, incidences of anomalously high δ13CSPM relative to expectations from pCO2 were apparent near 

and/or downstream of some of the islands (e.g., the PEIs) and off South America, while in the SACCZ and 

sBZ where pCO2 was the lowest, we observed anomalously low values of δ13CSPM (Figure 2.2f and Figure 

2.3c).  
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Figure 2.11 Relationship between the surface partial pressure of CO2 (pCO2; Pa) and δ13CSPM (‰) in the (a-b) 

Subantarctic and (c-d) Antarctic Oceans. Symbol colours in the left-hand panels (a, c) show the hydrographic zones: 

yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone (PFZ), dark blue = 

Southern Antarctic Circumpolar Current Zone (SACCZ), light blue = southern Boundary Zone (sBZ), while symbol 

colours in the right-hand panels (b, d) show total chlorophyll-a concentrations (HPLC data) on a log10 scale (Chl-a; mg 

m-3). In panels (c) and (d), the ellipses highlight notable deviations from the expected pCO2-δ13CSPM relationship. Solid 

lines are linear regressions with 95% confidence intervals shaded in grey. 

The δ13CSPM minimum in the PFZ/SACCZ may be due to the low-δ13C DIC that upwells in Upper 

Circumpolar Deep Water (UCDW), a water mass that outcrops south of the ACC where it is transformed into 

Antarctic Surface Water (AASW; Talley 2011). UCDW is relatively low in oxygen due to organic matter 

remineralization during its transit through the ocean and high in SiO4
4-, NO3

-, and iron that, once upwelled, 

favour diatom growth (Kang and Lee, 1995; Prézelin et al., 2000). UCDW also hosts a remineralization-
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driven high DIC concentration and low DIC-δ13C (0.2–0.3‰; Kroopnick 1985; Eide et al. 2017; Williams et 

al. 2021). By contrast, the DIC-δ13C of shallow Southern Ocean waters (upper 50 m) typically ranges from 

0.75‰ to 1.75‰ in the Antarctic (>55°S) and 1.50‰ to 2.25‰ in the Subantarctic (40-55°S) (François et 

al., 1993; Gruber et al., 1999). Thus, the upwelling and subsequent photosynthesis of relatively low-δ13C 

DIC in UCDW may explain the lower δ13CSPM in the PFZ/SACCZ upwelling region. 

Although pCO2 in the Subantarctic and Antarctic Oceans showed a similar range (except for a few 

incidences of particularly low pCO2 (23-32 Pa) in the Antarctic; see below), δ13CSPM differed by ~3‰ 

between the two regions (Figure 2.11 and Table 2.2). Such a δ13CSPM shift could be driven by several co-

occurring factors including phytoplankton growth rates and community composition, and species-specific 

physiological processes such as the transport of inorganic carbon across the cell membrane, the enzymes 

catalysing carboxylation, and cell size and geometry (Dehairs et al., 1997; Popp et al., 1998; Laws et al., 

2002; Cassar et al., 2004). We observed a northward increase in the contribution of nano-phytoplankton and 

decrease in that of the micro-phytoplankton (Figure 2.5), along with an increase in dinoflagellate and 

decrease in diatom abundances (Figure 2.6 and Figure 2.7). These geographical differences in plankton 

community composition that are set by zone-specific biogeochemical environments likely influenced the 

latitudinal trends in δ13CSPM (Falkowski, 1991; Goericke, 1994; Tuerena et al., 2019). 

At high pCO2, diffusion of CO2 across the cell membrane is rate-limiting to photosynthesis and thus controls 

the extent of isotope fractionation, yielding a low δ13CSPM (Rau et al., 1989, 1991b, 1992a; François et al., 

1993). In contrast, at lower pCO2, fractionation associated with the intra-cellular carbon concentrating 

mechanism becomes rate-limiting, yielding a higher δ13CSPM (François et al., 1993; Raven et al., 2008). 

While all phytoplankton contain the RuBisCO enzyme, which has a large isotope effect (of ~29‰; Roeske 

and O’Leary 1984; Raven and Johnston 1991), some species may also have one or both types of β-

carboxylation enzymes, including PEPcarboxylase (PEPc), which is typically found in dinoflagellates and 

small (pico- and nano-) phytoplankton, and PEPcarboxykinase (PEPk), which is possessed by diatoms 

(Descolas-Gros and Fontugne, 1985; Descolas-Gros and Oriol, 1992). PEPc catalyses the fixation of HCO3
-, 

which has a higher δ13C (~1.5‰, akin to DIC) than CO2 (~ -10‰), the latter fixed by PEPk (Mook et al. 

1974; François et al. 1993). In addition, PEPc has a smaller intrinsic isotope effect than PEPk (~2‰ versus 
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>20‰; O’Leary 1981; Guy et al. 1989; Arnelle and O’Leary 1992). As such, while the northward decrease 

in pCO2 may explain much of the latitudinal rise in δ13CSPM, the coincident increase in nano-phytoplankton 

and large dinoflagellates may also have increased δ13CSPM because of the lower net fractionation associated 

with their PEPc carboxylation pathway.  

The higher δ13CSPM near the Subantarctic islands and continental shelves could be due to the coincidence of 

low pCO2 and the composition and growth rates of the in situ phytoplankton community. During fast-

growing blooms, large diatoms have been observed to have a higher δ13CSPM (i.e., lower isotopic 

fractionation) than smaller cells (Fry and Wainright, 1991), with Nakatsuka et al. (1992) reporting a positive 

correlation between phytoplankton growth rate and δ13CSPM. However, Berg et al. (2011) observed a low 

δ13CSPM for diatoms growing rapidly following iron fertilization in the open PFZ, with δ13CSPM increasing 

later as the phytoplankton community became more diverse following the bloom. In our study, 

phytoplankton biomass at Heard Island was higher (Chl-a of 2.6 ± 1.2 mg m-3) than that measured over the 

Atlantic archipelago (0.4 ± 0.2 mg m-3) and the rest of the Indian archipelago (0.4 ± 0.2 mg m-3) (Figure 

2.5a). Higher phytoplankton growth rates at Heard Island, stimulated by an IME-related input of nutrients 

(e.g., Jena 2016) (Figure 2.2a-e), may have reduced net isotope fractionation, yielding values of δ13CSPM 

(−19.7−20.7
−19.6‰) that were 5‰ to 10‰ higher than at the Atlantic (−29.1−29.8

−28.5‰) and rest of the Indian 

archipelagos (−25.0−25.9
−24.4‰). 

The observed δ13CSPM differences among the islands were unlikely to be due only to pCO2 and growth rates. 

The δ13CSPM at the Indian archipelago (excluding Heard Island) was higher than at the Atlantic archipelago, 

despite both regions having similar pCO2 and phytoplankton biomass. Micro-phytoplankton were the major 

contributors to the total Chl-a at the Atlantic archipelago (73 ± 10%; Figure 5), presumably comprising 

mainly diatoms (i.e., as per the >5000 Ind. m-3 measured from -20°E to 0°E downstream of the South 

Sandwich Islands; no taxonomy data are available directly at the islands; Figure 7). At the Indian 

archipelago, the micro-phytoplankton contribution was lower, 49 ± 15% and 31 ± 6% at the PEIs and Crozet, 

increasing to 94 ± 3% at Heard Island. The taxonomy data show two distinct diatom communities, one 

dominated by F. kerguelensis (along most of the archipelago) and the second dominated by Odontella 

weissflogii and Eucampia antarctica var. antarctica (Heard Island only). 
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Assuming relief from iron limitation near the islands due to the IME (e.g., Schallenberg et al. 2018), the 

distinct phytoplankton communities of the Atlantic and Indian archipelagos (excluding Heard Island) may be 

analogous to two assemblages described by Berg et al. (2011) following artificial iron fertilization of open 

Southern Ocean waters. In that study, rapidly growing Chaetoceros spp. came to dominate the assemblage 

shortly after iron addition, with a δ13CSPM that was slightly higher than that measured prior to fertilization. 

The phytoplankton community then evolved into a more diverse assemblage of smaller cells (2–20 µm), as 

well Pseudo-nitzschia spp., Fragilariopsis cylindrus, and the haptophyte, Phaeocystis antarctica (Hoffmann 

et al., 2006; Croot et al., 2007; Berg et al., 2011). This change coincided with a further ~1.5‰ rise in 

δ13CSPM, attributed to a higher ratio of PEPc:RuBisCO activity and thus a decline in net isotopic fractionation 

(Descolas-Gros and Fontungne, 1990; Wada and Hattori, 1991; Bentaleb et al., 1998). Our data may be 

similarly explained – we measured a higher δ13CSPM in waters dominated by a smaller, more diverse 

phytoplankton community (the Indian archipelago excluding Heard Island) and a lower δ13CSPM coincident 

with the dominance of large diatoms including Chaetoceros spp. (Atlantic archipelago). 

From the APF to Antarctica, δ13CSPM appeared near-constant (−28.4−29.3
−27.3‰  ̧ Figure 2.4), as has been 

observed previously (Rau et al. 1989; Freeman and Hayes, 1992; Goericke and Fry 1994; Espinasse et al. 

2019), and was (weakly) correlated with only a few environmental parameters, including SiO4
4-, Chl-a, and 

δ15NSPM. Interestingly, δ13CSPM was not correlated with pCO2 when all measurements from the SACCZ and 

sBZ were considered (ρ = -0.02, p-value = 0.52; Figure A.20). However, a closer inspection of the data 

reveals three different relationships of δ13CSPM to pCO2 (Figure 2.11c-d). In the SACCZ and sBZ, δ13CSPM 

was significantly negatively correlated with pCO2 between 32 and 38 Pa (ρ = -0.60, p-value <0.001), as was 

observed for the Subantarctic. Additionally, at the highest pCO2 (~39 to 40 Pa; data from the SACCZ only), 

δ13CSPM was anomalously high (>-28‰; yellow ellipse in Figure 2.11c-d) while at a pCO2 of 23 to 32 Pa, 

δ13CSPM was anomalously low (-30‰ to -28‰; red ellipse in Figure 2.11c-d) relative to the expected 

relationship of δ13CSPM to pCO2.  

As outlined above, Berg et al. (2011) reported a lower δ13CSPM for large, iron-replete diatoms than for the 

more mixed and generally smaller phytoplankton community that succeeded them. This dynamic may 

explain the anomalously low δ13CSPM at low pCO2 observed near the Mertz Glacier, at the mouth of the Ross 
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Sea, and adjacent to Siple and Peter 1st Islands (Figure 2.2f, Figure 2.3c, and red ellipse in Figure 2.11c-d). 

Here, biomass was high (Figure 2.3a-b, Figure 2.5, and Figure 2.11d) and the phytoplankton community 

comprised near-exclusively large diatoms (mostly F. kerguelensis; Figure 2.7). However, the rapid growth 

rates typically associated with high biomass production occur with lower isotopic fractionation (Laws et al., 

1995), yielding higher values of δ13CSPM, as at Heard Island (Figure 2.5 and Figure 2.6). The δ13CSPM 

difference between Heard Island and the Mertz Glacier/Ross Sea/Siple/Peter 1st Islands may instead involve 

the rate of CO2 resupply to surface waters. At Heard Island, CO2 depletion by phytoplankton may have been 

faster than its rate of resupply, causing δ13CSPM to increase due to a progressive 13C-enrichment of the in situ 

CO2 (Deuser, 1970; Villinski et al., 2008). Such 13C enrichment is typically negligible because rapid 

equilibration of CO2 and HCO3
- essentially renders the entire (large) DIC pool available to phytoplankton 

(Tortell et al., 1997, 2008). However, if phytoplankton growth is particularly rapid, as is possible near Heard 

Island where conditions are extremely favourable (Mongin et al., 2008, 2009), CO2 can be so rapidly 

depleted as to raise its δ13C (Deuser, 1970). In contrast, the Mertz Glacier/Ross Sea/Siple/Peter 1st Islands 

region is characterized by the highest fCO2 of the Antarctic Ocean (>10 mg m-2 h-1 from atmosphere to 

ocean; Figure A.6), likely induced by high biological activity (Tagliabue and Arrigo, 2016) and intense CO2 

dissolution driven by low SSTs and enhanced ice melt (Fransson et al., 2011; Tortell et al., 2012). The 

resultant high rate of CO2 resupply likely negates any 13C-enrichment of the in situ CO2 (and thus, the SPM) 

(Rau et al., 1989; Freeman and Hayes, 1992). 

The anomalously high-pCO2 and high-δ13CSPM (yellow ellipse in Figure A.10c-d) occurred far downstream of 

Bouvet and Heard Islands in waters that were influenced by the APF. Phytoplankton biomass was low and 

comprised ~50% nano-phytoplankton (Figure A.5). We suggest that these phytoplankton were mainly a post-

bloom, iron-limited community expressing a higher ratio of PEPc:RuBisCO activity, which would have 

yielded lower net isotope fractionation and thus a higher δ13CSPM (Descolas-Gros and Fontungne, 1990; 

Wada and Hattori, 1991; Bentaleb et al., 1998). 

Deducing the drivers of latitudinal variability in δ13CSPM across the Southern Ocean is crucial when such data 

are used as a baseline for food web analyses (e.g., McMahon et al. 2013; Alurralde et al. 2020). From our 

extensive dataset, we provide some insights into the possible role of regional biogeochemistry and 
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phytoplankton community composition in setting δ13CSPM. However, the species-specific physiological 

mechanisms underlying the relationship of carbon isotopic fractionation to phytoplankton taxonomy remain 

uncertain. 

2.4.3. Spatial variability in δ15NSPM  

In our dataset, δ15NSPM decreased by ~3‰ from the STZ (2.1 ± 5.4‰ [median ± IQR]) to the SAZ and PFZ 

where it reached a minimum (-0.1 ± 3.1‰ and -0.8 ± 2.2‰, respectively) before increasing by ~1.4‰ into 

the Antarctic (SACCZ = 0.3 ± 2.8‰ and sBZ = 0.6 ± 1.3‰; Table 2.2 and Figure A.2e). The δ15NSPM data 

from the entire transect were positively correlated with POC, PON, and Chl-a (ρ = 0.48, 0.44, and 0.45, 

respectively; p-value <0.001), which is qualitatively consistent with the expectation that higher biomass 

accompanies higher rates of NPP and greater NO3
- utilization, the latter yielding higher values of δ15NSPM 

(Altabet and Francois, 1994; Somes et al., 2010; St John Glew et al., 2021). Generally, the latitudinal 

variability in δ15NSPM agrees well with previous observations (e.g., Espinasse et al. 2019; St John Glew et al. 

2021). Using a Bayesian hierarchical spatial model applied to data collected over 50 years in the Southern 

Ocean, St John Glew et al. (2021) determined that SST and MLD are good predictors of δ15NSPM; however, 

we find a positive relationship between δ15NSPM and SST only in the Subantarctic (ρ = 0.37, p-value <0.001; 

Figure A.19) and a positive correlation with MLD only in the Antarctic (ρ = 0.37, p-value <0.001; Figure 

A.20). The inconsistency of our findings with those of St John Glew et al. (2021) highlights the lack of a 

mechanistic understanding of the synergistic drivers of δ15NSPM across the Southern Ocean. 

The δ15N of phytoplankton biomass depends on the δ15N of the N sources consumed, the degree of 

consumption of those N sources, and the isotope effect(s) expressed during N uptake (Sigman et al., 1999; 

Altabet and Francois, 2001; DiFiore et al., 2010; Fawcett et al., 2011, 2014). The δ15N of subsurface NO3
- 

(i.e., δ15NNO3
− (source)) is influenced by vertical exchange with underlying deep-water NO3

- and by N-cycle 

processes occurring in the surface and subsurface during water mass circulation (Sigman et al., 2000; Rafter 

et al., 2013). South of the SACCF, Lower Circumpolar Deep Water (LCDW) is the ultimate source of NO3
- 

to the mixed layer, with a δ15N of 4.8‰, while north of the SACCF, upwelling of UCDW supplies NO3
- with 

a δ15N of 5‰ (Sigman et al., 2000; Rafter et al., 2013; Smart et al., 2015; Fripiat et al., 2019). Partial 

consumption of NO3
- in the northward-flowing AASW that derives from UCDW raises its δ15N such that the 
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Antarctic Intermediate Water (AAIW) and Subantarctic Mode Water (SAMW) that form in the PFZ and 

SAZ are higher in δ15NNO3
− than UCDW (5.7‰ and >6.3‰, respectively; Sigman et al. 1999; Rafter et al. 

2013; Fripiat et al. 2019). As these water masses subduct and flow northwards, their higher-δ15NNO3
− 

becomes the sub-mixed layer NO3
- source across much of the Subantarctic. At the same time, surface 

processes continue to modify subsurface NO3
- as sinking particles recording the δ15N of surface N cycling 

are remineralized below the mixed layer (Sigman et al., 1999; Rafter et al., 2013). Here, we define the 

source NO3
- to phytoplankton at the beginning of the growth season as that present in the winter mixed layer 

following NO3
- recharge, a record of which is retained directly beneath the summer mixed layer. For the 

regions where we expect local upwelling of deeper waters (e.g., near the islands and coastal regions; De 

Falco et al. 2022), we take the mean properties of the 200-300 m layer as representative of the immediate 

source NO3
-. 

The δ15NNO3
− (source) decreased by ~2‰ from the lower latitudes to the APF (STZ = 8.2 ± 0.7‰, SAZ = 6.8 

± 1.1‰, PFZ = 6.3 ± 0.6‰), after which it remained stable (Antarctic Ocean = 6.1 ± 0.5‰) (Table 2.4 and 

Figure A.21a). As expected, the δ15NSPM was generally lower than the δ15NNO3
− (source) because of isotope 

fractionation during NO3
- assimilation (Sigman et al., 1999), with a median difference (i.e., δ15NSPM – 

δ15NNO3
− (source)) of −6.3−7.7

−4.9‰ and the highest variability observed in the lower latitudes (p-value < 0.05; 

Figure A.21b-c). The large-scale consistency of δ15NSPM – δ15NNO3
− (source) across the Southern Ocean 

suggests that the δ15N of NO3
- is a principal factor controlling δ15NSPM (e.g., Sigman et al. 1999) (Figure 

A.2). 

The δ15NSPM is also strongly influenced by the δ15N of regenerated N and the degree of consumption of NO3
- 

versus regenerated N (Lourey et al., 2003; Fawcett et al., 2011, 2014). The derived values of fnew explain a 

variance of 2.7‰2 of the δ15NSPM – δ15NNO3
− (source), with larger negative differences in δ15NSPM – 

δ15NNO3
− (source) associated with a higher degree of regenerated N consumption (i.e., fnew < 0.5) and smaller 

differences associated with a higher proportion of NO3
- consumption (i.e., fnew > 0.5; Figure A.21b-c). This 

trend is explained by the δ15N of regenerated N, which is lower than that of the source NO3
- (i.e., −5‰ to 0‰ 
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versus 5‰ to 7‰; Mariotti et al. 1981; Checkley and Miller 1989; Sigman et al. 1999, 2000; Lourey et al. 

2003; Fawcett et al. 2011).  

Our estimates of fnew indicate that the degree of NO3
- consumption increased poleward (Figure 2.9b). Such a 

trend could be related to latitudinal changes in nutrient concentrations, light and MLD, and/or phytoplankton 

community composition. Indeed, fnew was (weakly) positively correlated with the relative contributions of 

micro-phytoplankton to Chl-a, likely due to the dominance of the micro-phytoplankton by diatoms (Figure 

2.5), which are NO3
- specialists. Indeed, diatoms have been shown to take up NO3

- faster than other 

phytoplankton groups at comparable substrate concentrations (Eppley et al., 1969; Paasche et al., 1984; 

Hildebrand and Dahlin, 2000), often achieving higher NO3
- uptake and reduction rates than those required 

for growth, especially in cold, NO3
--rich environments (Lomas and Glibert, 1999, 2000). fnew was negatively 

correlated with the relative contributions of nano-phytoplankton to Chl-a, which typically show a higher 

affinity for NH4
+ (Probyn, 1985; Wafar et al., 2004; Stirnimann et al., 2021). The apparent preference of 

nano-phytoplankton for NH4
+ over NO3

- can be explained by their higher surface-area-to-volume ratio, which 

makes them more competitive for scarce nutrients than the larger diatoms (Marañón 2015 and references 

therein). 

Of our 332 measurements of δ15NSPM, 86 yielded values of fnew that fell outside the range of 0 to 1 (grey 

circles in Figure A.21b-c). These samples were mainly collected near the islands, the continents, and at the 

mouth of the Ross Sea (Figure A.14). Here, processes such as bathymetrically-induced mixing, ice melt, 

and/or terrestrial N inputs may have altered the mixed-layer NO3
- and/or NH4

+ pools (e.g., Cavagna et al. 

2015; Smart et al. 2015; Shatova et al. 2016), violating the Rayleigh model assumption of a closed system 

and rendering estimates of fnew invalid. Mathematically, δ15Nnew must be higher than the measured δ15NSPM to 

produce an acceptable fnew; if δ15Nnew < δ15NRN, then fnew < 0 and if δ15NRN < δ15Nnew < δ15NSPM, then fnew > 1 

(Figure A.14a). The δ15NSPM at the sites where the model failed was on average 2.0 ± 2.0‰ higher than the 

δ15Nnew derived for those sites (δ15NSPM = 2.20.9
3.3 and δ15Nnew = 0.8−0.2

+1.6‰ for fnew ∉ (0, 1)) and 2.4 ± 3.5‰ 

higher than the δ15NSPM measured elsewhere (δ15NSPM = −0.5−1.6
+0.6‰ for fnew ∈ (0, 1)). These high δ15NSPM 

values likely reflect consumption of N sources other than subsurface NO3
- and recycled NH4

+ such as 

terrestrially-derived N, which can be very high in δ15N (Erskine et al., 1998; Wainright et al., 1998), and/or 
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non-assimilation N-cycle processes such as bacterial decomposition of SPM, which raises its δ15N (Möbius, 

2013). Since our sampling was conducted during a period of active phytoplankton growth when SPM 

production would have exceeded its degradation, we suggest that the consumption of external N sources 

accounts for most of the anomalous δ15NSPM values. 

We measured high concentrations of NH4
+ near the islands and Antarctica (Figure 2.2d), which may have 

been partly supplied via terrestrial run-off and/or melting sea-ice and glaciers (Fripiat et al., 2014; Otero et 

al., 2018). Land-derived NH4
+ is generally high in δ15N due to trophic enrichment and/or volatilization of 

ammonia gas from guano and other organic matter deposited by sea birds and marine mammals (i.e., the 

δ15N of guano can be >12‰; Mizutani et al. 1986; Wainright et al. 1998). Phytoplankton consumption of 

this high δ15NNH4
+ could yield higher values of δ15NSPM than is possible from the assimilation of subsurface 

NO3
- (Wainright et al., 1998).  

In addition, the high δ15NSPM at the mouth of the Ross Sea and near Siple Island (Figure 2.3d; Figure A.14g) 

may have been influenced by the release of nutrients from melting sea-ice and/or coastal glaciers. Surface 

NH4
+ concentrations were elevated relative to open ocean values almost everywhere during Leg2 (0.90.5

1.3 

µM), particularly between the Mertz Glacier and Scott Island and downstream of Peter 1st Island, reaching 

concentrations >1.5 µM. Remineralization of organic N produced by ice algae and excretion by zooplankton 

feeding under the sea-ice produce NH4
+ and other reduced N forms that accumulate in and under the ice from 

winter to early summer (Fripiat et al., 2014, 2017; Roukaerts et al., 2016; Louw et al., 2022). Indeed, NH4
+ 

can reach concentrations as high as 150 μM in Antarctic sea-ice (Priscu and Sullivan, 1998; Thomas and 

Dieckmann, 2002), although 10-20 μM is more common (Kattner et al., 2004; Fripiat et al., 2017; Louw et 

al., 2022). This NH4
+ appears to be relatively low in δ15N (<0‰; Fripiat et al. 2014), as would be expected 

given the N isotope effects associated with its production (Macko et al., 1986; Silfer et al., 1992; Möbius, 

2013). However, there may be times when coincident NH4
+ assimilation, which occurs with little to no 

fractionation (Hoch et al., 1992; Pennock et al., 1996; Liu et al., 2013), and NH4
+ oxidation, which is 

associated with a large isotope effect (14-19‰; Casciotti et al. 2003), cause the δ15N of the sea-ice NH4
+ 

pool to rise significantly. In contrast to NH4
+, algal NO3

- consumption is a fractionating process, which in the 

spring/summer sea-ice yields a relatively low-concentration NO3
- pool that can be very high in δ15N (Fripiat 
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et al., 2014; Roukaerts et al., 2016). When the ice melts, the N species contained within it are released, along 

with high concentrations of iron (Lannuzel et al., 2016). This iron stimulates phytoplankton NO3
- 

consumption in the water column (Timmermans et al., 1994), including of the high-δ15N NO3
- released from 

the ice, resulting in the production of higher δ15NSPM than predicted by a Rayleigh model initialized with the 

underlying δ15NNO3
−(source).  

2.4.4. Estimating relative carbon export potential from δ15NSPM 

In this study, we aimed to assess carbon export potential in the Southern Ocean by estimating the fraction of 

organic matter produced via the uptake of new versus regenerated nutrients (i.e., subsurface NO3
- versus 

recycled NH4
-; Dugdale and Goering 1967; Eppley and Peterson 1979). The relative strength of the 

biological pump can be approximated by the f-ratio, assuming that the surface ocean is a steady state over an 

annual cycle (Eppley and Peterson, 1979). Here, we derive fnew (a measure of the f-ratio) using a two-

endmember isotope mixing model, with the δ15N of the consumed NO3
- (i.e., δ15Nnew) estimated via the 

Rayleigh model. However, instead of assuming that the δ15NSPM generated from the assimilation of 

subsurface NO3
- can be approximated by the accumulated (or instantaneous) product equation, we account 

for the fact that some portion of the SPM would have been exported from the surface layer between the start 

of the growth season and our sampling. Above, we have discussed cases in which our isotope mixing model 

failed (e.g., due to an input of high-δ15N allochthonous N; section 4.1.2). Below, we discuss our estimates of 

fnew and the implications for carbon export potential in the case where the δ15NSPM data are well described by 

the model (i.e., 74% of the observations).  

In a mass balance sense, our data suggest that the Southern Ocean potentially exports almost half of the 

carbon produced during the summer (fnew = 4332
60%), with minimal difference between the Subantarctic and 

Antarctic Oceans (41 ± 24% and 45 ± 31% [median ± IQR], respectively; Figure 2.9; Table 2.4). These 

values generally agree with existing estimates of the f-ratio (and export ratio) for the summertime Southern 

Ocean (which averages ~50%; e.g., (Sambrotto and Mace, 2000; Schlitzer, 2002; Joubert et al., 2011; 

Prakash et al., 2015; Le Moigne et al., 2016; Mdutyana et al., 2020), noting that the different methods 

integrate over different time-periods, complicating such a comparison. Examining our data by zone shows 

that fnew decreased by ~20% from the higher to the lower latitudes (Figure 2.9b) and was slightly negatively 
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correlated with SST (ρ = -0.18, p-value <0.01), consistent with previous (albeit poorly-understood) 

observations of an inverse correlation between export efficiency and temperature (Laws et al., 2000; Ángel 

et al., 2006; Cael and Follows, 2016; Britten et al., 2017). 

The mean fnew was highest in the sBZ, with 60 ± 20% of phytoplankton carbon potentially exported, reaching 

~80% near the sea ice (e.g., at the mouth of the Ross Sea; Table 2.4 and Figure 2.9b). fnew was lowest in the 

STZ, although ~30% of NPP was still potentially exported. Across the SAZ, PFZ, and SACCZ, while fnew 

was highly variable (ranging between 7% and ~98%), similar median values were estimated for all three 

zones (39-44%). High values of fnew (>65%) were derived for stations near and downstream of many of the 

islands, with ~75% of NPP exported near the PEIs and >80% downstream of Kerguelen Island. Lower values 

of fnew (<50%) were derived for open ocean stations that were distant from the islands or covered with sea-ice 

(e.g., the open STZ, the waters south of Tasmania, and the SACCZ during the latter half of Leg2; Figure 

2.9a). The apparent latitudinal trend in fnew may thus be driven principally by processes that occur at the 

regional scale, such as the alleviation of iron limitation that leads to proportionally higher NO3
- dependence 

near the islands, at the hydrographic fronts, and off the continental shelves. For instance, the extensive area 

between the South Sandwich and Bouvet Islands that was characterized by a high degree of NO3
- dependence 

(73 ± 33%) may have biased the mean SACCZ fnew estimate upwards, while most of the truly open ocean 

stations where regenerated production dominated were located at lower latitudes, potentially biasing those 

fnew estimates downwards. 

NO3
- uptake by Southern Ocean phytoplankton is typically enhanced by an increase in light, a stable upper 

water column, and a supply of limiting nutrients (i.e., iron and/or SiO4
4-) via upwelling, terrestrial run-off, 

and/or melting sea-ice and glaciers (Cochlan 2008 and references therein). The IME is generally associated 

with upwelling, input of land-derived nutrients, and retention and stabilization of surface waters over shallow 

plateaus, which drive localized increases in phytoplankton biomass and nutrient and CO2 drawdown near the 

islands (e.g., Planquette et al. 2011; Schallenberg et al. 2018; Holmes et al. 2019). In the Ross Sea, large and 

persistent polynyas reduce sea-ice cover, increasing stratification and light availability (Gordon et al., 2000; 

Arrigo et al., 2015), as well as iron availability (Alderkamp et al., 2012). Relief from iron limitation 

enhances NO3
- reductase activity in phytoplankton, particularly diatoms, allowing for higher NO3

- uptake and 
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increased rates of phytoplankton biomass production (Timmermans et al., 1994; De Baar et al., 1997; Karsh 

et al., 2003; Blain et al., 2007). By contrast, low iron concentrations limit NO3
- uptake and favour the growth 

of small phytoplankton reliant on regenerated N (Martin et al., 1990b; Sunda and Hardison, 2007). In our 

dataset, the open ocean regions were characterized by low iron concentrations (<0.05 nmol kg-1; Figure 2.2e) 

and supported low biomass and a high proportion of nano-phytoplankton (<0.1 mg Chl-a m-3 and >65%, 

respectively; Figure 2.5). By contrast, near the South Sandwich Islands, PEIs, and Heard Island, iron 

concentrations were higher (≥0.2 nmol kg-1), biomass and micro-phytoplankton contributions to total Chl-a 

were elevated (>0.5 mg Chl-a m-3 and >65%, respectively), large diatoms were abundant (>5000 cell L-1; 

Figure 2.7), and local minima in pCO2 were apparent (Figure 2.2f). Interestingly, downstream of Crozet 

Island, the plankton system was dominated by nano-phytoplankton and diatom abundance was low (Figure 

2.5 and Figure 2.6); here, regenerated N fuelled more than half of NPP and ~30-40% of the autotrophic 

carbon was potentially exported (Figure 2.2c). 

Between Siple Island and the Drake Passage, biomass and fnew were low (0.10.05
0.16 mg Chl-a m-3 and 20-40%, 

respectively; Figure 2.5a and Figure 2.9b) and the NH4
+ concentrations were high (0.9-2 µM). Near melting 

sea-ice, the specific rates of NO3
- and NH4

+ uptake have been observed to correlate positively with their 

respective concentrations (Zhang et al., 2019). Thus, high NH4
+ concentrations supplied by melting sea-ice 

(Fripiat et al., 2014; Roukaerts et al., 2016) could have decreased fnew. At the same time, the addition of 

relatively high NH4
+ (1 µM) in regions with high dissolved iron and low NH4

+ availability can both enhance 

NH4
+ uptake and (partly) inhibit NO3

- consumption by phytoplankton (Elskens et al., 2002). Interestingly, 

our estimates of fnew from the Antarctic Ocean did not correlate with NH4
+ concentration, while in the 

Subantarctic Ocean, fnew and NH4
+ were weakly positively correlated (ρ = 0.3, p-value <0.001). This positive 

correlation, which seems counterintuitive, may be due to elevated regeneration of NH4
+ following high 

biomass production that was fuelled predominantly by NO3
- (Rönner et al., 1983; Semeneh et al., 1998), 

which would have resulted in high values of δ15NSPM (and thus, fnew) coincident with elevated NH4
+ 

concentrations.  

Across the Southern Ocean, fnew was slightly positively correlated with SiO4
4- (ρ = +0.25, p-value < 0.001; 

Figure A.18). Since the availability of SiO4
4- controls the distribution of diatoms (Hoffmann et al., 2008), 
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which typically drive new production (Egge and Aksnes, 1992; Dugdale et al., 1995), and given that the 

fraction of micro-phytoplankton was strongly positively correlated with SiO4
4- (ρ = +0.70, p-value <0.001), 

the relationship of fnew to SiO4
4- is not unexpected. Consistently, fnew was also slightly positively correlated 

with micro-phytoplankton biomass (ρ = +0.40, p-value <0.001) and showed no relationship with nano-

phytoplankton biomass (Figure A.22c-d). The correlation of fnew to micro-phytoplankton biomass was high 

for the Antarctic, but weak for the Subantarctic Ocean (ρ = +0.56 and +0.28, respectively; Figure A.19 and 

Figure A.20). During a study conducted in Subantarctic waters south of Tasmania in summer, Elskens et al. 

(2002) similarly observed no relationship between phytoplankton community structure and new versus 

regenerated N uptake. Nonetheless, it is not a coincidence that the regions of our circumpolar transect 

characterized by a higher fnew were dominated by large diatoms. By contrast, low values of fnew occurred 

where nano-phytoplankton dominated, typically in open ocean waters. Here, low iron availability strongly 

limits diatom growth and their capacity to assimilate NO3
- (Timmermans et al., 2004), which leads to the 

development of regenerated N-fuelled systems dominated by nano-phytoplankton that are more competitive 

for scarce nutrients (Hare et al., 2007). 

2.4.5. Temporal trends in δ13CSPM and δ15NSPM differ among hydrographic 

zones due to latitudinal changes in the seasonal cycles of phytoplankton 

community composition and production 

Over the three-month ACE cruise (early summer to early autumn), δ13CSPM for the entire Southern Ocean 

decreased by ~4‰ and δ15NSPM decreased by ~5‰ (Figure A.8a-b; Table A.3). These trends may not be 

entirely due to temporal changes, however, given the complicating influence of regional factors such as 

proximity to islands and fronts. However, excluding all the stations influenced by the IME or the continents 

does not change the general patterns; on average δ13CSPM still decreased by ~4‰ and δ15NSPM decreased by 

~3‰ over the three-month period (Figure A.8c-d). The trends in δ13CSPM and δ15NSPM differed among zones, 

suggesting a latitudinal dependence of their driver(s). Throughout the sampling period, δ13CSPM remained 

stable in the STZ and SAZ while δ15NSPM decreased by ~4‰ and ~1‰, respectively. In the PFZ, both 

δ13CSPM and δ15NSPM by ~3‰ while in the SACCZ, δ13CSPM decreased by ~3‰ and δ15NSPM increased by 

~2‰. In the sBZ, the temporal gradients for δ13CSPM and δ15NSPM were positive and negative, respectively, 

although the time-series duration was only 12 days and as such, cannot be taken to show temporal changes. 
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During the cruise, SST in the STZ decreased by ~2°C and did not change in the SAZ, PFZ, and SACCZ 

(Figure A.9a). Similarly, pCO2 remained stable (Figure A.9b-c), such that the decrease in δ13CSPM cannot be 

attributed to changes in pCO2. 

Our estimates of fnew indicate that phytoplankton consumption of regenerated N relative to NO3
- increased 

with time in the STZ and SAZ where nano-phytoplankton dominated while the proportion of NO3
- 

consumption increased with time in the PFZ, SACCZ, and sBZ where micro-phytoplankton were generally 

more abundant (Figure A.10). The HPLC data show that over the three-month expedition, the contribution of 

nano-phytoplankton to total Chl-a remained stable (SAZ) or increased (STZ and PFZ) in the Subantarctic 

and decreased in the Antarctic where the fractional contribution of micro-phytoplankton increased (Figure 

A.11). For the whole Southern Ocean, the average contributions of the nano- and micro-phytoplankton were 

similar at the beginning of the cruise (51 ± 19% and 47 ± 20%, respectively, for the first two weeks) while 

by the end of the cruise, the nano-phytoplankton contribution to total Chl-a had decreased to 35 ± 21% and 

that of the micro-phytoplankton had increased to 65 ± 21%. The NH4
+ concentrations also changed over 

time, apparently declining in all the hydrographic zones (Figure A.12a). However, the input of terrestrial 

NH4
+ (e.g., derived from guano and/or faecal material from animal colonies on the islands) enhanced the 

NH4
+ concentrations in near-island waters, complicating our temporal analysis. Excluding the near-island 

data reveals that the open-ocean NH4
+ concentrations increased with time in all zones but the STZ where it 

declined (Figure A.12b). 

As conditions in the Southern Ocean become favourable for phytoplankton growth in spring/early summer, 

diatoms come to dominate the phytoplankton assemblage (e.g., Garibotti et al. 2005; Kopczyńska et al. 

2007; Alvain et al. 2008). This group uses both PEPk and RuBisCO for carboxylation (Arnelle and O’Leary, 

1992; Descolas-Gros and Oriol, 1992), which yields a low δ13C for their biomass (O’Leary, 1981; Guy et al., 

1989; Arnelle and O’Leary, 1992). They also tend to be NO3
- specialists (Eppley et al., 1969; Paasche et al., 

1984; Hildebrand and Dahlin, 2000), with the preferential consumption of this nutrient causing their biomass 

to be relatively high in δ15N (Altabet, 1988; Lourey et al., 2003; Fawcett et al., 2011, 2014). As the growth 

season progresses, iron and SiO4
4- become limiting, which, coupled with increased zooplankton grazing, 

decreases diatom productivity (Hunt and Hosie, 2006a, 2006b; Llort et al., 2015; Arteaga et al., 2020). 
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Generally, these conditions favour the growth of smaller phytoplankton, an upregulation of the microbial 

loop, and a (related) increase in NH4
+ availability and consumption (Christaki et al., 2021b; Smith et al., 

2022) since far less iron is required to assimilate NH4
+ than NO3

- (Price et al., 1991; Geider and La Roche, 

1994; Schoffman et al., 2016). As such, δ13CSPM should decline from the spring to reach a minimum at the 

end of the productive season (St John Glew et al., 2021) before rising through the late-summer and autumn 

due to an increase in the expression of PEPc:RuBisCO activity associated with increased nano-

phytoplankton growth (Descolas-Gros and Fontungne, 1990; Wada and Hattori, 1991; Bentaleb et al., 1998). 

At the same time, δ15NSPM should rise between spring and early-to-mid summer as a result of preferential 

NO3
- assimilation by large diatoms before decreasing again due to enhanced consumption of low-δ15N NH4

+ 

to reach a minimum in autumn (Lourey et al., 2003; Smart et al., 2020; St John Glew et al., 2021). However, 

it is unlikely that the seasonal cycles of the biogeochemical processes affecting δ13CSPM and δ15NSPM occur 

synchronously in each hydrographic zone. As such, we suggest that at the time of our sampling, the 

productive period was less advanced at the higher latitudes, which were dominated by diatoms relying on 

NO3
-, while at the lower latitudes, the seasonal cycle was more advanced and ecosystems were dominated by 

nano-phytoplankton consuming proportionally more NH4
+. 

In the SACCZ (and presumably also the sBZ), micro-phytoplankton (i.e., diatoms) dominated the 

assemblage and their relative contribution to total Chl-a increased with time (Figure A.11), as did fnew (Figure 

A.10). Regenerated NH4
+ progressively accumulated (Figure A.12b) due to increased bacterial 

remineralization of the accumulated biomass. As such, δ13CSPM decreased with time as a result of increasing 

PEPk (and RuBisCO) activity while δ15NSPM rose due to the continued dominant consumption of high-δ15N 

NO3
-. 

By the end of our sampling, the seasonal cycle had advanced further in the PFZ than the SACCZ. The micro-

phytoplankton contribution to total Chl-a had begun to decrease, with nano-phytoplankton biomass starting 

to increase (Figure A.11). Nonetheless, diatoms remained dominant throughout the sampling period (Figure 

2.5 and Figure 2.6; Figure A.11), maintaining high PEPk and RuBisCO activity and inducing a general 

decrease in δ13CSPM. At the same time, iron limitation would have caused higher reliance on regenerated 

NH4
+, resulting in the observed seasonal decline in δ15NSPM. That the NH4

+ concentration remained roughly 
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stable over time (Figure A.12b) is consistent with this N form being consumed as rapidly as it was produced, 

with a higher rate of production (i.e., remineralization) expected later in the season in response to the 

accumulation of biomass. That said, ambient NH4
+ concentration is not a particularly good measure of NH4

+ 

availability since the flux of this nutrient can be large while its concentration remains very low (e.g., Smith et 

al. 2022; Mdutyana et al. 2022).  

The SAZ phytoplankton community had evolved even more by the end of the cruise, towards an ‘autumn 

assemblage’ dominated by nano-phytoplankton (Figure A.11) and characterized by an fnew <50% (Figure 

A.10), indicative of dominant recycled N reliance (a notion supported by the decrease in NH4
+ 

concentration). The combined increase in nano-phytoplankton abundance and NH4
+ consumption would have 

been accompanied by an increase in the activity of PEPc relative to RuBisCO (Descolas-Gros and Fontugne, 

1985; Descolas-Gros and Oriol, 1992), yielding new biomass that was high in δ13C and low in δ15N. 

However, given the background δ13CSPM to which this new biomass was added (very low), along with the 

continued presence of some diatoms, the net effect by the end of our sampling of the addition of low-δ13C 

biomass was to arrest the decline in δ13CSPM rather than to reverse it (i.e., evidenced by the very weak 

decrease in δ13CSPM with time; Figure A.8c). By contrast, the δ15NSPM decreased due to enhanced assimilation 

of low-δ15N NH4
+ by the nano-plankton, including the remaining diatoms.  

In the STZ, the ecosystem had clearly shifted by the end of the cruise to one dominated by nano-

phytoplankton expressing proportionally more PEPc during carboxylation, consistent with the increase in 

δ13CSPM. At the same time, the observed decrease in NH4
+ concentration and strong decline in fnew (Figure 

A.12b; Figure A.10) suggest that the STZ had hosted a predominantly regenerated N-fueled ecosystem for 

some time, which explains the fairly weak temporal decrease in δ15NSPM (Figure A.8d). 

Our results indicate a latitudinal gradient in the seasonal cycle of phytoplankton community composition and 

production. The lower latitude zones appeared to have become regenerated production-dominated systems 

driven by nano-phytoplankton by the end of our sampling while the higher latitude zones were experiencing 

a proportional increase in new production and coincident rise in micro-phytoplankton biomass. This duality 

has implications for carbon export in the Southern Ocean, indicating that relative export potential increases 

over the growth season in the Antarctic but decreases in the Subantarctic. 
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2.5. Conclusions 

In this circum-Antarctic study, , which is the first of its kind, we sought to 1) better understand the drivers of 

δ13CSPM and δ15NSPM isoscape variability across the summertime Southern Ocean and 2) quantify carbon 

export potential across the Southern Ocean from measurements of δ15NSPM. In general, the latitudinal 

gradients in δ13CSPM and δ15NSPM were consistent with previous studies, with clear differences between the 

Subantarctic and Antarctic Oceans. As expected, δ13CSPM was highly dependent on seawater pCO2, with 

phytoplankton community composition helping to explain measurements of δ13CSPM that deviated from the 

expected relationship with pCO2. The observed trends in δ15NSPM were driven by the δ15N of the N sources 

available to phytoplankton and the extent of their reliance on new versus regenerated N. Phytoplankton 

community composition also played a role as some taxa specialize in NO3
- assimilation while others favour 

recycled NH4
+ consumption. In contrast to previous isoscape studies, this work highlights the significant 

influence of phytoplankton community dynamics on δ13CSPM and δ15NSPM. For instance, higher δ13CSPM and 

δ15NSPM usually coincided with high abundances of diatoms; for δ15NSPM, this relationship can be explained 

by enhanced NO3
- uptake while for δ13CSPM, a mechanistic understanding remains elusive.  

We employed a novel approach to determine relative carbon export potential using a two-endmember isotope 

mixing model that incorporated the Rayleigh equations for isotope fractionation during phytoplankton NO3
- 

uptake. Our derived values of fnew are consistent with previous summertime measurements of the f-ratio, 

which validates our approach, although we also note that different methods for estimating the f-ratio 

integrate over different time scales, making a direct comparison difficult. For example, f-ratios determined 

from 15N-tracer-based measurements of NO3
- and NH4

+ uptake (Joubert et al., 2011; Mdutyana et al., 2020) 

reflect the conditions of the water column at the time of sampling while our δ15NSPM-based approach 

integrates over weeks to months, and geochemical estimates (e.g., float-based measurements of NO3
- 

consumption) integrate over even longer periods. We estimate that on average, almost half of the carbon 

produced in Southern Ocean surface waters was potentially exported, with higher ratios near the 

(Sub)Antarctic islands and in regions of melting sea-ice, induced by an increase in phytoplankton growth 

rates and NO3
- uptake, likely in response to an input of iron. The onset of iron limitation should result in 

Southern Ocean phytoplankton consuming proportionally more NH4
+ as the growth season progresses 
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(Cochlan, 2008; Smith et al., 2022). As such, fnew is likely to have declined following our sampling. By the 

same logic, however, fnew would have been considerably higher at the beginning of the growth season, with 

most of the organic N then produced already exported by the time of our sampling. We thus conclude that 

our estimates of fnew provide a reasonable approximation of the fraction of NPP exported from the Southern 

Ocean surface during the summer growth period.  

Bulk SPM is easily sampled and δ13CSPM and δ15NSPM are already widely analysed. Here we show how 

δ15NSPM can be used in the framework of a simple isotope model to infer relative carbon export potential, an 

approach that could be applied to other ocean regions. We find that the δ15NNO3
− (source) is a critical variable 

that should be measured alongside δ15NSPM; indeed, the δ15NNO3
− (source) varies by >3‰ across the Southern 

Ocean, meaning that 3‰ of the variability in δ15NSPM could be explained by changes in NO3
- δ15N alone, 

before changes in new versus regenerated N uptake or phytoplankton community dynamics need to be 

invoked. As such, we recommend that studies using measurements of δ15NSPM (e.g., trophic analyses) 

consider the influence of δ15NNO3
− (source). 
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Chapter 3. A circum-Antarctic plankton isoscape II: zooplankton 

isotope niches and trophic structure across Southern Ocean 

hydrographic zones 

Supplementary information of this Chapter can be found in Appendix B. 

3.1. Abstract 

Phylogenetically and functionally diverse assemblages of zooplankton occupy different trophic levels in the 

marine food web, facilitating complex pathways of carbon flow through the trophic system, as well as carbon 

export to the ocean interior, which modulates atmospheric CO2. The Southern Ocean plays an important role 

in Earth’s climate system and carbon cycle, yet much remains unknown about the functioning of its 

planktonic ecosystems, which form the base of all Southern Ocean food webs. We recently showed, for 

samples collected across the Southern Ocean during the Antarctic Circumnavigation Expedition (ACE) 

during the austral summer 2016/2017, strong latitudinal gradients in phytoplankton community composition 

and carbon and nitrogen isotope ratios (δ13CSPM and δ15NSPM, where SPM denotes suspended particulate 

matter). To assess the influence of these phytoplankton trends on the zooplankton system and to investigate 

the large-scale variability in zooplankton ecology, we measured the δ13C and δ15N of numerous zooplankton 

species collected from the neuston layer at 28 stations sampled during ACE. Coupled with information on 

zooplankton taxonomy, these data were used to determine the isotopic niches of zooplankton communities 

and species-specific trophic positions in various hydrographic zones across the Southern Ocean. We 

observed a strong difference between the isotopic niches of Subantarctic and Antarctic Ocean zooplankton, 

implying that the trophic roles of Subantarctic first consumers were more herbivory, in contrast to the same 

zooplankton in the Antarctic that occupied higher trophic positions associated with omnivorous and 

carnivorous behaviour. One implication of this finding is that the zooplankton trophic web in the Antarctic 

may enable greater carbon export than that of the Subantarctic because the sinking of phytoplankton cells to 

the deep ocean is likely to be higher where there are less grazing (Antarctic) and lower where herbivory 

behaviour is predominant. As part of this study, we compared five possible δ15N baselines for trophic 

analysis and found that δ15NSPM is an appropriate baseline for assessing the trophic positions of zooplankton 

species over large spatial scales such as the major hydrographic zones of the Southern Ocean.  
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3.2. Introduction 

Phytoplankton and zooplankton play fundamental roles in sustaining marine life and modulating the climate 

(Longhurst and Glen Harrison, 1989). Phytoplankton produce organic biomass by fixing atmospheric carbon 

dioxide (CO2) during photosynthesis, the bulk of which is transferred to higher trophic levels through 

zooplankton grazing (Ducklow et al., 2001; Steinberg and Landry, 2017). However, a portion of this organic 

matter sinks into the ocean interior (i.e., either as individual phytoplankton cells or following aggregation 

into marine snow), facilitating the removal of atmospheric CO2 to deep waters where it can be stored for 

centuries (i.e., the biological pump; Volk and Hoffert 1985). Zooplankton, through their active vertical 

migration and the gravitational sinking of their faecal pellets, carcasses and crustacean moults, also facilitate 

organic carbon export to the deep ocean (Longhurst, 1991; Halfter et al., 2020, 2022; Nowicki et al., 2022). 

It has been proposed that the efficiency of this so-called ‘biological pump’ in different latitudinal zones of 

the Southern Ocean can be predicted from the trophic composition of the zooplankton communities 

(Pakhomov et al., 2000c). Zooplankton are mid-level trophic consumers that support higher consumers 

including fish, seabirds, and marine mammals (Rau et al., 1992b; Bost et al., 2009); as such, geographic and 

temporal fluctuations in zooplankton food sources, as well as how these impact on the feeding dynamics and 

overall structure of zooplankton communities, have implications for the entire marine food web. 

The Southern Ocean is a highly variable marine system due to the interplay of its numerous water masses, 

sea ice, and the atmosphere (Mayewski et al., 2009), which together determine its biogeochemical properties 

and the distribution of marine organisms (Henley et al. 2020 and references therein). The Southern Ocean 

can be divided into five major latitudinal hydrographic zones (Figure 3.1a-b) differentiated mainly by the sea 

surface temperature (SST) of their respective water masses (Orsi et al., 1995; Pollard et al., 2002; Chapman 

et al., 2020): three warmer zones form the Subantarctic Ocean at the lower latitudes, including the 

Subtropical Zone (STZ; SST of 20-10°C) located north of the Subtropical Front (STF), the Subantarctic 

Zone (SAZ; SST of 10-6°C) between the STF and the Subantarctic Front (SAF), and the Polar Frontal Zone 

(PFZ; SST of 6-4°C that is bounded by the SAF to is north and the Antarctic Polar Front (APF) to its south. 

The PFZ is characterized by high physical variability and is often considered the transition zone between the 

Subantarctic Ocean and the cooler waters of the Antarctic Ocean, the latter comprising the Southern 
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Antarctic Circumpolar Current Zone (SACCZ; SST of 4-0.7°C) between the APF and the Southern ACC 

Front (SACCF), which constitutes the southern edge of the ACC core and remains ice-free year-round, and 

the southern Boundary Zone (sBZ; SST of <0.7°C) of the ACC, which is partially sea-ice covered but still 

biologically active (Whitworth III and Nowlin Jr., 1987; Orsi et al., 1995; Pollard et al., 2002). 

Physico-chemical parameters such as temperature, salinity, oxygen, and micro- and macronutrient 

concentrations are typically homogeneous within the upper mixed layer of each zone (Orsi et al., 1995; 

Pollard et al., 2002) and play a central role in driving variability in plankton community composition 

(Atkinson et al., 2012a; Vereshchaka et al., 2021). Southern Ocean surface waters are generally iron-limited, 

except near the (Sub)Antarctic islands where iron-rich deep waters upwell to the surface (Sherrell et al., 

2018; De Falco et al., 2022) and terrestrial iron can be supplied via wind-blown dust and/or island run-off 

(Planquette et al., 2011). Due to perennial iron limitation of phytoplankton, open Southern Ocean surface 

waters host elevated concentrations of nitrate and phosphate year-round (Martin et al., 1990b; Hoffmann et 

al., 2008; Moore et al., 2013), with higher values in the Antarctic than the Subantarctic mixed layer (Janssen 

et al., 2020a). Nitrate and phosphate only become limiting to phytoplankton growth in the STZ in summer 

(Pollard et al., 2002). The concentrations of silicate are also higher in Antarctic waters, particularly south of 

the SACCF, but decrease rapidly northward/equatorward to near-zero values at the SAF where the growth of 

siliceous phytoplankton (i.e., diatoms) becomes silicate-limited during summer (Laubscher et al., 1993; 

Sullivan et al., 1993; Froneman et al., 1995; M. Franck et al., 2000; Pollard et al., 2002).  

We recently demonstrated that the summertime phytoplankton community composition varies across the 

Southern Ocean’s hydrographic zones: the communities in the lower latitudes (i.e., STZ and SAZ) were 

dominated by nano-phytoplankton and large dinoflagellates such as Ceratium spp., those in the PFZ were 

composed by the same proportions of micro- and nano-phytoplankton but with the large Fragilariopsis 

kerguelensis highly abundant, and those in the higher latitudes (i.e., SACCZ and sBZ) were dominated by 

micro-phytoplankton such as the diatoms Fragilariopsis spp. and Chaetoceros spp. (Chapter 2). Other 

studies have observed a similar latitudinal zonation in the phytoplankton community composition across the 

Indian sector of the Southern Ocean (e.g., Kopczynska et al. 1986; Wright et al. 1996). These trends suggest 

that the fronts of the Southern Ocean are biogeochemical and biological barriers to the distribution of 
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nutrients and marine species (Froneman et al., 1995, 2000; Pakhomov and McQuaid, 1996; Pakhomov et al., 

2000c; Bost et al., 2009), possibly leading to unique plankton trophic systems within each hydrographic zone 

that support different carbon cycles and marine food webs. 

The food web structure, the feeding ecology of various species, and the biogeochemical processes occurring 

in the oceans can be inferred from measurements of the stable isotope ratios of nitrogen (N) and carbon (C) 

(δ15N and δ13C, respectively; Peterson and Fry 1987; Fry 1988; Hansson et al. 1997). The δ13C of organic 

material provides information about the food source(s) being assimilated by consumers as different food 

sources often have distinct δ13C signatures (Herman et al., 2000). By contrast, the δ15N of organic matter is 

an indicator of the trophic level of the consumers in a food chain, as biomass δ15N becomes progressively 

higher with an increase in an organism’s trophic position (Peterson and Fry, 1987). The δ13C of 

phytoplankton is largely the result of discrimination between 13C and 12C (i.e., isotopic fractionation) during 

the carboxylation of CO2, and is also influenced by growth rate and community composition (Descolas-Gros 

and Fontungne, 1990; Fontugne et al., 1991; Rau et al., 1991a; Dehairs et al., 1997; Trull and Armand, 

2001). The δ15N of phytoplankton is set by the δ15N of the available N sources (e.g., nitrate and ammonium) 

and isotopic fractionation between 14N and 15N during N assimilation (e.g., Mariotti et al. 1981; Altabet and 

Francois 1994; Waser et al. 1998; Lourey et al. 2003; Granger et al. 2010; Lara et al. 2010; Somes et al. 

2010; Fawcett et al. 2011). Phytoplankton δ13C and δ15N are transmitted through the food chain, with 

isotopic enrichment from one trophic level to the next estimated to be 1‰ for δ13C and 2.3‰ for δ15N 

(McCutchan Jr et al., 2003; Schwamborn and Giarrizzo, 2015). 

The isotopic composition of suspended particulate matter (SPM) is often used in aquatic research as a proxy 

for phytoplankton and as baseline for the calculation of trophic position (TP, defined as the trophic level at 

which a consumer feeds; Post 2002). However, recent studies have discouraged the use of the δ15N of SPM 

(δ15NSPM) as a trophic baseline (Pakhomov et al. 2019 and references therein) because SPM constitutes a 

diverse mixture of particles including phytoplankton, bacteria, zooplankton, and detritus (e.g., Rau et al. 

1990). As such, SPM may incorporate two to three TPs by itself, leading some researchers to suggest that 

trophic studies involving stable isotopes should instead be normalized to the isotopic composition of the first 

consumers. 
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In ecological research, stable isotopes have been used extensively to characterize trophic niches (Layman et 

al., 2007, 2012). The trophic niche of a single species, community, or ecosystem represents a cumulative 

index of interactions between its members and the ecosystem (Elton, 1927) and is thus a good indicator of 

the properties of a habitat and trophic level (Leibold, 1995). Trophic niche can be inferred from isotopic 

niche (e.g., from a plot of organism δ13C versus δ15N; Layman et al. 2007) and quantitative measures of 

trophic niche can be used to verify ecological theory, probe trophic responses to anthropogenic perturbations, 

and disentangle the extent of overlap between different trophic niches (Layman et al., 2007; Schmidt et al., 

2007; Jackson et al., 2011). 

Here, we seek to investigate the trophic niche and structure of the zooplankton systems in each hydrographic 

zone of the Southern Ocean. Using the SPM as baseline, we undertake a traditional trophic-level analysis 

based on stable isotope measurements of zooplankton specimens collected during the Antarctic 

Circumnavigation Expedition (Walton and Thomas, 2018; Landwehr et al., 2021). To ascertain whether the 

SPM is an appropriate baseline for such analyses at the ocean-basin scale, we compared the trophic positions 

of zooplankton assessed using five potentially good baselines for trophic analysis. 

While a number of SPM isoscapes have been generated for the Southern Ocean (Espinasse et al. 2019; St 

John Glew et al. 2021; including Chapter 2), zooplankton stable isotope data are scarce and usually do not 

include inter-species differences, instead grouping species at higher taxonomic levels (e.g., Family/Order). In 

addition, most of the studies are restricted on a spatial scale/spatially (e.g., Brault et al. 2018; Walsh and 

Reiss 2020). There is therefore a need to develop larger-scale zooplankton isoscapes developed coincident 

with measurements of the stable isotopes of SPM that can be used to infer variations in ecosystem niches 

(e.g., Polito et al. 2013) and, ultimately, to provide eco-geochemical tools that can be used to reconstruct 

dietary histories in the Southern Ocean and animal movements within and among zones. 

Using measurements of the δ13C and δ15N of zooplankton collected from every hydrographic zone of the 

Southern Ocean in austral summer and interpreted in the context of SPM δ13C and δ15N (δ13CSPM and 

δ15NSPM) isoscapes generated for the same ACE cruise (Chapter 2), we aim to answer the following 

questions: 
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1. Given the latitudinal gradients in the Southern Ocean SPM δ13C and δ15N isoscapes described in 

Chapter 2, do the δ13C and δ15N of simultaneously collected zooplankton reflect the spatial 

variability in the isotopic composition of their food source(s)?  

2. If the δ13C and δ15N of the zooplankton track the SPM isoscapes, is SPM a suitable baseline for 

zooplankton trophic analysis? 

3. Do the trophic positions and isotopic niches of zooplankton differ between the Southern Ocean’s 

hydrographic zones?  
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Figure 3.1 a) Cruise transect and station positions during the Antarctic Circumnavigation Expedition (ACE). The 

white/black dots indicate Neuston collection stations, the black line shows the cruise transect, and the numbers are 

station identifiers. Islands and land masses are labelled as follows: PEIs = Prince Edward Islands archipelago, Crzt = 

Crozet Island, Krgln = Kerguelen Island, Hrd = Heard Island, DR = Diego Ramirez Island, SG = South Georgia Island, 

and SS = South Sandwich Island. Line colours correspond with the various hydrographic fronts: yellow = Subtropical 

Front (STF), orange = Subantarctic Front (SAF), red = Antarctic Polar Front (APF), purple = Southern Antarctic 

Circumpolar Current Front (SACCF). b) Distribution of monthly-averaged satellite-based chlorophyll-a concentrations 

(mg m-3; level-3 Chl-a from the Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua satellite product 

(https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Monthly/4km/chlor_a/) at 4 km spatial resolution) and 

monthly average frontal positions (coloured lines) during the cruise. The black line shows the cruise transect and the 

orange dots indicate stations where taxonomic analyses of samples were undertaken, with the dot size indicating 

zooplankton abundance (Ind. m-3). Also shown are the surface (i.e., ~5 m) c) δ13CSPM [‰] and d) δ15NSPM [‰] for 

suspended particulate matter (SPM) collected during the cruise (Chapter 2), as well as zooplankton e) δ13C [‰] and f) 

δ15N [‰] for samples collected using a Neuston net.  
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3.3. Materials and methods 

3.3.1. Sample collection 

Samples were collected during the Antarctic Circumnavigation Expedition (ACE) conducted during austral 

summer of 2016/2017 on board the Russian polar vessel R/V Akademik Treshnikov (Академик Трёшников) 

(Figure 3.1a) (Walton and Thomas 2018; Landwehr et al. 2021). The expedition was divided into three legs: 

Leg1 in the Indian sector between Cape Town and Hobart (24th December 2016 – 17th January 2017); Leg2 

in the Pacific sector between Hobart and Punta Arenas (23rd January – 19th February 2017); and Leg3 in the 

Atlantic sector between Punta Arenas and Cape Town (26th February – 16th March 2017). Leg1 and Leg3 

crossed the open Southern Ocean sectors zonally and purposefully sampled near the islands including Prince 

Edward, Crozet, Kerguelen, and Heard Islands (Leg1), and South Georgia, South Sandwich Islands and 

Bouvet Island (Leg3). Leg2 closely followed the Antarctic continent coastline, crossing the marginal ice 

zone and transiting near Balleny, Scott, Siple, Peter 1st, and Diego Ramirez Islands. Sampling for 

zooplankton was conducted at eight stations on Leg1, 11 on Leg2, and nine on Leg3 (in total of 28 stations). 

In this study, we used samples that were originally collected for the determination of microplastic 

concentrations, using a Neuston net (200 µm mesh) towed horizontally at the surface for 15 minutes at an 

average speed of ~2 knots (Suaria et al., 2020). Samples were preserved in 70% ethanol and stored in glass 

jars at room temperature until analysis. The zooplankton collected in the Neuston net represent the surface 

community present at the time of sampling, which may include/exclude specimens and species that vertically 

migrate into/out of the surface layer. The sampling approach thus precluded consideration of diel vertical 

migration of zooplankton. As such, we do not treat our results as quantitatively representative of the plankton 

community present in the upper water column. Instead, our data represent the neuston zooplankton 

communities associated with the surface SPM that was sampled coincidentally and is described at length in 

Chapter 2.  

From the underway seawater supply (intake at ~4.5 m), SPM and micro-phytoplankton (>20 µm) samples 

were collected by filtering surface seawater through pre-combusted (450°C for 8 hr) 0.3 µm glass fibre filters 

(GF-75s; Sterlitech) and 20 µm clean nylon filters, respectively, at 341 underway stations along the ACE 

transects and at 34 stations where CTD casts were also made (refer to Chapter 2 for details on SPM and 
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micro-plankton sample collection and preservation). All the Neuston net stations coincided with a CTD cast 

station at which SPM and micro-plankton were collected, but not vice versa. 

Taxonomic identification of zooplankton was conducted in a shore-based laboratory using a ZEISS Stemi 

508 stereo microscope and ZEISS Primo Star phase-contrast microscope following Boltovskoy’s taxonomic 

key (Boltovskoy, 1999) (Figure 3.2). Specimens were identified and enumerated from 19 stations only as the 

material collected at stations 8, 43, 49, 55, 88, 91, 92, 93, and 101 was not sufficiently preserved to perform 

a full taxonomic analysis. However, specimens were collected for stable isotope analysis at all 28 stations, 

although there were sometimes insufficient specimens available for reliable species-specific isotope analysis. 

As such, the taxonomic and stable isotope data are not always coinciding. Zooplankton taxa were identified 

to the species level or to the lowest possible taxonomic level for samples where sample preservation was 

inadequate (e.g., Chaetognatha, Ostracoda, Euphausiacea, Thaliacea, Clausocalanidae). Where possible, 

Amphipoda (Figure 3.2a-d) and Copepoda (Figure 3.2g-i) were also identified to the developmental stage 

level. For isotope analysis only, whenever different species of Amphipoda or Copepoda could not be 

identified, they were analysed collectively and labelled as ‘mixed-amphipods’ and ‘mixed-copepods’, 

respectively. Likewise, specimens of Euphausiacea were grouped as ‘mixed-euphausiids’ (Figure 3.2m) 

and/or size-fractionated into five size classes based on total body length (i.e., krill 0-5, 5-10, 10-20, 20-50, 

and >50 mm) by direct measurement of the specimens using a calibrated stage micrometre. Copepoda 

specimens were also size-fractionated into two size classes based on their total length (i.e., mixed-copepods 

200-500 and >500 µm). Nauplii of Copepoda were sorted and measured separately according to their 

morphology, with specimens falling into two main groups, putative nauplii of Pontellidae (‘Nauplii*’; Figure 

3.2g) and a mixed group of smaller nauplii that excludes the Nauplii* (‘Nauplii’). In addition, juveniles of 

the amphipod Themisto gaudichaudii were labelled as ‘Themisto-J’ (Figure 3.2a). All counts were converted 

to abundances of individuals per volume of water filtered (Ind. m-3). 

Zooplankton specimens for stable isotope analysis were processed four years after their collection. They 

were sorted using cleaned tweezers, then rinsed with Milli Q water to remove all traces of ethanol. The 

carbonate shells of the thecate Pteropoda were manually removed to avoid biasing the δ13C of the soft tissue 

(Mateo et al., 2008). While most of the zooplankton specimens were placed directly onto pre-combusted foil, 
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some of the smaller gelatinous plankton (e.g., Thaliacea, Chaetognatha, and Hydrozoa) were transferred onto 

pre-combusted glass fibre filters that were analysed with the zooplankton specimens. All samples were then 

freeze-dried (Scanvac Coolsafe 55-4 cooling trap) for 24h at -60°C. The non-filter samples were ground 

using a clean mortar and pestle, with subsamples of the ground material (0.35 -0.5 mg, with a minimum 

weight for reliable isotope measurements of ~0.25 mg) and the filters were transferred into tin cups for 

isotope analysis. 

Analyses were conducted using a Flash 2000 elemental analyzer coupled to a Delta V Plus isotope ratio mass 

spectrometer (IRMS) in the Stable Light Isotope Laboratory at the University of Cape Town. Three in-house 

standards, calibrated against IAEA reference materials, were included in each IRMS run along with several 

blanks (unused pre-combusted filter + tin capsule or tin capsule alone). The detection limit was 2 μg for C 

and 1 μg for N, and precision was ± 0.2‰ for C and N. Results are expressed in standard unit notation as 

follows:  

 δX (‰) =
(Rsample − Rstandard)

Rstandard
x 1000 (Eqn. 3.1) 

where X is 13C or 15N and R is the ratio of 13C/12C or 15N/14N, with Rstandard = 1.07% for C and 0.366% for N. 

The δ13C and δ13C data are reported relative to Vienna-PeeDee Belmnite and N2 in air, respectively.  

The δ13C data were not corrected for the presence of high concentrations of lipids (as per Post et al. 2007) 

given that preservation in ethanol decreases sample lipid content due to dissolution (Arrington and 

Winemiller, 2002; Sarakinos et al., 2002; Sweeting et al., 2004; Syväranta et al., 2008; Ventura and 

Jeppesen, 2009). Nevertheless, it has been shown that ethanol does not alter the δ13C or δ15N of zooplankton 

tissue (Hobson et al., 1997; Sarakinos et al., 2002; Syväranta et al., 2008). With the exception of the thecate 

Pteropoda (see above), we analysed whole organisms that had been homogenized, which means that our 

measurements include stomach contents, chitin, and muscular tissue. While some researchers depurate 

organisms after collection to eliminate potential isotopic biases associated with gut contents and endo- or 

exoskeletons (Peterson and Fry, 1987; Gorokhova and Hansson, 1999; Ventura and Catalan, 2008; Hill and 

McQuaid, 2011; Seyboth et al., 2018), this is not always possible for smaller zooplankton specimens. 
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Nevertheless, we expect small gut contents in the zooplankton specimens because a long-term net sampling 

exposes organisms to additional stress and physical damages that raises gut evacuation by regurgitation 

(Lusher et al. 2017 and references therein). In any case, gut contents do not appear to influence the δ15N of 

zooplankton (Hill and McQuaid, 2011). In addition, we did not correct for the potential effect of gut contents 

and skeletal material on zooplankton δ13C due to uncertainties in the endmembers required to make such a 

correction, and because chitin correction appears not to have any effects on either the zooplankton δ15N or 

δ13C (Ventura and Catalan, 2008). 

3.3.2. Baselines and assessment of trophic position  

Because of our large SPM dataset, we used δ15NSPM as the baseline to derive the TPs of zooplankton species 

at all the stations occupied during the ACE cruise. However, the use of δ15NSPM as a trophic baseline has 

been questioned because it can be highly variable in space and time due to small-scale biogeochemical and 

hydrographic forcings, meaning that δ15NSPM may not accurately represent the food source to zooplankton 

(Zanden and Rasmussen, 1999; Puccinelli et al., 2018). As such, we derived the TPs of zooplankton using 

five different baselines: (1) δ15NSPM in surface waters (Figure 3.1d; described in detail by Chapter 2); (2) the 

theoretical δ15N for phytoplankton biomass produced as a result of nitrate assimilation (δ15Nnew), calculated 

using the Rayleigh model for isotope fractionation, with the in situ nitrate concentration and δ15N as 

constraints, as detailed in Chapter 2. This choice of baseline assumes that the extent to which phytoplankton 

consume the subsurface nitrate supply sets the δ15N of the plankton system; (3) the δ15N of large (>20 μm) 

diatoms (diatom-δ15N) collected during the ACE cruise (Forrer, 2021) given that diatoms dominated the 

phytoplankton biomass from the SAZ to the sBZ during ACE; and the δ15N of the primary consumers, 

represented by (4) Salpidae (salp-δ15N) or (5) the small Copepoda size class (i.e., mixed-copepods 200-500 

µm; copepods-δ15N). Salpidae and small Copepoda are supposedly herbivores, which means they should 

have the lowest δ15N of the zooplankton specimens collected (Cherel et al., 2008; Richoux and Froneman, 

2009; Stowasser et al., 2012; Ménard et al., 2014). Because Salpidae were not present at every station (i.e., 

we collected only two specimens in the STF and PFZ and six in the SACCZ), combined with the fact that we 

found no significant difference in salp-δ15N among hydrographic zones (Kruskal-Wallis, p-value > 0.05), we 

use the averaged salp-δ15N as baseline (4) across the transect. 
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A baseline comparison was undertaken for the stations at which data were available for most of the baseline 

options. Baselines (1) to (4) were all assessed at Neuston stations 2, 8, 16, 19, 20, 21, and 22. However, 

copepods-δ15N was only analysed at four of these stations (i.e., stations 2, 16, 19, 22) so that we cannot use 

copepods-δ15N as a baseline at stations 8, 20, and 21. 

The TP of each sample was calculated following Deniro and Epstein (1981) as: 

 TP =
δ15Nconsumer −  δ15Nbaseline

TEF
+ b (Eqn. 3.2) 

where b = 1 if the baseline is a primary producer and b = 2 if the baseline is a primary consumer, δ15N consumer 

and δ15Nbaseline are the δ15N of the zooplankton specimen and the baseline, respectively (DeNiro and Epstein, 

1981; Vander Zanden et al., 1997), and TEF is the trophic enrichment factor (2.3‰; McCutchan Jr et al. 

2003; Schwamborn and Giarrizzo 2015). Here, we used a TEF of 2.3‰ for 15N based on the meta-analysis 

by McCutchan et al. (2003), which suggested that this value is more representative of the average TEF 

across different taxa and conditions than the commonly used value of 3.4‰, which was derived from a more 

limited study by Minagawa and Wada (1984). This choice means that the TPs calculated will be higher than 

those obtained using a TEF of 3.4‰. 

3.3.3. Layman metrics: isotopic niche assessment 

Isotopic niches were defined using the geometric approach of Layman et al. (2007) who defined a series of 

metrics related to niche structure based on carbon and nitrogen isotope measurements (convex hull or 

polygonal areas based on δ15N and δ13C) of individuals to entire communities. These metrics include: 

1. δ15N-range, which provides information on the vertical structure of a food web; 

2. δ13C-range, which gives an estimate of the diversity of basal resources and niche diversity; 

3. total area (TA) of the convex hull encompassing the data points, which is a proxy for the extent of 

trophic diversity within a food web; 

4. mean distance to centroid (CD), which provides a measure of the average degree of trophic diversity 

within a food web; 
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5. mean nearest neighbour distance (MNND), which yields a measure of density and clustering of 

species within the community (i.e., niche divergence); and 

6. standard deviation of the nearest neighbour distance (SDNND), which is a measure of the evenness 

of spatial density and data spread. 

The six Layman metrics are standard arguments for describing the isotope niches of ecological communities. 

For instance, we still display their values for report proposals even though we do not use the CD, MNND, or 

SDNND for the proposes of this study. 

3.3.4. Supporting data products 

Daily high-resolution SST (GHRSST) level-4 data on a global 0.054° grid from the Operational Sea Surface 

Temperature and Sea Ice Analysis (OSTIA) database (https://podaac.jpl.nasa.gov/dataset/UKMO-L4HRfnd-

GLOB-OSTIA; UKMO 2005) were used to determine the averaged the positions of the major hydrographic 

fronts during the 3 months of cruise using the definitions of Orsi et al. (1995) (Figure 3.1a-b). 

Monthly averaged (24th December 2016 - 16th March 2017) level-3 Chl-a concentrations from the Moderate 

Resolution Imaging Spectroradiometer (MODIS) Aqua satellite product 

(https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Monthly/4km/chlor_a/) at a 4-km spatial 

resolution were used to visualize the phytoplankton biomass distribution across the Southern Ocean at the 

time of the cruise (Figure 3.1b). 

3.3.5. Statistical analysis 

Data were analysed using a combination of tools and software, including R for statistical analysis (R Core 

Team, 2018) and ODV (Schlitzer, 2021) for data visualization. To compare the δ13C and δ15N of zooplankton 

taxa within and among regions, we used an analysis of variance (ANOVA) and multiple paired Student t-test 

with Bonferroni adjustment (Armstrong, 2014). Because of the relatively small size of our dataset (<30 

stations), some taxa were analysed using the non-parametric Kruskal-Wallis and Wilcoxon tests. When data 

are sub-grouped according to geographical region (i.e., hydrographic zones: STZ, SAZ, PFZ, SACCZ, sBZ; 

or ocean: Subantarctic versus Antarctic), values are reported as average (mean ± 1SD) or median (medianQ1
Q3

 

or median ± IQR where Q1 = first quartile, Q3 = third quartile, and IQR = interquartile range which is 
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defined as Q3-Q1). Linear regression model (lm) analysis of zooplankton observations was conducted using 

the stats R-package. 

3.4. Results 

3.4.1. Zooplankton abundances and distribution around the Southern Ocean 

From the neuston layer of the water column, we collected different life stages of various Copepoda including 

Calanus propinquus, Calanus simillimus, Candacia varicans (sensu lato), Clausocalanus spp., 

Clausocalanus laticeps, Metridia gerlachei, Metridia lucens, Microcalanus spp., Oithona spp., Oncea spp., 

Paraeuchaeta antarctica, and a few unidentified species. We also sampled two genera of Amphipoda, 

Themisto gaudichaudii (Figure 3.2a-b) and Cyllopus spp. (likely C. lucasi and C. magellanicus; Figure 3.2c-

d), four groups of Pteropoda including the shelled Creseis spp., Limacina helicina antarctica (Figure 3.2q)., 

and Clio pyramidata (Euthecosomata; Figure 3.2r), and the two naked species, Spongiobranchaea australis 

and Clione limacina antarctica (Gymnosomata). Other plankton groups included Appendicularia (e.g., 

Frittillaria spp. and Oikopleura spp.), Chaetognatha, Enteropneusta, Euphausiacea (Figure 3.2m), 

Foraminifera (Figure 3.2n), Hydrozoa, larvae of Lepadiformes (Figure 3.2o), Ostracoda (Figure 3.2p), fish 

larvae, Radiozoa, Thaliacea (e.g., Doliolida and Salpida; Figure 3.2s-t), and planktonic Polychaeta 

(Tomopteris spp.; Figure 3.2u).  
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Figure 3.2 Zooplankton taxa collected during the Antarctic Circumnavigation Expedition. Micrographs were taken 

using a ZEISS Axiocam ERc 5s mounted on a ZEISS Stemi 508 stereo microscope (by Luca Stirnimann). (a) Juveniles 

(Themisto-J) and (b) adult of Themisto gaudichaudii; (c) Cyllopus magellanicus s.l.; (d) Cyllopus lucasi s.l.; (e) 

Oikopleura spp.; (f) Chaetognatha; (g) suspected nauplius of Pontellidae (Nauplii*); (h) Pontellidae s.l.; (i) Calanidae 

CIV; (j) Calanus spp. (female); (k) Paraeuchaeta antarctica; (l) Metridia spp.; (m) Euphausiacea (mixed-euphausiids); 

(n) Foraminifera; (o) Lepadiformes larva (Cirripedia); (p) Ostracoda; (q) Limacina helicina antarctica; (r) Pteropoda 

thecosomata; (s) Doliolida; (t) Salpida; (u) Tomopteris spp; (v) eudoxid of Abylopsis eschscholtzi. Different size bars 

scales are included in each panel.  
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Neustonic zooplankton abundance (median of 57.33.1
106.0 Ind. m-3) varied among stations, with the number of 

specimens per sample ranging from comparatively few (e.g., at the mouth of the Ross Sea (station 54) where 

only 90 specimens of Oikopleura spp., one Hydrozoa, and three Euphausiacea (10-20 mm) were collected) to 

richer samples such as near Heard Island, where the sample contained 1150 specimens (station 19; Figure 

3.1b). Abundances were generally lower at open ocean stations, with six stations characterised by <5 Ind. m-3 

(stations 20B, 21, 22, 54, 67, 68). At five stations near land (i.e., stations 2, 25, 56, 73, and 77 near the Prince 

Edward Islands, Diego Ramirez Islands, Antarctic coast, and South America), zooplankton abundances 

ranged from 60 to 100 Ind. m-3, and hotspots of even higher abundances were observed near and downstream 

of Kerguelen and Heard Islands (stations 16, 19, and 20 with 143.7, 1189.1 and 143.5 Ind. m-3, respectively) 

as well as near Tasmania (station 23; 120.8 Ind. m-3) and east of Siple Island (station 67; 540 Ind. m-3). 

High variability made the assessment of general patterns in the composition and distribution of the neuston 

challenging. Excluding station 54 where Copepoda were absent, their abundances ranged from 0.03 (station 

22) to 1182.2 Ind. m-3 (station 19), becoming the most abundant taxon (>75% of all specimens) at 14 stations 

(Figure 3.3a and Table B.1), with relative contributions across the transect that ranged from 8.0 to 99.6% 

(median of 79.1 ± 24.6%). At station 94 between South Sandwich and Bouvet Islands, Radiozoa and 

Pteropoda dominated the neuston (15.7 and 11.4 Ind. m-3, 51.4 and 37.4%, respectively); near the Prince 

Edward Islands, fish larvae were dominant (46.6 Ind.m-3, 51.6%; station 2); and near Tasmania and South 

America, low abundances but high contributions of Euphausiacea and Hydrozoa (0.02 and 0.02 Ind. m-3, 

27.8 and 27.8%, respectively; station 22) and Appendicularia (1.3 Ind. m-3, 50.9%; station 78) were found. 

Grouping the stations by hydrographic zone (where the sampling stations were considered as replicates 

within each hydrographic zone, and absent species were counted but with null abundance), the average 

Copepoda abundance varied from 28.2 ± 24.8 (mean ± 1SD; SAZ) to 303.1 ± 478.3 Ind. m-3 (SACCZ), 

contributing 63.4% in the SAZ to 97.7% in both the STZ and SACCZ (Figure 3.3b and Table B.2), noting 

that we sampled only two stations in each of the STZ and sBZ, versus four or five stations in the other zones. 

Fish larvae were particularly abundant in the SAZ, averaging 9.3 ± 20.8 Ind. m-3 (21.0%; Figure 3.3b and 

Table B.2). All other taxa averaged <5 Ind. m-3 in each zone. 
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Figure 3.3 Composition of the zooplankton community sampled in the neuston layer during the Antarctic 

Circumnavigation Expedition. (a) Percent contribution of zooplankton taxa at each station, where numbers on the x-

axes refer to the stations and their font colour refers to the hydrographic zone: yellow = Subtropical Zone (STZ), orange 

= Subantarctic Zone (SAZ), red = Polar Frontal Zone (PFZ), dark blue = Southern Antarctic Circumpolar Current Zone 

(SACCZ), and light blue = southern Boundary Zone (sBZ). Horizontal lines on the x-axis denote each leg of the cruise. 

(b) Average abundances (Ind. m-3) of zooplankton taxa in each hydrographic zone. For panel (b), data were assessed 

considering each sampling station as single replicate for the relative hydrographic zone, and the absent species were 

counted as null abundance. Note that the y-axis is non-linear and vertical error bars = 1SD. 
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At the species level, Oithona spp. and Clausocalanidae (i.e., Microcalanus spp. and Clausocalanus spp.) 

were most abundant at 9 stations. Abundances of Oithona spp. ranged from 0.1 to 482.6 Ind. m-3 (50 to 95% 

of all individuals) at six stations distributed across the transect including near Kerguelen Island (station 16; 

96.3 Ind. m-3, 52.0%) and downstream of Heard Island (station 19; 482.6 Ind. m-3, 40.6%). Clausocalanus 

spp. were also particularly abundant downstream of Heard Island (station 19; 534.2 Ind. m-3, 44.9%) and 

Microcalanus spp. near Tasmania and Peter 1st Island (stations 23 and 68; 115.6 and 104 Ind. m-3, 95.6 and 

20.1%). 

By hydrographic zone, adults of Oithona spp. constituted 32.5 ± 32.5, 45.4 ± 23.4, and 156.3 ± 93.7 Ind. m-3 

of the zooplankton sampled in the sBZ , PFZ, and the SACCZ respectively (92.3, 60.2 and 50.2%), while in 

the SAZ, and STZ, they accounted for <20% (Table B.3). Clausocalanidae (i.e., Clausocalanus spp. and C. 

laticeps) were abundant in the SACCZ (95.6 ± 93.1 Ind. m-3, 30.1%). In the STZ, most of the Copepoda were 

Microcalanus spp., which were particularly abundant at station 23 (58.0 ± 57.8 Ind. m-3, 95%; Table B.3). 

Adult C. varicans (sensu lato), P. antarctica, M. gerlachei, Oncaea spp., and C. propinquus were the least 

abundant Copepoda across the transect (0.1 to 0.9 Ind. m-3). 

Among the non-copepod community, Amphipoda, Pteropoda, Radiolaria, Appendicularia (Oikopleura spp. 

and Frittillaria spp.), and fish larvae were the most abundant taxa, and were unevenly distributed among 

stations and Legs (Table B.1 and S2). Juvenile and adult T. gaudichaudii were generally the dominant 

Amphipoda, particularly near Tasmania, downstream of Heard Island and South America, and along the 

Antarctic coast (0.01 to 12.1 Ind. m-3). L. helicina antarctica were the most abundant Pteropoda, particularly 

in the SACCZ on Leg3 (station 94, 11.4 Ind. m-3). Pteropoda Thecosomata, such as Clio recurva, C. 

pyramidata f. martensi, and C. pyramidata f. sulcata were mainly encountered during Leg1 and Leg3, with 

abundances ranging from 0.01 to 11.4 Ind. m-3. Spongiobranchia australis was the only Gymnosomata 

pteropod sampled and was present only at station 23 (0.7 Ind. m-3). We found the hydrozoan Physalia 

physalis near Tasmania (0.03 Ind. m-3, station 23), eudoxid of Abylopsis eschscholtzii at station 54 (0.02 Ind. 

m-3; Figure 3.2v), unidentified Cnidaria downstream of Heard Island and along Leg1 (0.02 to 0.2 Ind. m-3; 

stations 16, 20, and 21), while the Scyphozoa were found near South America (0.03 Ind. m-3; station 77). The 
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planktonic Polychaeta Tomopteris spp. were sampled only near the Prince Edward Islands and the Diego 

Ramirez Islands (0.02 and 1.7 Ind. m-3, respectively). 

3.4.2. Zooplankton isoscapes around the Southern Ocean 

In total, 327 zooplankton specimens from 47 taxa were collected and processed for δ13C and δ15N, with 

values for the entire dataset ranging from -33.2 to -12.6‰ (median of −24.6−28.4
−22.1‰) and -4.1 to 12.7‰ 

(median of 4.12.7
5.9‰), respectively (Figure 3.1e-f). The median δ13C and δ15N for the entire zooplankton 

community at each station ranged from -30.5 to -20.5‰ (−24.1−27.9
−22.9‰) and -2.2 to 10.0‰ (3.83.1

5.0‰), 

respectively, with the trend in δ13C across the transect generally opposite that of δ15N. For instance, 

zooplankton δ13C was low near Siple and Peter 1st Island (−28.2−30.1
−26.7‰) and downstream of the South 

Sandwich Islands (−29.7−30.5
−27.0‰) while δ15N was high (5.34.6

6.9 and 4.32.4
5.6‰, respectively). Zooplankton δ13C 

was notably elevated near Crozet Island and off Tasmania (−20.8−22.4
−20.4 and −20.9−21.8

−20.0‰, respectively), and 

at one station in the open PFZ (station 20; −21.9−24.1
−20.7‰). Maxima in δ15N occurred at the mouth of the Ross 

Sea (7.34.1
8.6‰) and near the South Sandwich Islands (although we note that only the larger size class of 

Copepoda (>500 µm) was measured here; δ15N = 10.0 ± 4.0‰; mean ± 1SD), while δ15N minima were 

observed at the lower latitudes, such as near South America and South Africa (+0.2−1.3
+2.8‰). 

Over 340 samples (excluding duplicates) were measured for bulk δ13CSPM and δ15NSPM (Figure 3.1c-d; 

Chapter 2). Both δ13CSPM and δ15NSPM decreased latitudinally, with clear differences between the Subantarctic 

and Antarctic Oceans (Figure 3.4a-b). The trends in δ13CSPM and δ15NSPM were driven mainly by the partial 

pressure of CO2 and the dominant nitrogen source consumed by phytoplankton (i.e., nitrate versus recycled 

ammonium), respectively. Both δ13CSPM and δ15NSPM were higher near the islands and in the vicinity of sea 

ice, which we attribute to increased phytoplankton productivity and nitrate consumption in these waters 

driven mainly by the alleviation of iron limitation, possibly augmented by the assimilation of high-δ15N 

ammonium supplied via terrestrial run-off at the islands (Chapter 2). 

 

 



A circum-Antarctic plankton isoscape II: zooplankton isotope niches and  

trophic structure across Southern Ocean hydrographic zones 

- 126 - 

 

3.4.3. Latitudinal gradients in zooplankton δ13C and δ15N  

3.4.3.1. Bulk zooplankton community trends 

We observed a clear gradient in the δ13C of the bulk zooplankton community between the Subantarctic and 

the Antarctic Oceans, decreasing from a mean ± 1SD ([medianQ1
Q3

]) of -22.9 ± 3.5‰ [−23.2−24.6
−20.8‰] to -26.9 

± 3.6‰ [−28.0−29.4
−24.8‰] (t-test, p-value < 0.001; Figure 3.4a). In contrast, δ15N was significantly lower in the 

Subantarctic (3.3 ± 2.7‰ [3.32.2
5.3‰]) than the Antarctic Ocean (5.0 ± 2.3‰ [4.63.7

6.6‰]) (t-test, p-value < 

0.001; Figure 3.4b). 

Zooplankton δ13C decreased from the STZ (-20.8 ± 1.3‰ [−20.7−21.9
−20.2‰]) to the SACCZ (-27.8 ± 2.8‰ 

[−28.6−29.8
−26.7‰]) (pairwise t-test with Bonferroni adjustment, p-values < 0.05) where values reached a 

minimum between 55°S and 60°S (-27.2 ± 2.7‰ [−27.0−29.3
−25.3‰]) (Figure 3.4c, e; Table 3.1). The δ13C of 

zooplankton in the PFZ and the SAZ were comparable (t-test; p-values = 1; -23.8 ± 3.4‰ [−23.9−26.4
−21.4‰] 

and -22.7 ± 4.1‰ [−23.3−24.7
−22.5‰], respectively) with slightly lower values in the sBZ (-25.4 ± 4.2‰ 

[−26.7−28.7
−22.2‰]; although higher than in the SACCZ; t-tests; p-value < 0.01). Zooplankton δ15N decreased 

from the STZ (4.4 ± 1.7‰ [4.42.9
6.1‰]) to the SAF (2.2 ± 2.3‰ [2.40.1

3.5‰]) (pairwise t-test, p-value < 0.01) 

where values reached a minimum (pairwise t-test, p-values < 0.01; Figure 3.4d, f; Table 3.1) before 

increasing southwards to a maximum in the sBZ (6.2 ± 2.3‰ [6.44.3
7.2‰]; pairwise t-test, p-values < 0.001). 

Zooplankton δ15N values in the PFZ and the SACCZ (3.1 ± 3.2‰ [3.81.8
5.2‰] and 4.3 ± 2.3‰ [4.02.9

5.3‰], 

respectively) were similar to those measured in the SAZ (pairwise t-test, p-values < 0.01). 
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Figure 3.4 Latitudinal distribution of (a, c, e) δ13C [‰] and (b, d, f) δ15N [‰] for zooplankton (circles) and SPM 

(opaque diamonds) samples collected from the neuston layer during the Antarctic Circumnavigation Expedition. Panels 

a and b show data coloured according to Subantarctic (yellow) and Antarctic (blue) Ocean, while panels c-f show data 

coloured according to hydrographic zone: STZ = Subtropical Zone (yellow), SAZ = Subantarctic Zone (orange), PFZ = 

Polar Frontal Zone (red), SACCZ = Southern Antarctic Circumpolar Current Zone (dark blue), and sBZ = southern 

Boundary Zone (light blue). Boxplots (panels e and f) show medians (thick horizontal lines), interquartile range (IQR = 

50% of the data; box within first and third quartiles), and whiskers (1.5 times the IQR). 
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Table 3.1 δ13C [‰] and δ15N [‰] of zooplankton collected during the Antarctic Circumnavigation Expedition, 

presented by hydrographic zone: STZ = Subtropical Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal Zone, 

SACCZ = Southern Antarctic Circumpolar Current Zone, and sBZ = southern Boundary Zone. n = number of 

observations (specimens), min and max = minimum and maximum values, Q1 = first quartile, Q3 = third quartile, 1SD 

= 1 standard deviation. 

Zone   n min max median Q1 Q2 mean 1SD 

STZ 

δ13C (‰) 38 -24.0 -18.0 -20.7 -21.9 -20.2 -20.8 1.3 

δ15N (‰) 37 1.5 7.1 4.4 2.9 6.1 4.4 1.8 

SAZ 

δ13C (‰) 68 -34.5 -11.6 -23.3 -24.7 -22.5 -22.7 4.1 

δ15N (‰) 64 -1.6 6.7 2.4 0.1 3.5 2.2 2.3 

PFZ 

δ13C (‰) 70 -31.3 -16.6 -23.9 -26.4 -21.4 -23.8 3.4 

δ15N (‰) 65 -4.7 8.5 3.8 1.9 5.2 3.1 3.2 

SACCZ 

δ13C (‰) 90 -31.5 -16.3 -28.6 -29.7 -26.7 -27.8 2.8 

δ15N (‰) 86 -1.0 12.9 4.0 2.9 5.3 4.2 2.1 

sBZ 

δ13C (‰) 52 -31.1 -15.9 -26.7 -28.7 -22.2 -25.4 4.3 

δ15N (‰) 51 3.1 13.1 6.4 4.4 7.2 6.2 2.3 

 

The δ13C and δ15N measured for the various zooplankton taxa and species are summarized in Table 3.2 and 

Table 3.3, respectively, with the broad trends outlined below for the Subantarctic and Antarctic Oceans and 

the hydrographic zones. Because of complications during analysis, we do not report species-specific 

Copepoda δ13C and δ15N for the STZ and instead present only the bulk values of the smaller group of 

Copepoda (mixed-copepods 200-500 µm, comprising mainly Oithonidae and Oncaeidae). For all other 

zones, several species-specific and size fractionated Copepoda (200-500 and >500 µm) δ13C and δ15N values 

are reported. 
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Table 3.2 Medians ( ± IQR) of δ13C [‰], δ15N [‰], and trophic position (TP) of zooplankton taxa collected during the Antarctic Circumnavigation Expedition, for the 

Subantarctic and Antarctic Oceans. The number of observations is given in parentheses. 

Order Subantarctic Antarctic 

  δ13C (‰) δ15N (‰) TP δ13C (‰) δ15N (‰) TP 

Amphipoda -23.4 ± 3.0 (43) 2.2 ± 2.7 (41) 2.4 ± 1.2 (36) -27.4 ± 3.5 (15) 3.8 ± 1.0 (15) 2.4 ± 1.7 (15) 

Appendicularia -25.3 ± 1.2 (8) 0.0 ± 3.8 (8) 2.4 ± 1.0 (6) -30.2 ± 2.3 (8) 4.3 ± 0.9 (7) 3.0 ± 1.3 (7) 

Chaetognatha -23.3 ± 1.7 (14) 6.4 ± 2.6 (14) 3.9 ± 1.3 (12) -18.8 ± 0.1 (2) 12.7 ± 0.4 (2) 6.4 ± 0.2 (2) 

Copepoda -24.4 ± 3.9 (48) 3.4 ± 2.8 (42) 2.2 ± 2.1 (38) -28.5 ± 2.7 (73) 4.9 ± 2.9 (68) 3.1 ± 1.6 (68) 

Euphausiacea -22.0 ± 0.3 (18) 2.4 ± 2.5 (18) 2.2 ± 1.0 (18) -26.2 ± 3.5 (23) 4.9 ± 1.8 (24) 3.0 ± 0.8 (24) 

Foraminifera -15.5 ± 2.9 (6) 4.0 ± 1.4 (6) 2.7 ± 1.3 (6) -27.9 ± 0.8 (2) 7.6 ± 2.3 (2) 4.2 ± 1.0 (2) 

Hydrozoa -19.9 ± 0.9 (2) 7.0 ± 0.1 (2) 3.0 ± 0.0 (2) -23.4 ± 8.5 (4) 4.7 ± 6.4 (4) 2.7 ± 3.1 (4) 

Lepadiformes -19.9 ± 1.7 (18) 4.2 ± 2.0 (17) 3.3 ± 1.2 (15)       

Ostracoda -26.4 ± 0.1 (2) 2.1 ± 0.8 (2) 4.5 ± 0.3 (2)       

Phaeodaria -24.1 ± 0.6 (2) 2.5 ± 0.7 (2) 0.3 ± 0.3 (2) -30.0 ± 0.4 (2) -0.9 ± 0.1 (2) -0.1 ± 0.1 (2) 

Polychaeta       -30.5 (1) 7.2 (1) 4.0 (1) 

Pteropoda -19.3 ± 3.1 (11) 1.1 ± 4.6 (10) 1.7 ± 0.6 (10) -23.4 ± 4.6 (5) 4.0 ± 0.7 (5) 2.3 ± 0.1 (5) 

Thaliacea -22.4 ± 3.0 (4) 0.3 ± 3.5 (4) 1.4 ± 0.6 (4) -29.1 ± 4.7 (7) 1.7 ± 0.6 (7) 1.5 ± 0.5 (7) 
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Table 3.3 Averages ( ± 1SD) of δ13C [‰], δ15N [‰], and trophic position (TP) of zooplankton taxa collected during the Antarctic Circumnavigation Expedition in each hydrographic 

zone: STZ = Subtropical Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal Zone, SACCZ = Southern Antarctic Circumpolar Current Zone, and sBZ = southern Boundary Zone. 

N = the number of specimens analysed as whole-body (versus a subsample of ground material, denoted by an empty cell). 

Order Species / Taxa 
STZ SAZ PFZ 

δ13C (‰) δ15N (‰) N TP δ13C (‰) δ15N (‰) N TP δ13C (‰) δ15N (‰) N TP 

Amphipoda 

Cyllopus spp. -20.6 ± 0.0 (4) 4.4 ± 0.3 (4)   1.7 ± 0.2 -23.4 (1) 2.2 (1) 1 2.8 -26.6 ± 0.1 (2) -4.1 ± 0.5 (2)   0.5 ± 0.3 

mixed-amphipods -23.9 (1) 6.6 (1) 2 2.7 -23.9 (1) -   -         

Themisto-J -21.0 (1) 4.7 (1) 4 1.9 -23.2 ± 0.2 (11) 1.9 ± 0.1 (11) 13 2.4 ± 0.5         

Themisto gaudichaudii -21.3 ± 0.9 (2) 4.8 (1)   1.9 -23.1 ± 1.0 (6) 3.4 ± 1.2 (5)   3.1 ± 1.0 -23.0 ± 0.5 (12) 3.4 ± 0.5 (12) 2 1.1 ± 2.1 

Vibilia antarctica                 -27.3 ± 0.4 (2) -4.1 ± 0.3 (2)   0.5 ± 0.2 

Appendicularia Oikopleura spp.         -24.5 ± 0.6 (6) 0.2 ± 0.9 (6) 21 2.5 ± 0.6 -26.2 ± 0.2 (2) 3.0 ± 2.1 (2) 14 0.9 ± 0.0 

Chaetognatha Chaetognatha -19.6 ± 0.5 (2) 6.8 ± 0.2 (2)   2.8 ± 0.1 -23.4 ± 0.4 (7) 4.6 ± 0.5 (7) 1.5 4.3 ± 1.0 -23.7 ± 0.7 (5) 7.5 ± 0.4 (5) 5 3.3 ± 1.7 

Copepoda 

Calanidae CIII                         

Calanidae CIV         -20.9 ± 2.0 (7) 2.6 ± 1.1 (6) 7 3.2 ± 0.4 -22.5 ± 0.6 (4) 3.6 ± 1.0 (4) 12 0.8 ± 2.0 

Calanidae CV                 -22.1 ± 0.3 (3) 4.7 ± 1.5 (3) 6 1.4 ± 2.4 

Calanoides spp.                         

Calanus propinquus CV                         

Calanus propinquus F                         

Calanus spp.                         

Clausocalanus laticeps                 -25.2 ± 2.2 (3) 4.3 ± 1.6 (2) 7 -0.3 ± 0.0 

Metridia gerlachei                 -28.8 (1) 6.0 (1) 1 3.5 

Microcalanus spp.         -23.3 (1) 3.0 (1)   3.7         

mixed-copepods (>500µm)         -25.8 ± 0.0 (2) 3.4 ± 0.1 (2) 13 3.3 ± 0.1 -22.6 ± 0.4 (2) 3.0 ± 0.4 (2) 16 0.0 ± 0.2 

mixed-copepods (200-

500µm) 
-21.6 ± 1.2 (3) 4.2 ± 1 (3)   1.9 ± 0.4 -24.7 ± 0.7 (4) 0.9 ± 1.2 (4) 60 2.5 ± 0.7 -26.8 ± 1.1 (7) 0.6 ± 1.4 (7) 75 2.0 ± 0.9 

Nauplii                         

Nauplii*                 -26.6 ± 0.0 (2) 5.7 ± 1.7 (2) 4 1.1 ± 1.0 

Oithona spp.         -33.2 ± 1.3 (2) -   - -27.8 ± 0.8 (7) 5.0 ± 0.6 (5) 158 1.3 ± 0.4 

Paraeuchaeta antarctica                         
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Pontellidae spp.                         

Euphausiacea 

krill 0-5 mm                 -20.4 (1) 3.2 (1) 2 0.0 

krill 5-10 mm -21.2 ± 0.2 (4) 1.8 ± 0.2 (4) 2.2 1.3 ± 0.2                 

krill 10-20 mm -22.1 ± 0.0 (3) 2.5 ± 0.2 (3) 0.8 1.6 ± 0.2                 

krill 20-50 mm -22.1 ± 0.1 (3) 4.0 ± 0.2 (3)   2.3 ± 0.2                 

Krill 50 mm                         

Calyptopis I                         

Calyptopis II                 -24.4 (1) 5.2 (1) 2 3.1 

mixed-euphausiids -21.8 ± 0.0 (2) 5.7 ± 0.4 (2)   2.3 ± 0.2 -22.7 ± 0.3 (4) -0.1 ± 0.2 (4)   2.9 ± 0.6         

Foraminifera Foraminifera         -14.1 ± 1.0 (4) 3.7 ± 0.7 (4) 105 2.8 ± 0.2 -17.5 ± 0.6 (2) 4.0 ± 0.2 (2) 37 0.4 ± 0.1 

Hydrozoa 

Abylopsis eschscholtzii                         

Halicreatidae                         

Physalia physalis -19.9 ± 0.9 (2) 7.0 ± 0.1 (2)   2.9 ± 0.1                 

Lepadiformes Lepadiformes larvae -19.0 ± 0.5 (5) 5.1 ± 0.6 (5) 4 2.6 ± 0.7 -21.4 ± 0.8 (6) 4.3 ± 0.7 (6) 3 2.8 ± 0.7 -19.7 ± 0.4 (7) 4.2 ± 0.5 (6) 5 3.2 ± 0.5 

Ostracoda Ostracoda         -26.4 ± 0.1 (2) 2.1 ± 0.8 (2)   4.5 ± 0.5         

Phaeodaria Phaeodaria                 -24.1 ± 0.6 (2) 2.5 ± 0.7 (2)   -0.3 ± 0.4 

Polychaeta Tomopteris spp.                         

Pteropoda 

Clio pyramidata -20.4 ± 0.2 (2) 3.9 ± 0.4 (2)   1.5 ± 0.2 -26.4 ± 2.3 (2) -0.9 ± 0.4 (2)   2.0 ± 0.3         

Clione Continue antarctica                         

Limacina helicina antarctica         -13.6 ± 0.2 (2) -0.9 ± 0.3 (2) 11 1.5 ± 0.2 -17.9 ± 0.7 (3) 1.1 ± 0.5 (2) 55 0.2 ± 1.9 

Limacina retroversa                         

Spongiobranchaea australis -19.6 ± 0.3 (2) 6.5 ± 0.2 (2) 2 2.7 ± 0.1                 

Thaliacea 
Doliolidae                         

Salpidae -20.9 ± 0.1 (2) 2.4 ± 0.5 (2)   0.9 ± 0.3         -24 ± 0.3 (2) -1.4 ± 0.2 (2)   1.7 ± 0.1 

Continues… 
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Order Species / Taxa 
SACCZ sBZ 

δ13C (‰) δ15N (‰) N TP δ13C (‰) δ15N (‰) N TP 

Amphipoda 

Cyllopus spp. -26.3 ± 0.5 (4) 3.2 ± 0.4 (4)   1.4 ± 0.3         

mixed-amphipods         -20.3 (1) 4.0 (1)   2.6 

Themisto-J -23 ± 1.6 (2) 5.7 ± 1.0 (2)   3.9 ± 2.3         

Themisto gaudichaudii -29.1 ± 0.5 (7) 3.8 ± 0.6 (7)   2.9 ± 1.5         

Vibilia antarctica                 

Appendicularia Oikopleura spp. -30.7 ± 0.2 (4) 4.2 ± 0.1 (3)   4 ± 1.0 -28.2 ± 0.7 (4) 5.2 ± 0.7 (4)   2.9 ± 0.5 

Chaetognatha Chaetognatha         -18.8 ± 0.1 (2) 12.7 ± 0.4 (2)   6.4 ± 0.2 

Copepoda 

Calanidae CIII -28.1 ± 0.5 (3) 3.3 ± 0.5 (3) 10 1.7 ± 0.3         

Calanidae CIV -28.5 ± 1.0 (6) 4.1 ± 0.2 (6) 7 2.7 ± 0.9 -27.8 ± 0.4 (3) 4.8 ± 1.1 (3) 2 2.8 ± 0.6 

Calanidae CV                 

Calanoides spp. -27.2 ± 0.2 (2) 3.3 ± 0.2 (2) 1 4.2 ± 0.1 -27.6 ± 0.1 (2) 4.0 ± 0.0 (2) 1 2.6 ± 0.0 

Calanus propinquus CV         -30.2 ± 0.2 (2) 3.7 ± 0.6 (2)   2.5 ± 0.4 

Calanus propinquus F -27.1 ± 0.6 (2) 5.3 ± 0.0 (2) 2 3.2 ± 0.0         

Calanus spp.         -29.1 ± 0.5 (4) 7.1 ± 0.5 (4) 3 3.8 ± 0.6 

Clausocalanus laticeps -28.7 ± 0.1 (3) 3.7 ± 0.3 (3) 78 1.9 ± 0.2         

Metridia gerlachei         -28.5 ± 0.1 (2) 6.7 ± 0.1 (2)   3.4 ± 0.0 

Microcalanus spp.                 

mixed-copepods (>500µm) -27.9 ± 0.6 (8) 6.4 ± 1.0 (8) 4 3.7 ± 1.2 -27.1 ± 3.5 (3) 7.3 ± 0.1 (3)   4.0 ± 0.1 

mixed-copepods (200-500µm) -29.1 ± 0.3 (8) 4.1 ± 0.4 (8) 0 2.5 ± 0.8 -21.6 ± 0.8 (9) 6.0 ± 0.5 (9)   3.3 ± 0.8 

Nauplii -29.2 ± 0.6 (2) 7.4 ± 1.8 (2) 23 3.5 ± 1.1         

Nauplii* -23.1 ± 6.8 (2) 6.1 ± 2.7 (2) 5 3.1 ± 1.8         

Oithona spp. -29.6 ± 0.3 (6) 4.8 ± 0.6 (2) 46 2.4 ± 0.7 -31.0 ± 0.1 (2) -   - 

Paraeuchaeta antarctica         -30.1 (1) 4.6 ± 0.4 (2)   2.9 ± 0.2 

Pontellidae spp. -22.7 (1) 8.6 (1)   6.5 -18.9 ± 3.0 (2) 7.7 ± 0.8 (2)   3.9 ± 0.5 

Euphausiacea 

krill 0-5 mm -28.1 ± 1.6 (4) 4.8 ± 1.0 (4) 1 3.3 ± 1.5         

krill 5-10 mm                 

krill 10-20 mm                 

krill 20-50 mm                 

Krill 50 mm -26 ± 0.5 (4) 5.6 ± 0.2 (4)   3.0 ± 0.2         
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Calyptopis I   2.8 (1) 2 1.5         

Calyptopis II                 

mixed-euphausiids -26.9 ± 1.3 (8) 3.6 ± 0.5 (8)   3.5 ± 0.7 -24.6 ± 0.6 (7) 5.2 ± 0.4 (7)   3.1 ± 0.5 

Foraminifera Foraminifera         -27.9 ± 0.8 (2) 7.6 ± 2.3 (2)   4.2 ± 1.4 

Hydrozoa 

Abylopsis eschscholtzii         -18.5 ± 1.3 (2) 9.8 ± 2.5 (2)   5.1 ± 1.6 

Halicreatidae -28.3 ± 1.3 (2) 2.1 ± 0.0 (2)   1.5 ± 0.0         

Physalia physalis                 

Lepadiformes Lepadiformes larvae                 

Ostracoda Ostracoda                 

Phaeodaria Phaeodaria -30 ± 0.4 (2) -0.9 ± 0.1 (2)   -0.1 ± 0.1         

Polychaeta Tomopteris spp.         -30.5 (1) 7.2 (1)   4.0 

Pteropoda 

Clio pyramidata                 

Clione limacina antarctica -21.8 ± 0.9 (3) 4.9 ± 0.8 (3)   3.4 ± 1.9         

Limacina helicina antarctica                 

Limacina retroversa         -26.7 ± 0.3 (2) 3.2 ± 0.2 (2)   2.3 ± 0.1 

Spongiobranchaea australis                 

Thaliacea 
Doliolidae         -22.4 (1) 9.3 (1)   4.9 

Salpidae -27.8 ± 1.0 (6) 1.6 ± 0.1 (6)   1.4 ± 0.4         
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3.4.3.2. Trends in zooplankton taxonomic groups: Subantarctic versus Antarctic 

With few exceptions, the major zooplankton taxonomic groups were significantly higher in δ13C and lower in 

δ15N in the Subantarctic than the Antarctic Ocean (pairwise t-test and Wilcoxon’s test, p-values <0.05; 

Figure 3.5; Table 3.2). The largest δ13C difference between the Subantarctic and Antarctic Oceans was 

measured for the Foraminifera (12.4‰), followed by Thaliacea and Phaeodaria (6.7‰ and 5.8‰, 

respectively) (Figure 3.5a). For all other zooplankton groups, the median Subantarctic δ13C was 3.5‰ to 

4.9‰ higher than in the Antarctic. Only the Chaetognatha were higher in δ13C in the Antarctic than in 

Subantarctic (by 4.6‰), noting that we analysed only two specimens in the Antarctic versus 12 in the 

Subantarctic. The median δ15N measured for the Chaetognatha, Appendicularia, and Foraminifera were 

respectively 6.3‰, 4.3‰, and 3.6‰ lower in the Subantarctic than the Antarctic, while 1.4‰ to 2.6‰ lower 

for all other groups (Figure 3.5b). Only the Hydrozoa and Phaeodaria were higher in δ15N in the Subantarctic 

than in the Antarctic, by 2.3‰ and 3.4‰, respectively. There was no significant difference in δ15N between 

the Subantarctic and Antarctic for Pteropoda and Thaliacea (Wilcoxon’s test, p-values >0.05). Some 

organisms were only found in one of the oceans (e.g., Lepadiformes larvae, Medusozoa, Ostracoda, 

Polychaeta, and Siphonophora) so their regional δ13C and δ15N could not be compared.   
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Figure 3.5 Boxplots of (a) δ13C [‰] and (b) δ15N [‰] for zooplankton taxa (y-axes) collected during the Antarctic 

Circumnavigation Expedition in the Subantarctic Ocean (yellow) and Antarctic Ocean (blue). Taxa have been ordered 

from the most isotopically-deplete to the most isotopically-enriched, as measured for the Subantarctic samples. 

Boxplots show medians (thick vertical lines), interquartile range (IQR = 50% of the data; box within first and third 

quartiles), and whiskers (1.5 times the IQR). The black dots indicate outliers. 

3.4.3.3. Trends in zooplankton taxonomic groups: hydrographic zones  

In the STZ, the δ13C and δ15N of the different taxa varied by 6.0‰ and 5.6‰, respectively (Figure 3.5a, 

Table 3.3). The Chaetognatha, Physalia physalis, and Spongiobranchea australis had the highest δ13C and 

δ15N (-19.9‰ to -19.6‰ and 6.5‰ to 7.0‰, respectively), an unidentified Amphipoda had the lowest δ13C (-

23.9‰; mixed-amphipods), and the smaller Euphausiacea (5-10 µm) and Salpidae had the lowest δ15N (1.8 ± 

0.2‰ and 2.4 ± 0.5‰). The δ15N of the Euphausiacea increased with size, from 1.8 ± 0.2‰ (5-10 mm) to 4.1 

± 0.3‰ (20-50 mm) and was 5.7 ± 0.4‰ for the mixed-euphausiids, while Euphausiacea δ13C varied little 

with size (-22.1‰ to -21.2‰). 

The δ13C and δ15N of the SAZ taxa varied by 12.8‰ and 7.8‰, respectively (Figure 3.6b, Table 3.3). 

Ostracoda and Clio pyramidata had the lowest δ13C (-26.4 ± 0.1 and -26.4 ± 2.3‰) and C. pyramidata also 

had the lowest δ15N (-0.9 ± 0.4‰). The Chaetognatha and Lepadimorphes larvae had the highest δ15N (4.6 ± 
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0.5‰ and 4.3 ± 0.7‰) and a higher δ13C than most of the other zooplankton (-23.4 ± 04‰ and -21.4 ± 

0.8‰), although the highest δ13C was measured for the Foraminifera and Limacina helicina antarctica (-14.1 

± 1.0‰ and -13.1 ± 0.2‰). 

In the PFZ, the δ13C and δ15N of the zooplankton varied by 12.3‰ and 11.9‰, respectively (Figure 3.6c, 

Table 3.3). Metridia gerlachei and Oithona spp. had the lowest δ13C (-28.8‰ and -27.8 ± 0.8‰), while 

Foraminifera, L. helicina antarctica, and Lepadimorphes larvae had the highest (-17.5 ± 0.6‰, -17.9 ± 

0.7‰, and -19.7 ± 0.4‰). Vibilia antarctica and Cyllopus spp. had the lowest δ15N (-4.1 ± 0.3‰ and -4.1 ± 

0.5‰) and a relatively low δ13C (-27.3 ± 0.4‰ and -26.6 ± 0.1‰), while the Chaetognatha had the highest 

δ15N (7.5 ± 0.4‰). Interestingly, the Calyptopis II (5.2‰, n = 1) and the Nauplii* (5.7 ± 2.3‰) were higher 

in δ15N than their more developed stages, such as the smaller Euphausiacea group (krill, 0-5µm; 3.2‰, n=1) 

and most of the Copepoda (range of 3.0‰ to 4.7‰). 

The δ13C and δ15N of zooplankton taxa in the SACCZ varied by 10.4‰ and 10.9‰, respectively (Figure 

3.6d, Table 3.3). Oikopleura spp. and Phaeodaria had the lowest δ13C (-30.7 ± 0.2‰ and -30.0 ± 0.4‰), 

although several other taxa were almost as low in δ13C (e.g., Oithona spp. and T. gaudichaudii, -29.6 ± 0.3‰ 

and 29.1 ± .5‰). Phaeodaria also had the lowest δ15N (-0.9 ± 0.1‰). The highest mean δ13C was measured 

for Clione limacina antarctica (-21.8 ± 0.9‰), although the δ13C of the Nauplii* ranged considerably, 

between -29.8‰ and -16.3‰, and Pontellidae had the highest δ15N (8.6‰). Interestingly, the δ13C of two T. 

gaudichaudii juveniles (Themisto-J; -23.0 ± 1.6‰) and two Nauplii* (-23.1 ± 6.8‰) were >4‰ higher than 

the δ13C of the more-developed stages. In addition, the δ15N of the Nauplii* (6.1 ± 2.7‰) and the Nauplii 

(7.4 ± 1.8‰) were both higher than most of the more developed life cycle-stages of Copepoda (e.g., 

Calanidae CIII, Calanoides spp.). The δ15N of the Themisto-J (5.7 ± 1.0‰) was also ⁓1.8‰ higher than that 

of the adult Cyllopus spp. 

In the sBZ, the δ13C and δ15N of the different zooplankton taxa varied by 12.5‰ and 9.5‰, respectively 

(Figure 3.6e, Table 3.3). Tomopteris spp., Calanus propinquus CV, and Paraeuchaeta antarctica had the 

lowest δ13C (-30.5‰, -30.2 ± 0.2‰, and -30.1‰), while the Chaetognatha, Abylopsis eschscholtzii, and 

Pontellidae had the highest δ13C (-18.8 ± 0.1, -18.5 ± 0.3, -18.9 ± 3.0). While the Limacina retroversa and 

Calanus propinquus CV had the lowest δ15N (3.2 ± 0.2‰ and 3.7 ± 0.6‰), the Chaetognatha were highest in 
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δ15N (12.7 ± 0.4‰). The only specimen of Doliolida (δ15N = 9.3‰ and δ13C = -22.4‰; Figure 3.2s) was 

higher in δ13C and δ15N (by 4.7‰ to 8.1‰ and 1.7‰ to 2.6‰, respectively) than most of the Copepoda (e.g., 

M. gerlachei, Calanus spp., and the mixed-copepods >500 µm), the Tomopteris spp. (planktonic Polychaeta), 

and the Foraminifera.  
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Figure 3.6 Average δ13C [‰] and δ15N [‰] of zooplankton taxa (colours) collected from the neuston layer during the 

Antarctic Circumnavigation Expedition in each hydrographic zone: a) STZ = Subtropical Zone, b) SAZ = Subantarctic 

Zone, c) PFZ = Polar Frontal Zone, d) SACCZ = Southern Antarctic Circumpolar Current Zone, and e) sBZ = southern 

Boundary Zone. Error bars show one standard deviation (SD) about the mean. The grey diamonds indicate the average ( 

± 1SD) δ13C and δ15N of surface suspended particulate matter (SPM) collected from the underway seawater supply and 

the CTD in each zone.   
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3.4.4. Longitudinal (temporal) variability in zooplankton δ13C and δ15N 

During the ACE, the ship steamed along a longitudinal transect over a three-month period, such that 

analysing our dataset for longitudinal variability required consideration of temporal variability (Chapter 2). 

The δ13C of bulk zooplankton collected during Leg1 (-23.2 ± 4.0‰ [−23.3−25.6
−21.2‰]) was higher than the 

zooplankton sampled during Leg2 and Leg3 (ANOVA, p-value < 0.005; -25.7 ± 3.7‰ [−26.5−28.9
−22.4‰] and -

25.6 ± 4.2‰ [−25.5−29.1
−23.3‰] for Leg2 and Leg3, respectively), with no difference between the Leg2 and 

Leg3 values. In contrast, bulk zooplankton δ15N differed among all three legs (multiple t-tests with 

Bonferroni adjustment, p-values < 0.05; Leg1 = 2.0 ± 0.2‰ [3.52.2
5.0‰], Leg2 = 2.5 ± 0.2‰ [4.93.8

6.6‰], and 

Leg3 = 2.4 ± 3.4‰ [2.60.2
4.2‰]). For the Southern Ocean as a whole, zooplankton δ13C and δ15N decreased 

over the three months of the cruise, from a mean of -23.7 ± 2.9‰ and 4.1 ± 2.0‰ for the first 15 days to -

25.6 ± 4.2‰ and 2.4 ± 3.4‰ for the last 15 days (lm for δ13C: p-value < 0.001, R2=0.08; lm for δ15N = p-

value < 0.05, R2=0.03; dashed black lines in Figure 3.7). The same trends were apparent in the Subantarctic 

(lm, p-values < 0.01) but not the Antarctic where δ13C and δ15N were roughly constant with time (lm, p-

values > 0.05; Table B.4 and Figure B.1). 
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Figure 3.7 Temporal variability in (a) δ13C [‰] and (b) δ15N [‰] for zooplankton collected from the neuston layer 

during the Antarctic Circumnavigation Expedition. The coloured dots indicate the hydrographic zones: yellow = 

Subtropical Zone, orange = Subantarctic Zone, red = Polar Frontal Zone, dark blue = Southern Antarctic Circumpolar 

Current Zone, light blue = southern Boundary Zone. Linear regressions with 95% confidence intervals are shown for 

each hydrographic zone by the similarly coloured solid lines and shading, as well as for the whole ACE transect (dashed 

black line and grey shading). 
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3.4.5. Comparison of different baselines for zooplankton trophic analysis 

While we ultimately used δ15NSPM as a baseline for our whole-Southern Ocean trophic analysis, we first 

compared the zooplankton TPs at seven stations on Leg1 (Figure 3.8) that were derived using five different 

baselines (δ15NSPM, δ15Nnew, diatom-δ15N, salp-δ15N, and copepods-δ15N; Table 3.4). Unsurprisingly, the 

derived TPs were dependent on the baseline used. For the same station (colours in Figure 3.8), the TPs 

calculated using different baselines (shapes in Figure 3.8) were offset by a constant value for all zooplankton 

specimens, with the magnitude of the offset changing between stations. At stations 2, 8, and 16, the diatom-

δ15N baseline gave the lowest TPs, with TPs calculated using the other baselines being higher by 0.3-2.2. At 

stations 21 and 22, the lowest TPs were obtained from the δ15Nnew baseline, with TPs derived using the other 

baselines being 0.4-1.9 units higher. Finally, at stations 19 and 20, the TPs were lowest when δ15NSPM was 

used as a baseline, with the other baselines yielding TPs that were 0.1-2.3 units higher. Across all the 

stations, the salp-δ15N baseline generally yielded the highest TPs. 

Table 3.4 δ15N [‰] of the baselines used in the Leg1 trophic position comparison. The δ15NSPM and diatom-δ15N are 

averages ( ± 1SD), δ15Nnew is a derived parameter and is therefore represented by only one value per station, the salp-

δ15N is the averaged value computed for all stations during all legs of the cruise at which Salpidae were collected, and 

copepods-δ15N is the averaged δ15N of the small Copepoda size class (i.e., mixed-copepods 200-500 µm; copepods-

δ15N) observed at each station. 

Station diatom-δ15N δ15NSPM δ15Nnew salp-δ15N 
copepods-

δ15N 

16 2.9 ± 0.0 0.4 ± 0.7 -0.6 1.1 ± 1.4 4.4 ± 0.3 

19 -1.6 ± 0.0 1.7 ± 0.2 1.4   2.8 ± 0.3 

2 3.9 ± 0.1 0.8 ± 1.0 1.4   3.0 ± 0.4 

20 0.5 ± 0.3 4.1 ± 5.9 -1.1     

21 0.5 ± 0.1 
-1.7 ± 

1.1 
1.3     

22 0.6 ± 0.1 0.8 ± 1.1 3.3   2.2 

8 3.5 ± 0.1 2.6 ± 1.9 -0.1     
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Figure 3.8 Comparison of zooplankton trophic positions derived using five different baselines at seven stations 

(colours) on Leg1 of the Antarctic Circumnavigation Expedition cruise. The baselines are indicated by the different 

symbol shapes: δ15NSPM (square), δ15Nnew (diamond), diatom-δ15N (circle), salp-δ15N (downward-triangle) and 

copepods-δ15N (upward-triangle). The error bars show one standard deviation about the mean.  
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The lowest TPs derived for Limacina helicina antarctica (station 20) and Phaeodaria (station 19) were < 0 

because the measured δ15N of these organisms (0.5‰ and -0.9 ± 0.2‰, respectively) was lower than the 

average δ15N of all the baselines at their respective stations (Table 3.4). This result suggests that these 

species consumed a food source that was particularly low in δ15N (e.g., a specific fraction of the SPM rather 

than the bulk pool). Several other zooplankton TPs were < 2, which implies that these species occupied the 

same TP as the primary producers (TP=1) or that they, too, consumed a lower-δ15N food source than 

represented by the baselines.  

As result, our baseline comparison has not shown advantages or disadvantages in selecting one baseline over 

another one for determining the TPs of the zooplankton in the stations considered, suggesting that the SPM 

may be just as effective as the other four baselines here considered for trophic analysis (see section 3.5.2 for 

further discussion). For instance, we proceeded our analysis on isotope niche and trophic structure in 

zooplankton system using as baseline the parameter that was the most widely distributed and present along 

the transect, the δ15NSPM. We also briefly discuss the trophic positions of zooplankton determined using the 

δ15Nnew as baseline (see section 3.5.2 and Appendix B). 

3.4.6. Trophic analysis 

3.4.6.1. Layman metrics and isotopic niches 

We used Layman metrics to assess the isotopic niche differences among the hydrographic zones of the 

Southern Ocean inferred from the δ13C and δ15N of the SPM and the zooplankton. While we describe the 

isotopic niches implied by all the SPM samples (underway (UDW) + Neuston stations) in order to 

characterize the variability across the whole-Southern Ocean plankton system, we consider the SPM 

collected at the Neuston stations (i.e., coincident with the zooplankton samples) as a more accurate 

representation of the food source available to the zooplankton at the time of sampling. 

The greatest similarity in SPM and zooplankton niches, indicated by overlap in the convex hulls, was 

observed for the hydrographic zones of the same ocean (i.e., the STZ, SAZ, and PFZ for the Subantarctic 

Ocean and the SACCZ and sBZ for the Antarctic Ocean; Figure 3.9a-c). This result reveals a distinct 

difference between the zooplankton niches of the Subantarctic versus the Antarctic Ocean, even if they 
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partially overlap (Figure B.2; Table B.5). A closer examination of the positions of each zone-hull indicates 

that the isotopic niches of the SPM and the zooplankton from the STZ and the SAZ are more distant from the 

niches in the SACCZ and the sBZ, while the PFZ niche falls between them (Figure 3.9a-b). If we consider 

only the SPM samples collected at the Neuston stations (Figure 3.9c), the difference in the δ13C-ranges of the 

Subantarctic versus the Antarctic is more evident because of the lesser overlap between hulls, suggesting 

distinct food sources to the zooplankton in these two regions (see below).  
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Figure 3.9 Isotopic niches based on Layman metrics analysis for (a) SPM collected from the ship’s underway seawater 

supply (UDW), including at the Neuston stations (diamonds; n = 358), (b) zooplankton from the Neuston stations 

(circles; n = 91), and (c) SPM from the Neuston stations only (diamonds; n = 26). (d) Layman metrics calculated using 

standardized zooplankton δ13C and δ15N (where δ13Cstd = zooplankton δ13C – δ13CSPM and δ15Nstd = zooplankton δ15N – 

δ15NSPM; ‰). In panels a-d, the solid lines show the convex hulls assessed from the Layman metrics analysis. Error bars 

show one standard deviation about the mean. (e) Density plot of zooplankton δ15Nstd (‰) in each hydrographic zone: 

yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone (PFZ), dark blue = 

Southern Antarctic Circumpolar Current Zone (SACCZ), and sBZ = southern Boundary Zone.  
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For the SPM (UDW + Neuston; Figure 3.9a), the δ15N-range (defined as maximum δ15N – minimum δ15N) 

was greater for the Subantarctic zones (STZ = 16.6‰, SAZ = 17.7‰, PFZ = 9.9‰) than the Antarctic zones 

(SACCZ = 8.2‰, sBZ= 5.4‰; Figure 3.9a; Table 3.5). However, the total areas of the convex hulls were 

comparable (TA ranging between 58.5 and 67.6‰2), except for the sBZ where the TA was only 17‰2. The 

large δ15N-range in the STZ is partly due to the higher δ15NSPM of the samples collected at the lowest 

latitudes, far north of the Neuston stations (Chapter 2).  

For the zooplankton, STZ trophic diversity (i.e., δ15N-range and δ13C-range of 5.3‰ and 4.9‰, respectively, 

and TA of 15.2‰2) was the lowest among the zones, indicating a limited diversity of food source(s) to STZ 

zooplankton compared to zooplankton in the SAZ, PFZ, SACCZ, and sBZ (Figure 3.9b; Table 3.5). In 

contrast, trophic diversity was the highest in the PFZ (i.e., δ15N-range = 11.5‰, δ13C-range = 11.6‰ and TA 

= 85.8‰2; Figure 3.9b; Table 3.5). SAZ basal source diversity was the highest among the hydrographic 

zones (i.e., δ13C-range = 12.9‰) indicating that primary producers were important for that zooplankton 

community, but much less trophic diversity was present along the vertical axis (as little diversity as in the 

STZ), lowering the overall trophic diversity (i.e., δ15N-range and TA of 5.5‰, 62.4‰2, respectively; Figure 

3.9b; Table 3.5). At higher latitudes instead, niches at the SACCZ and sBZ had similar vertical structures 

(i.e., δ15N-range of 9.4 and 9.5‰, respectively), but the SACCZ source diversity was 3.1‰ lower than in 

sBZ (i.e., δ13C-range of 8.9 and 12.0‰, respectively) resulting in the second lowest trophic diversity among 

the zones (i.e., TA of 49.0 and 71.1‰2, respectively; Figure 3.9b; Table 3.5). 

Table 3.5 Layman metrics computed for the δ13C and δ15N of SPM collected from all underway (UDW) stations, 

zooplankton from the Neuston stations, SPM from the Neuston stations, and ‘standardized zooplankton’ in each 

hydrographic zone: STZ = Subtropical Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal Zone, SACCZ = Southern 

Antarctic Circumpolar Current Zone, and sBZ = southern Boundary Zone. δ15N-range and δ13C-range = distances 

between the two species with the most enriched and most depleted δ15N or δ13C values (e.g., maximum δ15N − 

minimum δ15N); TA = total area; MNND = mean nearest neighbour distance; SDNND = standard deviation of the 

nearest neighbour distance; std = values for ‘standardized zooplankton’. UDW + Neuston stations = observations from 

both underway and stations coinciding with the Neuston stations. 

Zone δ15N-range (‰) δ13C-range (‰) TA (‰2) CD (‰) MNND (‰) SDNND (‰) 

SPM (UDW + Neuston Stations) 

STZ 16.6 6.9 66.1 3.5 0.8 0.6 

SAZ 17.7 5.7 58.7 2.3 0.5 0.5 

PFZ 9.9 12.2 67.6 2.4 0.5 0.4 

SACC

Z 
8.2 9.9 58.5 2.3 0.3 0.3 

sBZ 5.4 5.9 17.0 1.5 0.5 0.5 
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Zooplankton 

STZ 5.3 4.9 15.2 1.8 0.8 0.5 

SAZ 5.5 12.9 62.4 3.2 1.5 1.3 

PFZ 11.6 11.5 85.8 3.7 1.5 0.9 

SACC

Z 
9.4 8.9 49.0 2.7 0.9 0.8 

sBZ 9.5 12.0 71.1 4.4 1.6 0.9 

SPM (Neuston Stations) 

STZ 1.6 1.1   1.0 1.9   

SAZ 8.4 3.1 12.3 2.9 2.4 0.3 

PFZ 7.1 4.4 14.3 2.9 2.0 1.9 

SACC

Z 
6.3 5.6 18.8 2.1 0.9 0.6 

sBZ 0.8 0.6 0.1 0.4 0.4 0.4 

Zone 
δ15N-rangestd 

(‰) 

δ13C-rangestd 

(‰) 
TAstd (‰2) CDstd (‰) MNNDstd (‰) SDNNDstd (‰) 

Standardized zooplankton 

STZ 4.7 5.8 13.9 1.6 0.7 0.6 

SAZ 7.1 14.4 58.2 3.2 1.2 1.2 

PFZ 9.2 12.9 76.4 3.6 1.5 1.2 

SACC

Z 
15.2 11.1 107.4 3.5 1.8 1.5 

sBZ 9.3 12.0 70.5 4.3 1.6 1.0 

 

Subtracting the δ13CSPM and δ15NSPM from the coincidently measured zooplankton δ13C and δ15N at the 

Neuston stations yields ‘standardized’ values of zooplankton δ13C and δ15N (i.e., δ13Cstd and δ15Nstd; Figure 

3.9d), which provide more insight into the influence of the SPM on the zooplankton food web structure (e.g., 

Black and Armbruster 2021). Compared to the original zooplankton analysis (Figure 3.9b), the convex hulls 

of the standardized isotopic niches overlap more, although differences between the Subantarctic and 

Antarctic remain consistent. The highest basal source diversity was found in the SAZ, followed by the PFZ 

(i.e., δ13C-rangestd of 14.4 and 12.9‰, respectively), suggesting that communities from those zones depended 

on more primary producers than the zooplankton in the STZ, SACCZ and the sBZ. In contrast, the SACCZ 

and sBZ vertical trophic structures (i.e., δ15N-rangestd of 9.3 and 15.2‰, respectively) were higher than the 

STZ, SAZ, and PFZ (even though the PFZ δ15N-rangestd was relatively high; i.e., δ15N-rangestd of 4.7, 7.1, 

and 9.2‰, respectively; Figure 3.9d; Table 3.5), suggesting that zooplankton consumers at higher latitudes 

belonged to more and higher trophic levels and the food chain was longer than at lower latitudes. In addition, 

the TAs of the standardized isotopic niches are similar to the original zooplankton TAs for all zones except 

the SACCZ where the TA was more than doubled (107.4‰2), indicating that the SACCZ trophic diversity 
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was highest compared to any of the other hydrographic zones. Zooplankton niche in the STZ still showed the 

most limited isotopic diversity (i.e., δ15N-rangestd, δ13C-rangestd, and TA of 4.7‰, 5.8‰, and 13.9‰2; Figure 

3.9d; Table 3.5). 

The δ15Nstd data distribution (Figure 3.9e) provides more insights into the vertical structure of a community. 

In addition to indicating that the SACCZ food chain was the longest among the zones (as shown by the high 

δ15N-rangestd; see above), our analysis revealed three other important results, all suggesting that the Antarctic 

zooplankton belonged to higher trophic levels than the Subantarctic consumers: 1) the mode of the 

zooplankton δ15Nstd in the SACCZ and the sBZ was roughly twice that in the STZ and PFZ (5.3‰ and 4.9‰ 

versus 1.4‰ and 1.3‰), while the δ15Nstd mode in the SAZ was comparable to the Antarctic zone modes 

(5.1‰); 2) the δ15Nstd of zooplankton in the SACCZ and the sBZ reached a maximum of 12.5‰, 

considerably higher than the maxima in the Subantarctic zones (4.6-8.0‰); and 3) most of the zooplankton 

in the sBZ were higher in δ15Nstd than most of the zooplankton in the Subantarctic zones. 

3.4.6.2. Assessment of zooplankton trophic positions using SPM as the baseline 

The average and median derived TPs derived for all zooplankton taxa appeared lower in the Subantarctic 

than the Antarctic (Figure 3.10 and Table 3.2); however, only the Chaetognatha, Copepoda, Euphausiacea, 

and Pteropoda TPs were significantly different between the two regions (pairwise Wilcoxon test, p-values < 

0.05) as the number of specimens available for the other taxa was insufficient to warrant a reliable analysis. 

The Chaetognatha occupied the highest TP in both the Subantarctic (3.9 ± 1.3) and Antarctic Oceans (6.4 ± 

0.2), with an Antarctic TP that was 2.5 positions higher than in the Subantarctic. In both oceans, the 

Phaeodaria TPs were <1, suggesting that these organisms occupy the same trophic level as the SPM and/or 

consume only a specific portion of the SPM.  

The TPs of the various zooplankton species were also distinct among Southern Ocean zones (Figure 3.11, 

Table 3.3). In the STZ, the trophic structure ranged from Salpidae at a TP of 1.0 ± 0.3 to Chaetognatha at 2.9 

± 0.1 and Physalia physalis at 3.0 ± 0.1. In the SAZ, Limacina helicina antarctica occupied the lowest TP of 

1.4 ± 1.4, with the Ostracoda and Chaetognatha occupying the highest TP (4.5 ± 0.5 and 4.3 ± 1.0, 

respectively). In the PFZ, C. laticeps, Phaeodaria and larger mixed-copepods (> 500µm) were at TP < 0, 

while several other species were associated with 0 < TP < 1, including the smaller krill (0-5 mm), L. helicina 
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antarctica, Foraminifera, Vibilia antarctica, Cyllopus spp.. In contrast, Chaetognatha occupied the highest 

TP (4.3 ± 1.5). In the SACCZ, Phaeodaria were the only taxon with a TP < 1 (-0.1 ± 0.1), the Salpidae had a 

TP of 1.3 ± 0.4, and an adult specimen from the Family Pontellidae (sensu latu) occupied the highest TP of 

6.5. In the sBZ, the lowest TP was occupied by Limacina retroversa (2.3 ± 0.1) while the Chaetognatha were 

associated with the highest TP (6.4 ± 0.2). 
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Figure 3.10 Boxplots of a) trophic positions derived using δ15NSPM as the baseline for zooplankton taxa (y-axis) 

collected across the Subantarctic (yellow) and Antarctic (blue) Oceans during the Antarctic Circumnavigation 

Expedition. Taxa have been ordered from the most isotopically-deplete to the most isotopically-enriched, as measured 

for the Subantarctic samples. Boxplots show medians (thick vertical lines), interquartile range (IQR = 50% of the data; 

box within first and third quartiles), and whiskers (1.5 times the IQR). The black dots indicate outliers. 
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Figure 3.11 Average trophic positions derived using δ15NSPM as the baseline for zooplankton taxa (y-axis) collected 

during the Antarctic Circumnavigation Expedition in each hydrographic zone (colours): yellow = Subtropical Zone 

(STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone (PFZ), dark blue = Southern Antarctic Circumpolar 

Current Zone (SACCZ), and light blue = southern Boundary Zone (sBZ). Taxa have been ordered from the most 

isotopically-deplete to the most isotopically-enriched in each zone. The error bars indicate one standard deviation about 

the mean. 

        
            

               
             
             
          

                          
                     

             
                 
                  

                          
               

            
                 

                            
               

          
               

                          
             

                  
            

                 
                     

             
                       

                 
            

         
                      

          
                       

           
                            

            
                  

             
             
               

                     
        

            
            

        
                          

             
                  

            
                  

          
        

             
             
            

              
                      

            
                          

             
                     

          
        

                    
           

                          
       

                 
                       

          
               
               

               
                

                   
                     

               
               

             
                       

               
                 

                          
                  

            
                

                       
               

            
          

                       
            
            

        
                

   

     

   

   

   



A circum-Antarctic plankton isoscape II: zooplankton isotope niches and  

trophic structure across Southern Ocean hydrographic zones 

- 152 - 

 

3.4.7. Influence of the island mass effect on zooplankton stable isotopes and 

trophic structure 

A comparison between the δ13C and δ15N of bulk zooplankton collected near the islands (9 stations) and 

zooplankton δ13C and δ15N at open water stations (19) reveals no significant geographic differences (t-test, p-

values > 0.1; δ13C = -25.2 ± 3.7‰ [−25.1−28.6
−23.0‰] near the islands and -24.4 ± 4.2‰ [−24.0−27.5

−21.4‰] in the 

open ocean, and δ15N = 4.2 ± 2.7‰ [4.52.8
5.9‰] near the islands and 3.8 ± 2.7‰ [3.92.2

5.3‰] in the open ocean). 

When grouping the data by hydrographic zone, the only significant difference was for δ15N in the PFZ, with 

a near-island zooplankton δ15N (5.64.5
6.7‰) that was higher (pairwise t-test, p-value = 0.03) than that in the 

open ocean stations (3.21.6
4.2‰; Table 3.6). 

For the Layman metrics analysis of bulk zooplankton data grouped by hydrographic zone, the convex hulls 

overlapped for the island and open ocean data (Figure B.3). In each zone, the island and open ocean δ13C-

ranges were similar, as was also the case for the δ15N-ranges except in the PFZ where the island δ15N-range 

was narrower than the open ocean range (Table B.6).The median TPs varied among island stations, ranging 

from 2.21.8
2.8 at the Prince Edward Islands to 4.64.0

5.3 at the South Sandwich Islands (Table 3.7; Figure B.4). 

Grouping by hydrographic zone shows no significant differences between the zooplankton TPs at the islands 

and the ones at the open ocean (pairwise t-test, p-values > 0.8 for STZ, SAZ, PFZ, SACCZ; Wilcox test, p-

values = 0.5 for sBZ; Figure 3.12, Table 3.6).  
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Table 3.6 Median ( ± IQR) δ13C [‰], δ15N [‰], and trophic position (TP) of zooplankton collected from the neuston 

layer near the islands and at open ocean stations in each hydrographic zone during the Antarctic Circumnavigation 

Expedition: STZ = Subtropical Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal Zone, SACCZ = Southern 

Antarctic Circumpolar Current Zone, and sBZ = southern Boundary Zone. The numbers in parentheses indicate the 

number of observations. 

Zone Region δ13C (‰) δ15N (‰) TP 

STZ 
Islands - - - 

Open Ocean -20.7 ± 1.7 (38) 4.4 ± 3.2 (37) 2.1 ± 0.9 (37) 

SAZ 
Islands -23.9 ± 2.4 (29) 2.9 ± 5.4 (27) 2.9 ± 1.2 (27) 

Open Ocean -23.1 ± 1.6 (39) 2.0 ± 2.8 (37) 2.6 ± 0.7 (29) 

PFZ 
Islands -23.9 ± 3.9 (14) 5.6 ± 2.2 (12) 3.2 ± 1.0 (12) 

Open Ocean -23.9 ± 5.1 (56) 3.2 ± 2.7 (53) 1.1 ± 1.9 (46) 

SACCZ 
Islands -28.0 ± 2.6 (22) 5.3 ± 2.3 (22) 3.2 ± 1.4 (22) 

Open Ocean -28.8 ± 3.1 (68) 3.8 ± 2.0 (64) 2.2 ± 1.8 (64) 

sBZ 
Islands -23.3 ± 1.7 (5) 6.9 ± 1.8 (5) 4.0 ± 0.8 (5) 

Open Ocean -27.1 ± 7.0 (47) 6.3 ± 2.9 (46) 3.3 ± 1.4 (46) 

 

Table 3.7 Median ( ± IQR) δ13C [‰], δ15N [‰], and trophic position (TP) of zooplankton collected in neuston layer in 

the vicinity of the several islands investigated during the Antarctic Circumnavigation Expedition. The numbers in 

parentheses indicate the number of observations. 

Island Station δ13C (‰) δ15N (‰) TP 

Prince Edward Island 2 -23.6 ± 1.2 (10) 3.5 ± 2.2 (9) 2.2 ± 1.0 (9) 

Crozet Island 8 -20.4 ± 2.4 (6) 5.9 ± 1.6 (6) 2.5 ± 0.7 (6) 

Kerguelen Island 16 -23.9 ± 3.9 (14) 5.6 ± 2.2 (12) 3.2 ± 1.0 (12) 

Balleny Island 43 -23.3 ± 1.7 (5) 6.9 ± 1.8 (5) 4.0 ± 0.8 (5) 

Scott Island 49 -24.6 ± 6.8 (5) 4.0 ± 2.7 (5) 4.4 ± 1.2 (5) 

Peter 1st Island 68 -28.1 ± 1.8 (11) 5.3 ± 0.4 (11) 3.2 ± 0.2 (11) 

Diego Ramirez Islands 73 -25.3 ± 0.9 (13) -0.4 ± 2.7 (12) 3.4 ± 1.2 (12) 

South Sandwich Island 88 -30.5 ± 0.3 (2) 10.0 ± 2.9 (2) 4.6 ± 1.3 (2) 

Bouvet Island 94 -26.2 ± 4.0 (4) 5.0 ± 2.2 (4) 2.7 ± 0.9 (4) 
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Figure 3.12 Boxplots of zooplankton trophic positions derived using δ15NSPM as the baseline for samples collected a) 

near the islands and b) at the open ocean stations in each hydrographic zone during the Antarctic Circumnavigation 

Expedition: STZ = Subtropical Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal Zone, SACCZ = Southern 

Antarctic Circumpolar Current Zone, and sBZ = southern Boundary Zone. The coloured symbols show the different 

zooplankton taxa while the boxplots show the median (thick horizontal lines), interquartile range (IQR = 50% of the 

data; box within first and third quartiles), and whiskers (1.5 times the IQR) for each zone. 
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3.5. Discussion 

3.5.1. Zooplankton δ13C and δ15N vary with δ13CSPM and δ15NSPM across 

Southern Ocean zones  

We observed strong opposing latitudinal gradients in zooplankton δ13C and δ15N across the summertime 

Southern Ocean. Zooplankton δ13C decreased by ~10‰ from the STZ to the SACCZ, before increasing again 

by ~2.5‰ in the sBZ (Table 3.1 and Figure 3.4c-f). In contrast, zooplankton δ15N increased by ~4‰ from 

the SAZ to the sBZ, with similarly high values in the STZ as in the PFZ and the SACCZ. This trend is 

consistent with the findings of Richoux and Froneman (2009) of a higher zooplankton δ15N (by ~4‰) in the 

STZ than the SAZ in the Indian sector of the Southern Ocean. Our results are also aligned with the findings 

of Brault et al. (2018) who observed strong gradients in zooplankton δ15N and δ13C for samples (with lipid 

extraction) collected in the austral summer from the eastern Ross Sea, along the coast of Antarctica to the 

West Antarctic Peninsula, and across the Drake Passage to South America. Zooplankton δ15N was 

significantly higher in the Ross Sea and Amundsen Sea (6.2 ± 0.8‰) than in the SACCZ (3.7 ± 0.6‰) and 

the PFZ/SAZ (3.3 ± 0.6‰), while zooplankton δ13C increased with decreasing latitude, from a minimum in 

the Ross Sea (−27.5 ± 1.6‰) to a maximum in the PFZ/SAZ (−24.2 ± 0.9‰; Brault et al. 2018). Across the 

Scotia Sea (south of the APF) in the austral summer, Stowasser et al. (2012) measured zooplankton δ13C and 

δ15N (without lipid extraction) that varied from -30.5‰ to -16.4‰ and 2.7‰ to almost 10‰, respectively. 

We measured a similar range in zooplankton δ13C across the Antarctic Ocean, while the lower end of our 

zooplankton δ15N range was <-5‰. Finally, Yang et al. (2021) recently developed the first summer isoscapes 

of Euphausiacea (without lipid extraction) at the circumpolar scale, reporting higher δ13C and δ15N values for 

Euphausia superba in the Pacific and Atlantic sectors (-28.5‰ to -24.0‰ and 3.0‰ to 6.0‰, respectively) 

compared to the western and eastern Indian sector (-30.0‰ to -27.0‰ and 2.0‰ to 3.5‰, respectively). 

Along the ACE transect, the δ13CSPM decreased southward by ~12‰ from the STZ to the Antarctic Ocean, 

reaching a minimum at 55°S-60°S coincident with the upwelling of Upper Circumpolar Deep Water 

(UCDW). At the same time, the δ15NSPM decreased by ~3‰ from the STZ to the SAZ and the PFZ where it 

reached a minimum, before gradually increasing across the Antarctic Ocean by ~1.4‰ (Figure 3.4a-b; see 

Chapter 2). The spatial gradients in δ13CSPM and δ15NSPM were broadly reflected in the spatial gradients in 
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zooplankton δ13C and δ15N (Figures 3.1c-f, 3.4a-d, and B.5), consistent with the fundamental principle that 

the isotopic composition of the main food source to an ecosystem (i.e., SPM) will be reflected in the δ13C 

and δ15N of the first consumers (i.e., zooplankton) and will propagate up the food web through several 

trophic levels (i.e., “you are what you eat plus a few per mille”; DeNiro and Epstein 1978, 1981). 

Propagation of the isotopic signature of SPM to zooplankton can also explain the apparently anomalous 

isotopic variability observed in two specific regions: 1) the zone of minimum zooplankton δ13C and δ15N at 

55°S-60°S coincides with lower δ13CSPM and δ15NSPM, the latter set by the upwelling of UCDW that brings a 

high concentration of DIC and NO3
- to the surface that are relatively low in δ13C and δ15N (Chapter 2); and 2) 

near the islands, where the δ13C and δ15N of zooplankton are higher than in the surrounding open waters 

(e.g., at the Prince Edward Islands, Kerguelen Island, and the South Sandwich Islands; Figure 3.1e-f and 

Table 3.4), and the input of upwelled and/or land-derived nutrients (i.e., iron) stimulate diatom productivity, 

which manifests in elevated δ13CSPM and δ15NSPM (Chapter 2). 

In addition, we suggest that isotopic propagation from the SPM to the zooplankton occurred over the three 

months of the investigation, with changes in δ13CSPM and δ15NSPM over time driving the decrease in 

zooplankton δ13C and δ15N in the SAZ and the PFZ and the increase in the SACCZ (Figure 3.7, Figure B.1, 

and Table B.4). In Chapter 2, we suggested that the decline in δ13CSPM and δ15NSPM in the Subantarctic from 

early to late summer is attributed to a decrease in phytoplankton productivity and nitrate uptake driven by 

seasonal iron limitation, accompanied by a shift in the autotrophic community towards (mainly non-diatom) 

nano-phytoplankton and the upregulation of the microbial loop. In contrast, the δ15NSPM increase with time in 

the SACCZ can be explained by regional factors such as proximity to the many island systems encountered 

during the latter half of Leg3 (Chapter 2). This seasonal rise in δ15NSPM, and in the drivers thereof, likely 

explains the temporal increase in zooplankton δ15N in the SACCZ (Figure B.1i). 

The difference between the median δ13C of zooplankton and the median δ13CSPM (= 2.7‰, 2.0‰, 2.1‰, 

0.1‰, and 1.3‰, respectively, for the STZ, SAZ, PFZ, SACCZ, and sBZ) was generally smaller than the 

difference between the δ15N of zooplankton and the δ15NSPM (= 2.6‰, 2.8‰, 4.2‰, 3.8‰, and 5.7‰), 

consistent with the fact that the mean trophic enrichment factor for δ13C is smaller than for δ15N (i.e., 1‰ 

and 2.3‰, respectively; DeNiro and Epstein 1978, 1981; McCutchan Jr et al. 2003). That we compute higher 
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δ13C and δ15N differences between the zooplankton and SPM than the trophic enrichment factors determined 

by McCutchan Jr et al. (2003) and Schwamborn and Giarrizzo (2015) can be attributed to the fact that the 

median isotopic ratios determined for the bulk zooplankton include organisms occupying a variety of trophic 

positions, many of which are higher than that of the primary consumer.  

It could be argued that our observations of zooplankton δ13C and δ15N are influenced by species richness and 

composition of the zooplankton community and thus by our ability to collect and/or consider particular 

specimens (and inability to consider others) during our analysis. However, our findings suggest that 

variability in the δ13C and δ15N of zooplankton in the neuston layer, as well as in their trophic positions, is 

unlikely to be driven by changes in zooplankton composition only since, even when examined at the lowest 

taxonomic levels of genus and species, the δ13C and δ15N of the zooplankton groups followed the same 

trends in space and time as the bulk community (Figure 3.4, 3.6 and 3.7; Figure B.5). 

3.5.2. SPM can be used as a baseline in trophic analysis over a large spatial 

scale 

Above, we used five different baselines to derive the TPs of zooplankton: measured surface δ15NSPM, δ15Nnew 

calculated using an amended version of the Rayleigh model (Chapter 2), measured diatom-δ15N, and the 

measured δ15N of two primary consumers, Salpidae (salp-δ15N) and the smaller size class of Copepoda 

(copepods-δ15N). While δ15NSPM is the most commonly used baseline for TP analysis, its reliability is widely 

debated (e.g., Cherel et al. 2008; Stowasser et al. 2012; Pakhomov et al. 2019 and references therein). SPM 

is a complex mixture of particles that may include bacteria, detritus, and zooplankton in addition to the 

phytoplankton that form the base of the food web. In addition, the short (hourly to daily) turnover rates of 

carbon and nitrogen isotopes in phytoplankton cells means that phytoplankton (i.e., SPM) δ13C and δ15N 

represent a near-instantaneous measure of the local oceanographic conditions, such as nutrient availability 

(Aberle and Malzahn, 2007; Treibergs et al., 2014), temperature, and CO2 concentrations (Goericke and Fry, 

1994), while the longer (weekly to monthly) turnover time of zooplankton tissue means that these organisms 

do not have time to mirror such ‘instant’ isotopic variations (e.g., O’Reilly et al. 2002; Schmidt et al. 2006; 

Hannides et al. 2009). 
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To resolve these issues, several researchers have suggested using Salpidae (primary consumers) as baseline 

surrogates instead of SPM (Cherel et al., 2008; Richoux and Froneman, 2009; Stowasser et al., 2012; 

Ménard et al., 2014). However, Salpidae may reflect specific food chains only because they selectively prey 

on bacteria, ciliates, and autotrophic and heterotrophic dinoflagellates (Vargas and Madin, 2004; Sutherland 

et al., 2010; Pakhomov et al., 2019; Pauli et al., 2021). Indeed, Pakhomov et al. (2019) concluded that 

Salpidae (Tunicata in general) may be a promising baseline surrogate for the food webs of which they form 

an integral part (i.e., food webs in which they are consumed) but will be ‘erroneous’ surrogates in other (e.g., 

crustacean-dominated) food webs. In the latter case, using Salpidae as a baseline surrogate may result in 

progressively increasing uncertainty associated with the derived TPs of higher-order consumers. Instead, the 

authors suggested that herbivorous Copepoda (i.e., other primary consumers more commonly consumed by 

higher consumers) would be a more appropriate baseline surrogate, also because they are usually ubiquitous 

and omnipresent. 

Although some specimens showed herbivorous behaviour in specific hydrographic zones, our analysis 

suggests that no species of Copepoda were strictly herbivorous in all Southern Ocean zones (Table B.7). This 

result may however be due to our Neuston net collections lacking sufficient material to allow for detection of 

herbivorous Copepoda such as Calanoides acutus and possibly Rhincalanus gigas (Graeve et al., 1994). The 

few specimens of Calanoides spp. that were collected in the SACCZ and sBZ only occupied TPs of 4.2 ± 0.1 

and 2.6, respectively, indicating carnivorous and/or omnivorous behaviour, while adults of Calanus spp. 

were assigned a TP of 3.8 ± 0.6 in the sBZ, characterizing them as predators. In other words, under certain 

environmental conditions, Calanoides spp. and Calanus spp. should be considered opportunistic feeders, 

able to switch their diets according to the available food source present at the time and/or in a particular 

region or depth of their environment. In contrast, Oithona spp. emerged as herbivorous in the PFZ (TP of 1.9 

± 0.4) and herbivorous/omnivorous in the SACCZ (TP of 2.3 ± 0.7). A similar signal was detected in the 

smaller class of Copepoda (i.e., mixed-copepods; comprising mainly Oithonidae and Oncaeidae), which 

occupied a TP of 2-2.5 in all hydrographic zones but the sBZ where they were associated with a TP of 3.3 ± 

0.8. This finding supports the idea that pure herbivory does not exist among Copepoda due to their feeding 

modes (Atkinson et al., 2012a). Some Copepoda species (e.g., Calanoides acutus; not collected in this study) 

are often considered herbivorous (Graeve et al., 1994), but they are actually suspension-feeders that capture 
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any particle near their mouthparts, including algae, microzooplankton, and micrometazoa (Atkinson et al., 

2012a and references therein). They differ from other feeding modes such as raptorial, cruising or ambush 

feeding that target more motile and animal-like prey, as seen in Eucheatidae, Metridinidae and Oithonidae 

(Atkinson et al., 2012a and references therein). That said, if exclusively herbivorous Copepoda do not exist, 

they are unlikely to be an appropriate baseline surrogate. 

Within each station, each baseline returned the same trophic order for the zooplankton species but with 

different TPs, although the difference was always ≤2 positions (Figure 3.8). However, the difference 

between TPs was not constant among baselines, with a particular baseline in some instances yielding a lower 

TP and in other instances a higher TP than the position suggested by a different baseline. For example, the 

TPs derived using salp-δ15N were the highest (by 0.5-2 positions) at four of the seven stations, while the TPs 

suggested by δ15NSPM and diatom-δ15N were often, although not always, the lowest. As such, we cannot 

evaluate the reliability of one baseline relative to the others, the implication of which is that the TPs of 

zooplankton may be over- or underestimated depending on the chosen baseline. Without a measure of the 

‘true TP, it is arguably impossible to denote one baseline as more appropriate than the others. Nonetheless, 

this comparative exercise yields a number of important insights. 

First, it would be advisable to use diatom-δ15N as a baseline if diatoms were the only food source available to 

zooplankton. However, the trophic behaviours of many zooplankton (e.g., Copepoda) are still uncertain and 

unpredictable (e.g., Atkinson 1995; Schmidt et al. 2003; Atkinson et al. 2012; Pauli et al. 2021). In addition, 

our results suggest that omnivory is widespread (see section 3.4.3), such that using diatom-δ15N as a 

baseline, particularly for analysis of our Antarctic Ocean dataset, is not advisable. 

Second, to the best of our knowledge, this is the first time a derived theoretical parameter (i.e., δ15Nnew, the 

SPM produced as a result of nitrate assimilation) has been applied as a baseline for assessing the TPs of 

zooplankton. As for the other baselines, the results obtained using δ15Nnew were variable. However, since an 

estimate of δ15Nnew is available for all the Neuston stations, we can compare the δ15Nnew- versus δ15NSPM-

derived TPs for the entire Southern Ocean. For the same species, the TPs computed using δ15Nnew were 

generally lower than or similar to those derived using δ15NSPM, except in the PFZ (Figure B.6; Table B.7). 

The resulting variance between the two derived TPs (σ2TPs) was lowest in the STZ and the sBZ (0.5 and 0.2, 
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respectively), as well as for most of the SACCZ TPs (total σ2 TPs = 0.7, with σ2TPs increasing as the TP 

increased), while the variances in the SAZ and the PFZ were higher (1.8 and 2.2, respectively). This finding 

suggests that assimilation by phytoplankton may not be a dominant process acting on the surface nitrate pool 

across the summertime SAZ and PFZ. The Rayleigh model assumes a closed system with no nitrate resupply 

(Mariotti et al., 1981; Sigman et al., 1999); if this condition is violated (e.g., due to upwelling and/or vertical 

or lateral mixing), then the δ15N of the biomass actually produced from nitrate assimilation could be 

considerably lower than that predicted by δ15Nnew. This scenario may explain some of our PFZ data. By 

contrast, in the SAZ, nitrate assimilation may not have exerted the dominant control on δ15NSPM. Indeed, in 

Chapter 2 I concluded that the consumption of high-δ15N ammonium derived from guano and other higher-

trophic-level organic matter (Mizutani et al. 1986; Wainright et al. 1998) that was supplied from land near 

the islands (e.g., the Prince Edward, Crozet, Kerguelen, and Heard Islands) may account for observations of 

δ15NSPM that were significantly higher than the δ15Nnew assessed with the Rayleigh model (Chapter 2). In 

summary, our analysis showed that δ15Nnew worked as well as δ15NSPM as a baseline in those hydrographic 

zones governed by more stable biogeochemical processes, while in those regions affected by island inputs 

and/or enhanced mixing, δ15NSPM is likely a more appropriate baseline.  

Finally, our findings suggest that δ15NSPM can be used as a baseline at the scale of the Southern Ocean 

hydrographic zones because the large-scale variability in zooplankton δ15N (and δ13C) followed the trends in 

δ15NSPM (and δ13CSPM), both geographically and temporally (see section 3.5.1). This observation strongly 

implies that the SPM is a reasonable representation of the average food source available to zooplankton. 

However, we do not recommend using δ15NSPM at smaller spatial scales (i.e., station level). It is possible that 

in these cases, Salpidae may be a more appropriate baseline surrogate since our analysis indicates that they 

were the primary consumers (Pakhomov et al. 2019); however, we could not investigate their TP in the food 

web sufficiently to draw any strong conclusion regarding the utility of salp-δ15N . 
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3.5.3. The Subantarctic and Antarctic Oceans are characterized by distinct 

plankton ecological niches 

This study assessed for the first time at the spatial extent of the entire Southern Ocean, the isotopic niches 

and trophic structure of the zooplankton systems across hydrographic zones. The Layman metrics analysis 

indicates a clear distinction between the respective plankton food webs of the Subantarctic and Antarctic 

Oceans, with the PFZ emerging as an isotopic divide between these two regions (Figure 3.4). The different 

δ13C values of the convex hulls in the various zones suggest a major shift in the plankton food source from 

the Subantarctic to the Antarctic Ocean, consistent with the δ13CSMP data, while the different δ15N values 

indicate a difference in the mean trophic positions of the zooplankton communities (Figure 3.9a-c). These 

isotopic signals propagate up the food web, yielding two major zooplankton niches, evident in the isotope 

distributions (Figure B.5a) and the only partial overlap of the convex hulls derived for the Subantarctic and 

Antarctic Oceans (Figure B.2). 

It is possible that latitudinal gradients in SST and pCO2 affected phytoplankton carboxylation rates and thus 

the δ13CSPM (O’Leary 1981; Fry and Sherr 1989; St John Glew et al. 2021; Chapter 2). At the same time, 

Chapter 2 I observed a meridional shift in the size distribution of the phytoplankton community, from a 

predominance of nano-phytoplankton in the Subantarctic to micro-phytoplankton in the Antarctic Ocean. 

Furthermore, the Subantarctic Ocean was dominated by dinoflagellates (e.g., Ceratium spp.) and diatoms 

(e.g., Fragilariopsis spp.) whereas at higher latitudes, diatoms such as Chaetoceros spp. and Fragilariopsis 

spp. proliferated. These different phytoplankton communities may have implications for food availability, 

thus altering zooplankton grazing and competition behaviours, while the top-down control by zooplankton 

grazing will have simultaneously influenced the abundance, composition, and distribution of the 

phytoplankton community (Smetacek et al., 2004; Smith and Lancelot, 2004; Atkinson et al., 2012a). 

Layman et al. (2012) note that isotopic (dis)similarity does not necessarily mean ecological (dis)similarity, 

as two individuals can occupy the same isotopic niche but distinct ecological niches. For the Southern 

Ocean, we hypothesize that the hydrographic conditions (e.g., SST, pCO2, and nutrient availability) and 

phytoplankton community composition were equally responsible for setting the δ13CSPM, which was then 

transferred to the zooplankton. As such, the different isotopic niches observed for the zooplankton 

communities of the Subantarctic and Antarctic Oceans are at least partly attributable to their distinct 
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ecological niches, with the zooplankton communities of these two major ocean regions relying on different 

phytoplankton food sources. 

This idea of two distinct ecological niches is supported by the difference in trophic variability that we 

detected between the Subantarctic and Antarctic Oceans. Overall, the zooplankton niche in the Antarctic 

Ocean (SACCZ + sBZ) had a wider δ15N-range and greater trophic diversity than that of the Subantarctic 

Ocean (δ15N-ranges of 13.6‰ and 11.1‰, and TA of 105.1 and 77.2‰2, respectively; Table B.5). 

Furthermore, by removing the isotopic signals of the SPM from the zooplankton (i.e., δ13Cstd and δ15Nstd) we 

show that, in addition to the variability induced by baseline shifts (i.e., δ13CSPM and δ15NSPM), the zooplankton 

niches in the Subantarctic and Antarctic Oceans differed in their ecological structure insofar as trophic 

diversity is represented by the size of the convex hulls (Figure 3.9d; Table 3.5). Trophic diversity was lowest 

in the STZ (TAstd = 13.9‰2; Table 3.5), indicating a more homogeneous trophic structure and less variable 

food source than in the SAZ (TAstd = 58.2‰2; Table 3.5) and in the PFZ and sBZ where food web diversity 

was higher and comparable (TAstd = 76.4 and 70.5‰2, respectively) although still lower than in the SACCZ 

(TAstd = 107.4‰2). These data show that the Antarctic hosted a higher density of 15N-enriched zooplankton 

than the Subantarctic (Figure 3.9e), indicating a higher density of zooplankton at high trophic positions in the 

Antarctic versus a higher density of zooplankton at lower trophic positions in the Subantarctic Ocean (see 

below). 

We estimated higher TPs for the zooplankton taxa in the Antarctic Ocean (Figure 3.10), suggesting that 

zooplankton south of the APF were primarily omnivorous/carnivorous, in contrast to the Subantarctic Ocean 

where zooplankton were more herbivorous (Figure 3.11, Table 3.3). Several studies have suggested that 

variability in primary producer biomass and productivity can contribute to changes in the TPs of the primary 

consumers (e.g., McMeans et al. 2015). For example, Henschke et al. (2015) showed that omnivorous 

zooplankton (e.g., Copepoda and Euphausiacea) increased their TPs to a similar level as carnivorous 

zooplankton (Chaetognatha) in response to a lower abundance and reduced diversity of phytoplankton in 

oligotrophic waters near Tasmania. Likewise, Michel et al. (2019) reported that during periods of high food 

availability, such as the sinking of high concentrations of sea-ice algae, benthic invertebrates shift to a lower 
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TP, with omnivorous consumers engaging in herbivory (i.e., grazing) rather than predation and/or 

scavenging. 

During the ACE cruise, the total chlorophyll-a concentrations (Chl-a) in the surface were higher throughout 

the Subantarctic Ocean (0.20.1
0.4mg m-3) and in the sBZ (0.40.3

1.0mg m-3) than in the SACCZ (0.10.1
0.3mg m-3), 

with the relative contributions of different phytoplankton size classes (i.e., micro- or nano-phytoplankton) 

varying among regions (see above; Chapter 2). The higher Chl-a in the Subantarctic Ocean may indicate an 

abundance of phytoplankton available to sustain the herbivorous zooplankton (i.e., Thaliacea, Pteropoda, 

Euphausiacea and Copepoda, the TPs of which were ≤ 2, indicating that these zooplankton were primary 

consumers; Figure 3.10). In contrast, the lower phytoplankton biomass in the SACCZ may have been 

insufficient to sustain herbivorous zooplankton, leading them to adapt their trophic behaviour by switching 

preferentially to omnivory and/or carnivory engaged in by their taxa (primary consumers would occupy a TP 

>2-3). However, our results from the sBZ are inconsistent with this explanation as this zone was 

characterized by relatively high phytoplankton biomass yet its zooplankton occupied high TPs (comparable 

to those in the SACCZ; Figure 3.11). It is possible that at the time of our sampling, Chl-a had recently 

increased in the sBZ (e.g., in response to the release of iron from melting sea ice; Chapter 2) but the 

associated trophic switch in the zooplankton had not yet manifested in their biomass δ15N. For example, 

O’Reilly et al. (2002) showed that after an upwelling event, the δ15N of zooplankton still reflected the 

average δ15N of phytoplankton prior to the upwelling-induced bloom because zooplankton have slower 

growth rates and longer turnover times for N-containing molecules than phytoplankton, such that their δ15N 

varies over a longer time scale. One way to avoid such an ‘isotopic mismatch’ between producer and 

consumer and to capture a TP switch in the consumers in near-real time is to analyse the δ15N of individual 

amino acids instead of bulk organisms (e.g., Schmidt et al. 2006; Hannides et al. 2009). 

In this study, we briefly investigated whether the islands influence the trophic structure of zooplankton, with 

our analysis showing no substantial differences between the island and open-ocean stations (Figure 3.12 and 

Figure B.3). However, the absence of any island mass effect (IME) is unlikely . The (Sub)Antarctic islands 

have been shown to enhance phytoplankton productivity and favour the dominance of larger species (i.e., 

diatoms) as a result of their influence on the local circulation (e.g., upwelling and/or the retention of surface 
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waters near the islands), augmented by inputs of island-derived nutrients (e.g., Pakhomov and Froneman 

1999; Borrione and Schlitzer 2013; Lamont et al. 2022). We would expect that an increase in phytoplankton 

biomass due to the IME would catalyse a switch in zooplankton diet from omnivory/carnivory to herbivory, 

thus lowering their TPs. However, given the time required for a TP switch to be reflected in the δ15N of 

zooplankton biomass, and considering that the IME can manifest more than 1000 km downstream of some of 

the islands (e.g., in elevated concentrations of phytoplankton biomass; Mongin et al. 2009), it is possible that 

the effect on the zooplankton isotopic composition and trophic behaviour would be more apparent 

downstream than in the vicinity of the islands. The larger-scale circulation may also play a role; for example, 

the meandering of the hydrographic fronts in the Southern Ocean has been hypothesized to retain plankton 

near the islands in some seasons and separate them in others (Chapter 4). 

3.5.3.1. Different plankton food webs have implications for the Southern Ocean’s 

biological pump  

Our findings raise the questions whether and how the trophic differences in the zooplankton systems among 

hydrographic zones might be reflected throughout the food web and influence carbon export in the Southern 

Ocean. Zooplankton are integral to the biological pump via their ingestion of lower trophic levels, production 

of faecal pellets, moults and carcasses, and respiration of organic matter (Mayzaud and Pakhomov, 2014; 

Turner, 2015; Steinberg and Landry, 2017; Halfter et al., 2020, 2022). According to the theory of top-down 

regulation of the vertical flux (Kiørboe, 1997; Wassmann, 1997), the percentage of phytoplankton carbon 

that leaves the euphotic zone can vary widely (by 33-70%) depending on the trophic behaviour of the 

zooplankton and the structure of the zooplankton community. The model developed by Wassmann (1997) 

indicates that a herbivory-based food web promotes organic matter recycling and retention of nutrients in the 

upper layer, as well as the export of biogenic matter by faecal pellet sinking. In contrast, when omnivory and 

carnivory are dominant, grazing pressure on phytoplankton decreases, which may favour the export of 

aggregated cells and phytodetritus. These two food-web scenarios are referred to as ‘retention chain’ and 

‘export chain’, respectively, with the former and the latter leading respectively to a weaker and a more 

intense biological pump. In addition, under conditions where zooplankton exhibit a high degree of omnivory, 

including predation on micro-heterotrophs and possibly cannibalism by large or small Copepoda, production 
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originating from the microbial loop is transferred to depth, increasing the strength of the biological pump 

(Froneman et al., 2000; Zeldis et al., 2002; Zeldis and Décima, 2020). 

Halfter et al. (2020) recently reviewed the importance of zooplankton community species and size 

composition in modifying the downward carbon flux in high- and low-productivity regions of the 

Subantarctic Ocean, such as near the islands and in the open ocean, respectively. They concluded that 

contrary to the expectation that high productivity results in high export, regions of iron fertilization support 

low rates of carbon export relative to their surface productivity, while the iron-deplete waters of the open 

ocean are areas of significant carbon export. The major difference between the two regions appears to be the 

variable control on phytoplankton biomass accumulation by zooplankton grazing and the efficiency of upper 

water column remineralization. The islands are hotspots for elevated photosynthetic biomass and support a 

larger and more diverse zooplankton community than the open ocean (e.g., Pakhomov et al. 2000a). The 

higher abundance of omnivorous and detritivorous zooplankton in waters surrounding islands may retain 

carbon in the mesopelagic zone, first through grazing and the ingestion and fragmentation of particles (e.g., 

faecal pellets), and then through microbial respiration and the recycling of nutrients (Iversen and Poulsen, 

2007; Quéguiner, 2013; Dagg et al., 2014). As a result in such a system, carbon export flow to the deep 

ocean is lowered for the most of the year by the effective transfer of carbon to higher trophic levels and by 

the microbial loop in surface waters (Rembauville et al., 2014, 2015). In contrast, the low abundance of 

omnivorous and detritivorous copepods in the open Subantarctic Ocean limits the ability of the zooplankton 

community to attenuate the sinking flux. Instead, the dominance of protozooplankton, small Copepoda, and 

Salpida enhances grazing on the pico-phytoplankton (0.3–3 μm), allowing phytoplankton aggregates and 

other large particles to be exported below the mixed layer (Pearce et al., 2011). Consequently, more particles 

are exported from the iron-deplete open Subantarctic surface as faecal aggregates (pellets and faecal material 

reaggregated with phytodetritus; Ebersbach and Trull 2008; Laurenceau-Cornec et al. 2015). 

Considering the above, we hypothesize that the mainly omnivore- and carnivore-based food web in the 

Antarctic Ocean may lead to higher carbon export, in contrast to the largely herbivore-based food web in the 

Subantarctic where carbon may have been preferentially retained in the upper layer. Furthermore, a different 
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carbon export regime may have been established near the islands where a higher relative abundance of 

omnivores and an upregulated microbial loop may have attenuated the carbon flux. 

Carbon retention and/or export depend on the food source available and the zooplankton species 

composition. According to Koski et al. (2017), a community dominated by small particle-feeders (e.g., 

Oncea spp.) would mainly consume sinking aggregates, whereas dispersed phytoplankton cells and 

microzooplankton would be the major food source for a community dominated by Calanoida. These latter 

organisms could repackage phytoplankton into large faecal pellets that sink rapidly along with zooplankton 

carcasses, especially when diatoms are their main food source (Besiktepe, 2002; Manno et al., 2015; Halfter 

et al., 2022). A study using sediment traps in the Scotia Sea (Southern Ocean) indicated that the faecal pellet 

contribution to export varies considerably among seasons, with the sinking-fluxes being up to 40% lower in 

the autumn–winter season compared to spring and summer (Manno et al., 2015). The faecal pellet analysis of 

Manno et al. (2015) indicated a shift in the zooplankton community composition from herbivory in spring to 

omnivory in autumn, while detritivory remained relatively constant throughout the year. These findings are 

consistent with our study results. Another factor that may affect the carbon flux is diel vertical migration 

(DVM) of zooplankton, which can increase the depth at which faecal pellets are released (Buesseler and 

Boyd, 2009; Wallace et al., 2013). A recent global modelling study estimated that DVM may contribute as 

much as 18% of the gravitational carbon flux, but observations are scarce and the mechanisms of DVM are 

poorly understood (Aumont et al., 2018).  

The observations summarized above suggest that the behaviour of zooplankton may modulate the strength of 

the biological pump in a variety of ways across the different regions of the Subantarctic Ocean, with the 

availability and quality of food resources and DVM identified as potentially important drivers. Therefore, 

characterizing the zooplankton community composition and identifying the trophic role of each species may 

improve estimates of the carbon fluxes and must be included in global models tasked with quantifying 

carbon export.  

In our framework above, we do not consider the trophic level and role of the microzooplankton (i.e., <200 

μm, e.g., ciliates and dinoflagellates). Microzooplankton are known to feed preferentially on pico- (0-2 µm) 

and nanoplankton (2-20 µm), including bacteria and phytoplankton, thus occupying the lowest trophic level 



A circum-Antarctic plankton isoscape II: zooplankton isotope niches and  

trophic structure across Southern Ocean hydrographic zones 

- 167 - 

 

of primary consumers and exhibiting principally herbivory and sometimes, omnivory (Schmoker et al., 

2013). The carbon flux and biological pump efficiency can be modulated by the trophic structure and 

interactions of microzooplankton with other plankton groups (Steinberg and Landry 2017 and references 

therein). Microzooplankton can affect the carbon flux in different ways: (1) by grazing on phytoplankton and 

reducing the food available to mesozooplankton (i.e., >200 µm) herbivores (Sherr and Sherr, 2002; Calbet 

and Landry, 2004), (2) by stimulating regenerated production through nutrient remineralization and 

dissolved organic matter production (Goldman et al., 1987; Caron et al., 1990), and (3) by serving as a food 

source for mesozooplankton omnivores or carnivores (e.g., Christaki et al. 2021b).  

The size distribution of the phytoplankton assemblages in the Southern Ocean affects the amount of carbon 

grazed by microzooplankton and thus, the efficiency of the biological pump (Froneman and Perissinotto, 

1996a; Froneman et al., 1996; Christaki et al., 2021a). When larger phytoplankton cells dominate the 

biomass (i.e., summer), grazing impact microzooplankton is relatively low and most of the photosynthetic 

biomass is directly transferred to the mesozooplankton, which rapidly export organic carbon to the deep 

ocean through vertical migration and large faecal pellet production (Froneman and Perissinotto 1996a; b). On 

the other hand, when pico- and nano-phytoplankton are most dominant (i.e., autumn and winter), 

microzooplankton grazing impact is higher and phytoplankton biomass is rapidly reduced thus lowering the 

efficiency of the biological pump (Froneman and Perissinotto, 1996a) because carbon is largely recycled in 

the upper mixed layer rather than transferred into deep waters (Christaki et al., 2021b). 

Microzooplankton community succession and grazing have been found to differ with region and season in 

the Southern Ocean. This variability appears to follow a latitudinal gradient and to be influenced by sea ice 

dynamics (Froneman and Perissinotto, 1996a; Safi et al., 2007; Price, 2012; Yang et al., 2016). We suggest 

that microzooplankton phenology would follow a latitudinal gradient similar to the seasonal cycles observed 

in phytoplankton and larger zooplankton, as discussed in above. In the Antarctic, the microzooplankton 

system may have been more characteristic of a winter-to-spring community, with intense ciliate and 

dinoflagellate grazing on pico- and nano-phytoplankton transferring biomass to higher trophic levels (i.e., 

mesozooplankton; >200 µm) (e.g., Christaki et al. 2021b). In this scenario, large phytoplankton would 

experience minimal grazing, allowing them to grow unchecked and ultimately contribute significantly to 
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carbon export. Furthermore, microzooplankton may have constituted the major food source to 

mesozooplankton, explaining the omnivore- and carnivore-based food web determined in the Antarctic. 

Since microzooplankton would essentially act as a conduit of the small phytoplankton stock to the 

carnivorous mesozooplankton, their production of large faecal pellets and DVM would then enhance the 

downward carbon flux in the Antarctic (Froneman and Perissinotto 1996a; b; Christaki et al. 2021b). In 

contrast, during the same expedition period, the Subantarctic microzooplankton may have resembled a 

summer-to-autumn system, similar to the Subantarctic phytoplankton. We hypothesize that the 

microzooplankton were increasing their abundances and grazing rates from summer to autumn (Froneman 

and Perissinotto 1996a; b) coincident with the increase in their preferred food source (i.e., pico- and nano-

phytoplankton). At the same time, the large dinoflagellates found in the Subantarctic may have been 

engaging in heterotrophy and/or mixotrophy, potentially feeding on the micro-phytoplankton (>20 µm) size 

class, including diatoms (Suttle et al., 1986). In this scenario, micro- and mesozooplankton could be grazing 

across the size-spectrum of phytoplankton, limiting phyto-aggregation and biomass sinking. Furthermore, 

enhanced microzooplankton activity would likely have increased the recycling of nutrients and thus, 

regenerated production (Goldman et al., 1987; Caron et al., 1990), reducing carbon export (Christaki et al., 

2021b).  

The influence of microzooplankton on carbon export remains uncertain due to the scarcity of data and 

trophic analysis across vast areas of the oceans, including the Southern Ocean. A major knowledge gap is the 

extent and impact of mixotrophy and trophic cascades among microzooplankton, which are still poorly 

understood (Schmoker et al. 2013; Stoecker et al. 2017; Steinberg and Landry 2017 and references therein). 

These processes may have significant implications for the carbon flux and warrant future attention. 

3.5.3.2. Zooplankton species-specific trophic roles in the Southern Ocean 

In the Southern Ocean, five major zooplankton taxa are notable for their biomass and abundance: 

Euphausiacea, Copepoda, Pteropoda, Amphipoda, and Salpidae (Atkinson et al., 2012a). Although 

zooplankton have been investigated in the Southern Ocean for decades and several recent studies have 

reviewed their role in the structure and function of the Southern Ocean carbon cycle and food webs (e.g., 
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Atkinson et al. 2012a; Steinberg and Landry 2017; Johnston et al. 2022), new data that offer insights into 

their ecological behaviour and dynamics remain essential. 

Euphausiacea have a significant influence on the structure and functioning of the marine system, inter alia 

by supporting large populations of predators (Trathan and Hill, 2016). They are omnivorous and able to feed 

on a large variety of prey (e.g., phytoplankton, micro-zooplankton [< 200 µm] and meso-zooplankton [>200 

µm], and detritus; Pakhomov 2000; Schmidt et al. 2014, 2018). Our results show distinct trophic behaviours 

for Euphausiacea in the various oceanic regions. In the Subantarctic Ocean, a larger proportion of specimens 

were herbivorous (median of TP of 2.2 ± 1) while in the Antarctic, more specimens were carnivorous (TP of 

3.0 ± 0.8; Figure 3.10 and Table 3.1), in line with the trophic structures defined for the two regions (see 

section 3.4.3). In the STZ, we determined an increase in TP from the smaller (5-10 mm; TP of 1.3 ± 0.2) to 

the bigger (20-50 mm; TP of 2.3 ± 0.2) size classes of Euphausiacea from an increase in δ15N by ~2.2‰ 

(Figure 3.6a, Table 3.3). This observation is noteworthy because it suggests that Euphausiacea may alter 

their trophic behaviours — and therefore, their food sources — as they mature, with the younger juveniles 

being more herbivorous and the adults more carnivorous. Our findings are consistent with those of Schmidt 

et al. (2003), who assessed that the stable isotope ratios of Euphausia superba increased from juvenile to 

adult stages during a long-term incubation experiment at various dietary regimes. We have also assessed the 

TP of the larvae stages of Euphausiacea, such as Calyptopis I in the SACCZ, which occupied a TP of 1.5 

suggesting mixotrophy (Table 3.3), and Calyptopis II in the PFZ that had a TP of 3.1, which was much 

higher than the TP of the 0-5 mm Euphausiacea size class (TP of 0). However, we cannot entirely rely on 

these results because only one specimen from each of these two groups was analysed. In any case, even if 

those results are accurate, it would be too difficult to define the origin of such trophic difference. 

Copepoda are one of the most abundant and diverse components of the plankton system and can feed on a 

wide variety of organisms depending on the Copepoda species and developmental stage, as well as the 

season and environmental conditions (Atkinson, 1998). In this study, the analysed Copepoda species were 

more herbivorous in the Subantarctic (TP of 2.2 ± 2.1; median ± IQR) than in the Antarctic Ocean where 

they tended to be carnivorous (TP of 3.1 ± 1.6; Figure 3.10 and Table 3.1). The smaller Copepoda (200-500 

µm, comprising mainly Oithonidae and Oncaeidae) were generally at a lower TP than the larger ones (>500 
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µm), although we note that large Copepoda like Calanus spp. and Calanoides spp. may adopt different 

feeding behaviours at different times during their life cycle, demonstrating that they are more opportunistic 

feeders and omnivorous (Atkinson, 1998). 

Small Copepoda like Oithona spp. were at TPs of 1.9 ± 0.4 and 2.3 ± 0.7 in the PFZ and SACCZ, 

respectively (Table 3.3). This observation is consistent with the general consensus that Oithona spp. feed on 

small heterotrophic proto-zooplankton and detritus colonised by bacteria, as well as on large diatoms 

(Atkinson, 1995, 1996; Nielsen and Sabatini, 1996; Lonsdale et al., 2000; Stowasser et al., 2012). As 

suggested by Nielsen and Sabatini (1996), these food sources (except the large diatoms) are typically 

available year-round, allowing Oithona spp. to maintain stable populations almost continuously.  

Remaining among the small Copepoda, Clausocalanus laticeps were at TPs of 2.6 ± 2.3 and 1.9 ± 0.2 in PFZ 

and SACCZ, respectively (Figure 3.11 and Table 3.3), suggesting opportunistic omnivorous behaviour. In 

contrast, the only one specimen of the small Microcalanus spp. from the SAZ was strongly enriched in 15N 

(δ15N = 3‰), indicating a TP of 3.7 (strictly carnivorous), which was even higher than that of the bigger 

Copepoda (>500 µm; TP of 3.3 ± 0.1). 

Calanidea such as Calanus spp. and Calanoides spp. are widely reported as being preferentially herbivorous 

when phytoplankton are present in high concentrations, but will alter their diet with developmental stage and 

in response to seasonal changes in food availability (Drits et al., 1993; Pasternak and Schnack-Schiel, 2001). 

The consensus is that Calanoides acutus are the most herbivorous species of Copepoda (Hopkins and Torres, 

1989; Atkinson et al., 1996; Schmidt et al., 2003) while Calanus simillimus and C. propinquus are more 

omnivorous, able to switch their feeding to raptorial mode, ingesting a large variety of prey (Hopkins and 

Torres, 1989; Atkinson, 1995; Burghart et al., 1999; Schmidt et al., 2003). We derived different TPs for 

specimens of Calanidae that were related to their developmental stage. While adults of Calanus spp. 

occupied TPs of between 3 and 4, Calanoides spp. were at a TP of 4.2 ± 0.1 and 2.9 ± 0.6 in the SACCZ and 

the sBZ, respectively, indicative of carnivorous behaviour while the TPs of copepodite stages (CIII-CV) of 

Calanidae were between 1 and 3 (except for Calanidae CIV in SAZ that occupied a TP of 3.2 ± 0.4; Figure 

3.11 and Table 3.3). These results indicate that trophic behaviour changes with life-cycle stage. 
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In the sBZ, Paraeuchaeta antarctica occupied a TP of 3 (Figure 3.11 and Table 3.3), consistent with its role 

as a carnivore that preys on other Copepoda by raptorial feeding, ambush or suspension modes (Hopkins, 

1985; Hopkins and Torres, 1989; Yen, 1991; Øresland and Ward, 1993). Although Metridia gerlachei has 

previously been characterized as omnivorous (Hopkins and Torres, 1989; Atkinson, 1995; Burghart et al., 

1999; Schmidt et al., 2003), our measurements of M. gerlachei from the Antarctic Ocean indicate that it is 

strictly carnivorous (TP of 3.4 ± 0.0; PFZ and sBZ) as has been previously observed in the Antarctic waters 

(Øresland, 1991; Huntley and Escritor, 1992). 

We collected one specimen of Pontellidae from the Antarctic Ocean (Figure 3.2h), with our measurement of 

its δ15N suggesting that it is at the top of the plankton food chain in the SACCZ (TP of 6.5). 

Our data show that the early life-cycle stages of certain taxa such as Copepoda nauplii, the Calyptopis of 

Euphausiacea, and the juveniles of the Amphipoda Themisto spp. were more 15N-enriched and therefore 

occupied a higher TP than their adult stages. Contrary to the ontogenetic enrichment observed in 

Euphausiacea, which has been attributed to changes in trophic behaviour, these taxa deviate from this 

pattern, prompting further investigation into why early life-stages exhibit higher δ15N values than more 

mature stages. Studies on mammals showed a species-dependent isotopic fractionation from the mother to 

the offspring, for which the δ13C and δ15N of the new-born are higher than those of their mother because of 

the consumption of maternal resources during gestation and nursing, although not necessarily a trophic level 

effect (e.g., Hobson and Sease 1998; Jenkins et al. 2001; Habran et al. 2010; Miller et al. 2011; Lübcker et 

al. 2020). For example, the transfer of amino acids from the mother’s placenta to the foetus illustrates the 

mechanism underlying the isotopic enrichment in the foetus δ15N (Lübcker et al., 2020). Consecutively, 

when the offspring is weaned, its isotopic signature resemble that of the mother in proportion to the 

percentage of its overall nutrition that comes from an adult-type diet (e.g., Jenkins et al. 2001; Miller et al. 

2011). Considering above, it is possible that during the embryonic development in invertebrates (e.g., 

Crustacea), the maternal isotopic signal can be imparted to the eggs causing them and the new nauplii to 

become enriched in the heavier isotopes. The first naupliar stages of zooplankton Crustacea would then 

lower their isotopic composition once they begin feeding on the available food, that may differ according to 

the life-cycle stages because of the different body size and feeding strategy (Uye and Kayano, 1994). This 
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suggestion may explain previous field studies that have found the δ15N of adult Copepoda to be ~3‰ higher 

than that of the early copepodites (e.g., Schmidt et al. 2003). It is possible that by the time Schmidt et al. 

(2003) collected their samples, the nauplii had time to shift their isotopic signal to lower values as a result of 

the food source they had consumed. Excluding the incubation experiment on larval and post-larval 

Euphausiacea conducted by Schmidt et al. (2003), to the best of our knowledge, there have not been any 

studies specifically designed to investigate (e.g., via incubation experiments) isotopic flow between eggs, 

early life-cycle stages, and adults of zooplankton, as would be required to better understand our observations 

and those of others. 

The various genera of Amphipoda investigated here occupied a range of TPs. The genus Cyllopus, 

comprising mainly C. lucasi and C. magellanicus, along with a few specimens of Vibilia antarctica in the 

PFZ, generally occupied a slightly lower TP than Themisto gaudichaudii, (TP of 1.7 ± 0.2 for Cyllopus spp. 

versus 1.9 for T. gaudichaudii in the STZ; 2.8 versus 3.1 ± 1 in the SAZ; 0.5 ± 0.3 versus 1.1 ± 2.1 in the 

PFZ; and 1.4 ± 0.3 versus 2.9 ± 1.5 in the SACCZ; no data are available for the sBZ; Table 3.3). T. 

gaudichaudii has been described as highly adapted predator, with raptorial gnathopods designed for grasping 

live and active prey, making them major predators of meso- and microzooplankton such as Euphausiacea and 

Copepoda (Lange et al., 2005; Havermans et al., 2019). Consistent with previous studies (Wada et al., 1987; 

Gurney et al., 2001; Stowasser et al., 2012), we derived disparate TPs for T. gaudichaudii, which were 

sometimes comparable to the TPs of smaller Copepoda or even lower than the TPs of Euphausiacea (i.e., in 

the STZ). However, it is not reasonable that T. gaudichaudii behaves as an herbivore (Atkinson et al., 

2012a). The observed low δ15N values in adult Themisto may indicate that the species employ diverse 

feeding strategies to maintain a balanced diet or that their amino acid composition significantly influences 

their δ15N, as proposed by (Schmidt et al., 2004). In addition, even the TP of the juvenile stages of T. 

gaudichaudii was variable between zones, ranging from 2.0 to 3.9, with values sometimes higher than the 

co-occurring adult stage (e.g., in SACCZ; Figure 3.6d; Table 3.3). All these observations are consistent with 

several previous studies that have shown diverse trophic behaviours for Themisto at different life stages 

(Havermans et al. 2019 and references therein). 
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Pteropoda are another important member of the Southern Ocean zooplankton community (Hunt et al., 2008; 

Roberts et al., 2014). Our results suggest that Pteropoda were mostly herbivorous in both the Subantarctic 

and Antarctic Oceans (TP of 1.7 ± 0.6 and 2.3 ± 0.1, respectively; Figure 3.10 and Table 3.1). Two suborders 

of Pteropoda are known to have two distinct trophic behaviours – Gymnosomata are specialist predators, 

often preying on other Pteropoda, while Thecosomata are considered largely herbivorous, capturing their 

food with a mucous web (Hunt et al., 2008; Roberts et al., 2014; Weldrick et al., 2019). In particular, the 

Thecosomata Limacina helicina antarctica is a dominant grazer that feeds predominantly on diatoms and 

dinoflagellates and supplements its diet with ciliates and foraminifera (Thibodeau et al., 2022). We 

investigated three species of Thecosomata (L. helicina antarctica [Figure 3.2e], L. retroversa, and Clio 

pyramidata [Figure 3.2r]), and two species of Gymnosomata (Clione limacina antarctica and 

Spongiobranchaea australis). Our results are consistent with the expectation that L. helicina antarctica (TP 

= 1.5 ± 0.2 in the SAZ and 0.2 ± 1.9 in the PFZ, respectively), L. retroversa (2.3 ± 0.1 in the sBZ), and C. 

pyramidata are predominantly herbivorous species (1.5 ± 0.2 in the STZ and 2.0 ± 2.0 in the SAZ; Figure 

3.11 and Table 3.3). Once more as expected, the Gymnosomata C. limacina antarctica (3.4 ± 1.9 in the 

SACCZ) and S. australis (2.8 ± 0.1 in the STZ) were carnivorous (Figure 3.11 and Table 3.3). 

Salpidae are generally assumed to be non-selective filter feeders (Andersen, 1998; Pakhomov et al., 2002), 

with diets that closely reflect the composition of the available plankton community (Bone et al., 2003). 

However, Pauli et al. (2021) recently compared the stomach contents of Salpidae from the ambient plankton 

community, leading the authors to conclude that Salpidae are selective feeders of unicellular organisms only, 

such as small flagellates, Chrysophyceae and dinoflagellates, rather than of generalist continues and non-

selective filter feeders (Andersen, 1998; Pakhomov et al., 2002). While our study was not designed to 

investigate feeding behaviours in detail, we nevertheless determined low TPs for Salpidae, at times 

comparable to the primary producers (TP of 1.0 ± 0.3 in the STZ, 1.7 ± 0.1 in the PFZ, and 1.4 ± 0.4 in the 

SACCZ, with no observations for the SAZ and the sBZ; Figure 3.11 and Table 3.3). The very low TPs can 

be explained if the Salpidae were preferentially filtering specific organisms out of the SPM that were lower 

in δ15N than the δ15NSPM. 
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3.6. Conclusions 

The major objectives of this work were to describe the zooplankton δ13C and δ15N isoscapes in the Southern 

Ocean and determine the trophic structures of the plankton communities in each of the hydrographic zones, 

thereby assessing trophic differences that may influence the functioning of the biological pump. In this study 

and a parallel one (Chapter 2), we characterized for the first time over a large spatial extent of the Southern 

Ocean in a single season, the spatial and temporal variability in the δ13C and δ15N of SPM and zooplankton. 

We observed clear latitudinal changes in the zooplankton isoscapes and community composition across the 

different hydrographic zones of the Southern Ocean, corroborating previous findings that the oceanic fronts 

dividing the hydrographic zones may represent barriers to pelagic organisms (Deacon, 1982; Koubbi, 1993; 

Pakhomov and McQuaid, 1996; Pakhomov et al., 1999). We conclude that the hydrographic conditions, 

nutrient availability, and phytoplankton processes are reflected in the zooplankton stable isotopes and the 

food web (i.e., bottom-up control), with likely consequences for carbon flow such as preferential retention or 

export of the carbon produced in the euphotic zone. These drivers resulted in unique and defined δ13C and 

δ15N values for plankton in each zone, which could be leveraged as an ecogeochemical tool to reconstruct the 

movements and dietary histories of marine animals in the Southern Ocean. 

This work compared five baselines for trophic analysis: the measured surface δ15NSPM; the theoretical δ15N 

for phytoplankton biomass produced as a result of nitrate assimilation (δ15Nnew), calculated using the 

Rayleigh model for isotope fractionation with the in situ nitrate concentration and δ15N as constraints; 

diatom-δ15N; and the δ15N of a primary consumer, which in this study was represented by Salpidae and by 

the smaller class of Copepoda (200-500 µm, comprising mainly Oithonidae and Oncaeidae). We conclude 

that δ15NSPM is a good baseline for assessing the trophic position of zooplankton at large spatial scales such 

as the Southern Ocean hydrographic zones because 1) SPM is commonly collected during scientific 

expeditions and is straightforward and inexpensive to analyse, 2) the food source to the zooplankton system 

was well-represented by the SPM, perhaps partly because our sampling occurred during a period of active 

phytoplankton growth, and 3) using δ15NSPM as a baseline worked well even in regions with intense 

biogeochemical processes such as in the PFZ and SAZ, which are affected by upwelling, and the vicinity of 

the islands. However, δ15Nnew derived using the Rayleigh model could potentially be a good substitute for 
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δ15NSPM, particularly in regions where the biogeochemical fluxes are in quasi ‘steady-state’, when 

measurements of δ15NSPM are not available. 

We established that, contrary to expectations, the plankton systems in the Subantarctic and Antarctic Oceans 

have significantly distinct trophic structures. In the Subantarctic, the primary consumers occupied low TPs 

aligned with herbivory, possibly resulting in a food web defined as a retention chain where carbon was 

perhaps retained within the surface layer and slowing down the sinking of phytoplankton cells and thus of 

the biological pump. By contrast, the same primary consumers occupied higher TPs in the Antarctic, 

suggesting a dominance of omnivory/carnivory and a food web characterized as an export chain, which may 

stimulate enhanced carbon export and thus a more intense biological pump. 

This study advances our understanding of plankton dynamics and their relationships with biogeochemical 

processes across the Southern Ocean. However, there remain significant uncertainties in our knowledge of 

trophic structure that must be resolved if we are to improve our understanding of carbon flows through 

zooplankton in food webs. Given the complex spatial and temporal dynamics of the Southern Ocean, future 

studies should additionally focus on species-specific responses to physical and chemical changes and 

variations in isotopic niches in relation to regional abundances and distributions of marine animals. 
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Chapter 4. Plankton community composition and productivity near 

the Subantarctic Prince Edward Islands archipelago in autumn 

Supplementary information of this Chapter can be found in Appendix C. 

4.1. Abstract 

The Subantarctic Ocean is a sink for atmospheric CO2, largely due to its biological pump, which is enhanced 

by the influence of the Subantarctic islands on the plankton ecosystem (the so-called ‘island mass effect’). 

The influence of the Prince Edward Islands archipelago in the Indian Subantarctic on the surrounding 

hydrography and benthos have been well-studied; however, over the last two decades, little attention has 

been paid to the functioning and productivity of its plankton ecosystem. Here, we present the first 

measurements of primary production at the archipelago in over twenty years and the first-ever rates of 

secondary production, interpreted in the context of hydrographic, biogeochemical, and plankton community 

composition data. In autumn 2017 after the late-summer bloom, nano-phytoplankton dominated the near-

island waters and regenerated nutrients fuelled 76% of phytoplankton growth. Primary production and 

carbon export potential (inferred from nitrate uptake) reached a local maximum in the inter-island region, 

which we attribute to water-mass retention and stratification over the inter-island plateau (a manifestation of 

the island mass effect). We observed a diverse mesozooplankton community, likely a remnant of the late-

summer bloom rather than representing the consumers feeding on the in situ (nano)phytoplankton. We 

estimate that even after the decay of the late-summer bloom, roughly a quarter of the planktonic carbon was 

potentially exportable. This finding implies that the archipelago’s upper-ocean ecosystem sequesters 

atmospheric CO2 at least through autumn despite high rates of recycling and inefficient trophic transfer, 

thereby contributing to the island mass effect-associated strengthening of the Subantarctic Ocean’s biological 

pump.  
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4.2. Introduction 

The Southern Ocean is a high-nutrient, low-chlorophyll (HNLC) region where primary productivity is co-

limited by iron and light availability (Sunda and Huntsman, 1997), yet it is a major regulator of atmospheric 

carbon dioxide (CO2) (Gruber et al., 2019). The solubility pump, combined with the fixation, transformation, 

and transportation of carbon during photosynthesis and food-web flows (i.e., the biological pump), allows 

the Southern Ocean to take up roughly 40% of the CO2 absorbed by the global ocean annually (DeVries, 

2014). In particular, the Subantarctic and Polar Frontal Zones (SAZ and PFZ; hereafter, ‘the Subantarctic’), 

located between the Subtropical Front and the Antarctic Polar Front (APF) and comprising more than half of 

the area of the Southern Ocean (Orsi et al., 1995), constitute the largest sink for atmospheric CO2 south of 

30°S (DeVries, 2014). 

The Subantarctic Ocean’s biological pump is strengthened by the influence of a number of island systems 

(e.g., Bakker et al. 2007). This ‘island mass effect’ typically yields a localized increase in phytoplankton 

biomass driven by changes in circulation and the retention of surface waters around the islands, augmented 

by inputs of island-derived nutrients (e.g., Planquette et al. 2011). For example, shoaling bathymetry 

upstream of islands facilitates the upwelling of deep nutrient-rich waters, which can alleviate iron limitation 

of surface phytoplankton (Schallenberg et al., 2018), while downstream, eddies often form, creating a 

retention zone for nutrients and plankton (Planquette et al., 2007). Additionally, the interaction of internal 

waves with the near-island bathymetry can drive upwelling of deeper waters (Leichter et al., 2003) that can 

be particularly high in iron following interaction with iron-rich basaltic sediments (Zhang et al., 2008). 

Enhanced iron availability allows phytoplankton to consume more of the available macronutrients (including 

nitrate; NO3
-), with implications for the biological pump. Annually, net primary production (NPP) fuelled by 

NO3
- supplied from depth (‘new production’) must be balanced by the export of sinking organic matter 

(Dugdale and Goering, 1967), which transfers atmospheric CO2 to the deep ocean (Volk and Hoffert, 1985). 

By contrast, phytoplankton growth on recycled nitrogen (e.g., ammonium; NH4
+) produced in the euphotic 

zone due to heterotrophy (‘regenerated production’) yields no net removal of CO2 to depth (Dugdale and 

Goering, 1967).   
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The Prince Edward Islands archipelago in the Indian sector of the Subantarctic is a system of two islands 

(Marion Island and Prince Edward Island) that lies between the Subantarctic Front (SAF) and the APF 

(Figure 4.1). Phytoplankton are the main producers of energy for the marine ecosystem of this archipelago 

(Treasure et al., 2019), and the rate at which they generate carbon biomass is influenced by the availability of 

nutrients (e.g., iron; supplied via upwelling, aeolian deposition, or terrestrial run-off) and water-column 

stability (Perissinotto and Duncombe Rae, 1990). Zooplankton also play a critical role in the biological pump 

by repackaging and exporting phytoplankton biomass to depth. Their distribution is determined by food 

availability and influenced by the hydrographic environment of the archipelago (Bernard and Froneman, 

2003).  

 

Figure 4.1 Map of the Prince Edward Islands archipelago and the sampling stations, with dark grey lines denoting the 

bathymetry (GEBCO_2020; www.gebco.net/data_and_products/gridded_bathymetry_data). The triangles show the 

sampling stations: diagonal black stripes = samples collected for bulk chlorophyll-a only; filled = stations sampled for 

multiple analyses, classified into three regions: blue = upstream, green = inter-island, red = downstream. The yellow 

circles indicate stations sampled for nutrients, plankton taxonomy, and zooplankton gut contents; blue rings show the 

location of primary production experiments; open red squares denote the location of secondary production experiments. 

The light blue arrow indicates the direction of the Antarctic Circumpolar Current (ACC). The locations of stations H1-

H4 and H8 are shown on the map inset. 

Since the 1950s, the Antarctic Circumpolar Current (ACC), of which the SAF is the northern boundary and 

the APF is a component, has increased in intensity (Sokolov and Rintoul, 2009b), temperature (Gille, 2002) 

and freshness (Oke and England, 2004), and appears to have migrated poleward (Sokolov and Rintoul, 
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2009a). These changes are projected to modify the intensity and frequency of eddies formed in the Antarctic 

PFZ and to drive the SAF southward (Sokolov and Rintoul, 2009a), resulting in more frequent SAF flow 

between the Prince Edward and Marion Islands. Atmospheric investigations have confirmed an increase in 

air temperature and hours of sunshine over the archipelago (Rouault et al., 2005), along with a decrease of 

nearly 500 mm in annual precipitation and an increase in terrestrial ice melt (Le Roux and McGeoch, 2008). 

Furthermore, mean sea surface temperature near the archipelago rose by >1°C between 1949 and 1998 

(Melice et al., 2003), coinciding with an increase in the abundance of subtropical zooplankton species and a 

decrease in Antarctic species (by ~20%) over the past three decades (Ansorge et al., 2012). Changes in 

plankton community composition and productivity are likely to propagate throughout the marine food web, 

from the benthos (e.g., von der Meden et al. 2017) to the top predators (e.g., Carpenter-Kling et al. 2019). 

However, no integrated monitoring of the biogeochemistry or plankton system of the Prince Edward Islands 

archipelago waters has occurred for over 20 years. The resultant paucity of information makes it difficult to 

evaluate the extent to which climate change is altering the regional plankton community or the biological 

pump, both of which have implications for the food supply to the surrounding ecosystems, and for CO2 

uptake, export, and sequestration. 

Here, we investigate the influence of the island mass effect on the productivity and functioning of the 

plankton ecosystem at the Prince Edward Islands archipelago in autumn, after the main growing season. We 

present the first (primary and new) productivity data for the archipelago in over 20 years and the first-ever 

measurements of mesozooplankton secondary production. We focus on autumn because this is the season 

during which most of the historical Prince Edward Islands studies were conducted (Ansorge et al., 2012), 

and it is also a period of transition that directly follows the late-summer phytoplankton bloom. Moreover, a 

recent community-led report emphasizes the need for ‘non-summer’ season observations if the future state of 

the Southern Ocean is to be understood or predicted (Newman et al. 2019). While summer is considered the 

most important season for carbon production and export in the Subantarctic, significant CO2 sequestration 

may still occur in the autumn while light levels remain high, augmenting the contribution of the archipelago 

to carbon drawdown on an annual basis. Indeed, our autumn rate data imply that while net primary 

production is fairly low, carbon export potential is not trivial, with new production accounting for ~25% of 

total phytoplankton productivity. We conclude that while the Prince Edward Islands do not have the same 
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productivity footprint in the Indian Subantarctic as the larger island plateaus to the east, the island mass 

effect of this archipelago nonetheless enhances the fertility of the surrounding ecosystem and its capacity to 

sequester atmospheric CO2. 

4.3. Materials and Methods 

4.3.1. Sampling location and strategy 

Marion Island Relief Voyage 024 to the Prince Edward Islands archipelago (6 April to 12 May 2017) 

occurred on board the MV S.A. Agulhas II. Marion Island (46°54’S, 37°45’E) is separated from the smaller 

Prince Edward Island (46°38’S, 37°57’E) by a 40 m- to 200 m-deep inter-island plateau that is surrounded 

by steep slopes descending to ~1000 m within 10 km of the coast (Figure 4.1). In total, 34 stations near the 

islands were sampled on different days over two weeks, during the day (D) and/or at night (N) (see Table C.1 

for details). Of these, 12 stations (yellow circles in Figure 4.1) were sampled over 24 h each for 

hydrography, nutrients, size-fractionated chlorophyll-a, plankton taxonomy, and zooplankton gut contents. 

Experiments were conducted for primary production and nitrate uptake at seven stations (blue rings in Figure 

4.1) and for secondary production at 13 stations (red squares in Figure 4.1). The remaining stations were 

sampled for hydrography, nutrients, and/or bulk (i.e., >0.3 µm) Chl-a. The stations were separated into three 

clusters: ‘upstream’, ‘inter-island’, and ‘downstream,’ and sampling was restricted to the upper 200 m of the 

water column where the bulk of the plankton of interest here are resident and active (Harris et al., 2000). 

4.3.2. Hydrography and biogeochemical sampling 

A Sea-Bird SBE 9/11 Plus package with conductivity-temperature-depth (CTD), dissolved oxygen, and 

fluorescence sensors, and a rosette of 24 x 12-L Niskin bottles was deployed at each station. The mixed layer 

depth (MLD) was estimated as the depth in the upper 200 of maximum Brunt-Väisälä frequency squared. 

Nutrient samples were collected in acid-washed, sample-rinsed 50 mL centrifuge tubes that were stored at -

20°C until analysis ashore. Nitrate+nitrite (NO3
-+NO2

-) and silicic acid (SiO4
4-) concentrations were 

measured using a Lachat QuikChem® flow injection autoanalysis platform, with precision and detection 

limits of ± 0.5 μmol L-1 and 0.4 μmol L-1 for NO3
-+NO2

- and ± 0.5 μmol L-1 and 0.5 μmol L-1 for SiO4
4-. 
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Ammonium (NH4
+) concentrations were measured using the fluorometric method of Holmes et al. (1999), 

with a precision and detection limit of ± 0.05 μmol L-1 and 0.05 μmol L-1, respectively. 

4.3.3. Plankton collections and analysis of community composition 

At the stations circled in yellow in Figure 4.1, phytoplankton samples were collected in Niskin bottles from 

the near-surface (~10 m) and the depth of maximum fluorescence (F-max; between 50 m and 70 m, 

identified during the CTD down-casts). Samples were preserved in 1% glutaraldehyde and stored in the dark 

at 5°C. Ashore, plankton (3-200 µm) abundance (cells L-1) was determined by settling 100 mL of sample in 

an Utermöhl chamber, then counting the settled cells along multiple transects using an inverted microscope 

(ZEISS AXIO Vert. A1) at 200x magnification. To achieve an acceptable precision for each sample 

(confidence limit ± 20% at 95% significance level), at least 500 total cells and 100 units of the most 

dominant group were counted. Cell volumes were calculated from measurements of the average linear 

dimensions of at least 25 cells per species using geometric formulae that approximated cell shape (Sun and 

Liu 2003). Cellular carbon content was then estimated using the empirical relationships included in Table 

C.2. 

Mesozooplankton samples were collected using a Bongo net (200 µm) that was towed vertically from 200 m 

to the surface at a constant speed of 0.5 m s-1. Samples were fixed with buffered formalin (4% v/v final 

solution) for microscope analysis ashore (ZEISS Stemi 508 and ZEISS Primo Star). Euphausiacea were only 

identified to Order level. Mesozooplankton biomass (mg C m-3) was estimated using body area, determined 

by averaging a minimum of 25 digitized images per species at a given development stage, and using species-

specific dry mass conversion formulas (Lehette and Hernández-León, 2009). 

4.3.4. Chlorophyll-a, net primary production, and nitrate uptake rates 

Water samples were collected from the near-surface at all stations for the analysis of Chl-a concentrations. 

At 12 stations (coloured triangles in Figure 4.1), samples were also collected from six depths throughout the 

euphotic zone. Duplicate 500 mL aliquots of seawater were filtered through 0.3 µm- and 2.7 µm glass fibre 

filters (Sterlitech, GF-75 and Grade D; GF/F) and 25 µm nylon mesh filters. Chlorophyll-a was measured 

following the non-acidified method of Welschmeyer (1994) using a Turner Designs Trilogy fluorometer. 
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Rates of size-fractionated (i.e., pico- [0.3-2.7 µm], nano- [2.7-25 µm], and micro-phytoplankton [>25 µm]) 

net primary production (NPP) and NO3
- uptake were measured at 7 stations (blue circles in Figure 4.1) at the 

near-surface and F-max. These two depths were chosen as representative of the range of rates likely to occur 

in the euphotic zone. Duplicate 2 L seawater samples were collected in clear polycarbonate bottles at 

midday, pre-screened (200 µm mesh) to remove large grazers, and amended with NaH13CO3 and K15NO3 

(100 µM and 2 µM final concentration, respectively). Bottles were incubated for 4-6 h in an on-deck 

incubator equipped with neutral-density filters to simulate the 55% (i.e., surface) and 5-10% (i.e., F-max) 

light levels, and cooled with running near-surface seawater. 

After incubation, 500 mL subsamples from each bottle were filtered through 0.3 µm and 2.7 µm pre-

combusted GF/F and 1 L was filtered through a 25 µm nylon mesh from which the captured particles were 

resuspended in 0.2 µm-filtered seawater and re-filtered onto a 0.3 µm GF/F. Filters were stored in pre-

combusted foil envelopes at -80°C. Ashore, each filter was freeze-dried for 24 h at -60°C, then packaged into 

a tin capsule and analysed for carbon (C) and nitrogen (N) content using a Flash 2000 Elemental Analyzer 

coupled to a Delta V Plus isotope ratio mass spectrometer. Three in-house standards, calibrated against 

IAEA reference materials, were included in each run along with numerous blanks (unused pre-combusted 

filter + tin capsule). The detection limit was 2 μg C and 1 μg N, and precision was ± 0.005 atom% for C 

and N. 

Rates of NPP (nmol C L-1 h-1) and NO3
- uptake (nmol N L-1 h-1) were calculated as: 

 𝑉𝑡  =  𝑎𝑡𝑜𝑚%𝑥𝑠 / (𝑎𝑡𝑜𝑚%𝑒𝑛𝑟  −  𝐹)  ×  𝑇 (Eqn. 4.1) 

 𝜌𝑡  =  𝑉𝑡  ×  𝐵𝑡 (Eqn. 4.2) 

where Vt is the specific uptake rate (h-1) and ρt is the transport rate (nmol C or N L-1 h-1), atom%xs is the 

excess 13C or 15N (relative to F, the naturally-occurring atom% of 1.07% for 13C and 0.366% for 15N) in the 

particulate organic C or N (POC or PON) sample, atom%enr is the atom% of 13C or 15N in the substrate pool 

(dissolved inorganic carbon or NO3
-) upon tracer addition, B is the POC or PON concentration (nmol L-1), 

and T is the incubation length (h) (Dugdale and Wilkerson, 1986). 



Plankton community composition and productivity near  

the Subantarctic Prince Edward Islands archipelago in autumn  

- 183 - 

 

Eppley and Peterson (1979) defined the f-ratio as the ratio of new- to total production, calculated as: 

 f-ratio=  
NO3

− uptake

NO3
−+ NH4

+ uptake
  (Eqn. 4.3) 

Since we did not measure NH4
+

 uptake, we computed the f-ratio as: 

 f-ratioNPP =  
NO3

− uptake

NPP × 16/106
  

Here, 16/106 is the average ratio in which phytoplankton take up N and fix CO2 (Redfield, 1934). Our f-

ratioNPP formulation thus assumes that phytoplankton were behaving according to ‘Redfieldian’ expectations, 

which is reasonable given that non-diatom phytoplankton C:N ratios do not appear to vary much from 

106:16 (Garcia et al., 2018). If anything, the C:N ratio of nano-phytoplankton relying mainly on recycled N 

may be higher than 106:16 (Garcia et al., 2018), which would yield a higher f-ratioNPP. The f-ratioNPP also 

accounts for productivity supported by regenerated N forms other than NH4
+, such as urea, which has been 

shown to fuel 13-27% of regenerated production (4-24% of total production) near the archipelago in autumn 

(Thomalla et al., 2011).  

Mixed layer-integrated NPP and NO3
- uptake rates (mg m-2 h-1) were calculated assuming that photosynthesis 

decreases as light attenuates with depth (Loisel and Morel, 1998). Since NO3
- reduction is energy-intensive, 

the rate of NO3
- uptake should also decline with decreasing light (e.g., Mdutyana et al. 2020). For each 

station, we fitted an exponential regression curve using the two measured rates (surface and F-max) and 

setting NPP and NO3
- uptake to zero at the base of the euphotic zone, defined as the depth at which light was 

attenuated to 1% of its surface value. The Euphotic zone depth was calculated as: 

𝐸𝑧  =  𝐸0  ×  𝑒−𝑘𝑧 

where E is irradiance, z is euphotic zone depth, 0 is the surface, and k is the attenuation coefficient, 

determined from light attenuation data available for April and May 2017 near the archipelago 

(doi:10.5067/ORBVIEW-2/SEAWIFS_OC.2014.0); for k = 0.03 m-1, z = 153.5 m. The MLD at each station 
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was significantly shallower than z, driven by a strong thermocline at 90-100 m that isolated the lower 

euphotic zone waters below it. We therefore integrated to the MLD instead of to z, deriving the NPP or NO3
- 

uptake rate at the MLD from the regression equation. Our results are thus more likely to underestimate than 

overestimate productivity.  

4.3.5. Daily egg production and grazing rate estimates 

Egg production (i.e., ‘secondary production’) was measured for Calanus simillimus, the dominant copepod 

species in our study area, at 13 stations up- and downstream of the islands (red squares in Figure 4.1). 

Specimens were gently collected from the near-surface using a 300 µm driftnet. Following the bottle 

incubation method (Peterson et al., 1991), single undamaged mature adult females were transferred to 

opaque 1 L polycarbonate bottles filled with pre-filtered (63 µm) surface water. The bottles were incubated 

at 4°C and gently agitated by the movement of the ship. After 24 h, the females were removed, their 

condition was assessed (experiments wherein females were found dead or moribund were excluded), and the 

eggs produced during the incubations were counted using a dissecting microscope. Secondary production can 

be estimated as carbon-specific egg production (C-SEP; d–1) following Jakobsen et al. (2018) as: 

𝐶 − 𝑆𝐸𝑃 =  𝐸𝑃𝑅 ×  (𝐶𝑒 ∕ 𝐶𝑓) 

where EPR (egg production rate) = the number of eggs female–1 day–1 (eggs f-1 d-1), Ce = egg C content, and 

Cf = female C content. Ce was estimated from egg volume (average egg diameter of C. simillimus = 150 µm; 

Ward and Shreeve (1995)) and a conversion factor of 0.139 × 10-6 μg C μm-3 (Huntley, 1992), and Cf was 

estimated from the body area conversion formulas of Lehette and Hernández-León (2009). Due to 

temperature differences between the ambient seawater (5-6°C) and incubation environment (4°C), egg 

production rates were scaled using a Q10 factor of 2.9 (Hansen et al., 1997). 

Sample collection and analysis for gut fluorescence and grazing rates were based on the protocol of Decima 

et al. (2016). After each Bongo net cast, the contents of one cod-end were rapidly anesthetized with CO2 (via 

the addition of soda water) to prevent gut-content evacuation, then fractionated into four size-classes: 200-

500 µm, 500-1000 µm, 1000-2000 µm, and >2000 µm. Each fraction was concentrated onto a 47 mm glass 

fibre filter, flash frozen in liquid nitrogen, and stored at -80°C. In the laboratory, two quarters of each filter 
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were transferred to borosilicate test tubes containing 7 mL of 90% acetone that were sonicated for 20 

seconds, then left in the dark at -20°C for 24 h to allow for pigment extraction. The supernatant obtained by 

centrifuging the extracted samples at 3000 rpm for 5 min was analysed using a Turner Designs Trilogy 

fluorometer equipped with a Chl-a ‘acidified module,’ before and after acidification with 1 drop of 10% HCl, 

yielding total Chl-a and phaeopigments, respectively. Pigment content was estimated from the equations of 

Lorenzen (1967). While non-degraded Chl-a can be found in the gut of copepods along with phaeopigments, 

we used only phaeopigment content in our grazing rate calculations to avoid including any phytoplankton 

aggregates caught in the net (Decima et al., 2016). Gut pigment content was trapezoidally depth-integrated to 

200 m. 

Ingestion (or grazing) rates (𝐼; μg pigment m-3 d-1) were calculated following the equation of Mackas and 

Bohrer (1976): 

𝐼 =  𝐺 ×  𝐾  

where G is the depth-integrated gut pigment content and K is the gut passage rate of 0.019 min-1, determined 

empirically for copepods living in 5°C seawater (Dam and Peterson, 1988). This K value agrees with gut 

passage rates estimated for C. simillimus collected from PFZ waters west of the Prince Edward Islands (K = 

0.0053-0.0238 min-1; Bernard and Froneman 2003). A carbon/Chl-a ratio of 50:1 (weight:weight) was used 

to convert measured gut-content Chl-a (inferred from phaeopigment measurements) to autotrophic carbon 

(Atkinson, 1996). 

4.3.6. Remote sensing data 

We examined monthly (October 2016 to May 2017) level-3 Chl-a concentrations from the MODIS Aqua 

satellite product (https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Monthly/4km/chlor_a/) near the 

archipelago at 4 km spatial resolution. Additionally, 1/4-degree horizontal resolution daily sea surface height 

(SSH) and derived geostrophic currents were acquired from the multi-mission level-4 satellite gridded 

product (SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047; http://marine.copernicus.eu). 

Positions of the northern (N), middle (M), and southern (S) branches of the SAF and APF were determined 



Plankton community composition and productivity near  

the Subantarctic Prince Edward Islands archipelago in autumn  

- 186 - 

 

using the SSH data: N-SAF = 0.240 m, M-SAF = 0.030 m, S-SAF = −0.170 m, N-APF = −0.300 m, M-APF 

= −0.480 m, and S-APF = −0.630 m (Sokolov and Rintoul, 2009b, 2009a; Lamont et al., 2019). 

4.3.7. Statistical analyses 

Plankton abundance data were log-transformed prior to statistical analysis (Curran-Everett, 2018). To test for 

differences in community structure among the different regions (i.e., upstream, inter-island, downstream), a 

permutation multivariate analysis of variance (PERMANOVA) was undertaken using the Primer-E software 

(ver.7, 2009). Maps of the horizontal distributions of physical and biogeochemical parameters were produced 

using the multilevel B-splines method of the R-package ‘MBA’. The distribution about the population mean 

or median is presented as ± standard deviation ( ± STDEV) if observations were replicated (e.g., species 

abundance) or as ± standard error ( ± SE) if experiments were replicated (e.g., NPP). 

4.4. Results 

4.4.1. Evolution of the surface Chl-a distribution and hydrographic conditions  

The evolution of the surface Chl-a distribution between spring and autumn 2017 appeared strongly 

influenced by the eastward movement of the oceanic fronts (Figure 4.2). In January, the phytoplankton 

biomass remaining after the spring bloom was trapped in a meander of the S-SAF (Figure 4.2d) that 

transported it eastward until it dissipated in May (Figure 4.2h). The late-summer (i.e., February and March) 

phytoplankton bloom augmented the biomass contained within this meander (Figure 4.2e and f). By the time 

of our sampling, Chl-a had declined and the S-SAF was transporting the remnants of the late-summer bloom 

to the northeast of the archipelago, leaving the upstream region depleted of phytoplankton (Figure 4.2g-h). 
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Figure 4.2 Monthly-averaged MODIS satellite-derived surface Chl-a concentrations around the Prince Edward Islands 

from October 2016 (a) to May 2017 (h). Solid orange line = M-SAF; dashed orange line = S-SAF; dotted yellow line = 

N-APF; solid yellow line = M-APF (see text for acronym definitions). The overlaid black arrows show the magnitude 

and direction of the geostrophic currents.  
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4.4.2. Oceanographic setting 

The position of the S-SAF in April 2017 resulted in warmer (6.5-7°C), more saline (~33.90), lower-oxygen 

(~275-280 μM) waters to the northwest of Marion Island, separated from the cooler (5.5-6.0°C) and fresher 

(<33.85) waters to the south and east that were influenced by the N-APF (Figures 4.3a and C.1a-b). South of 

the S-SAF, the inter-island stations were slightly warmer (≥6.0°C) and more saline (≥33.85) than the stations 

to the south and east of the archipelago (5.0-6.0°C and 33.75-33.85). All the stations were characterized by a 

stable pycnocline, with MLDs of ~120 m at the upstream and downstream sites and ~90-100 m in the inter-

island region (except at station H20 where the MLD was ~150 m). 

Between the surface and 200 m, the concentrations of NO3
-+NO2

- (hereafter, NO3
-), SiO4

4-, and NH4
+ ranged 

from 16.5 to 23.0 μmol L-1, 2.0 to 12.5 μmol L-1, and 0.1 to 1.6 μmol L-1, respectively, with higher values 

generally observed between the islands and downstream (Figure 4.3b-c; Figure C.1c; surface concentrations 

only). 
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Figure 4.3 Surface maps of the major hydrographic and biogeochemical parameters measured around the Prince Edward 

Islands: (a) temperature, (b) nitrate+nitrite (NO3
-+NO2

-), (c) silicic acid (SiO4
4-), and (d) Chl-a. Solid grey lines = 

bathymetry (see Figure 4.1 for depths); solid blue line = M-SAF; dashed blue line = S-SAF; dotted blue line = N-APF 

(see text for acronym definitions). The black dots indicate the positions of the stations, with station numbers included 

on panel (a).  
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4.4.3. Plankton (<200 μm) biomass and community composition  

Total phytoplankton Chl-a (>0.3 µm) was relatively invariant around the archipelago at 0.2 to 0.3 µg L-1, 

increasing slightly between the two islands to 0.4 µg L-1 (Figures 4.3d and C.2). The lowest Chl-a 

concentrations were observed at the most downstream stations, H13N and P12D, and at the southernmost 

upstream station H7 where the influence of the N-APF was greatest. Chl-a was relatively homogenous 

throughout the mixed layer (Figure C.2b), with the nanoplankton size-class contributing most to total Chl-a 

(60%; 0.1 < Chl-a < 0.3 µg L-1), followed by the pico- (32%; <0.2 µg L-1) and microplankton (8%; <0.1 µg 

L-1).  

The average bulk (0.3-200 µm) POC concentration across the archipelago was 75.2 ± 52.1 mg C m-3 (median 

of 50 mg C m-3), reaching a maximum at inter-island station H18D (190 mg C m-3 at the surface and 100 mg 

C m-3 at the F-max). In general, higher POC (≥100 mg C m-3) occurred throughout the euphotic zone in the 

inter-island and upstream areas, while at the downstream stations, POC was ~50 ± 10 mg C m-3 (Figure C.3). 

These values are 10- to 20-times higher than the summed nano+microplankton biomass values, estimated by 

converting species-specific biovolumes to carbon (Figure 4.4a-b). Average nano+microplankton biomass 

was 5.1 ± 2.0 mg C m-3, reaching a maximum of 8-9.8 mg C m-3 at upstream stations H5N and H7D and 

inter-island station H18D. On average, nano- and microplankton contributed ~30% and ~70% of the total 

biomass, with ciliates (i.e., heterotrophs) constituting 43 ± 16% on average (50% upstream, 31% in inter-

island waters, 51% downstream). The contribution of photoautotrophs (flagellates, cryptophytes, 

coccolithophores, diatoms) to nano+microplankton carbon ranged from 0.3 to 2.7 mg C m-3 (average across 

the study region of 1.4 ± 0.6 mg C m-3; 25 ± 5% of total nano+microplankton biomass). This estimate would 

likely be higher if a dinoflagellate contribution were included since this group accounted for an average of 

1.4 ± 0.8 mg C m-3 (28 ± 14% of the total nano+microplankton biomass). However, because the extent of 

dinoflagellate autotrophy versus mixotrophy is unclear (Stoecker, 1999), we exclude dinoflagellates from our 

calculations of autotrophic carbon.  
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Figure 4.4 Biomass (mg C m-3) and abundance (cells L-1 and ind. m-3) of plankton <200 µm (mainly phytoplankton; (a-

c) and mesozooplankton >200 µm (d-f). (a, d) Biomass in each size class; (b, e) biomass at the taxon level; and (c, f) 

abundance at the taxon level. Panels b and c share a legend. The large open squares indicate the area sampled: dark blue 

= upstream, green = inter-island, red = downstream. The x-axes show the stations, water depth (surface and F-max; 

panels a-b only), and time of sampling (D = day, yellow; N = night, blue).  
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At all the NPP stations, the POC-to-PON ratio (C:N) of bulk samples exceeded that expected for typical 

marine biomass (6.63; Redfield, 1934), ranging from 8.2 to 12.1 (Table C.3). The biomass C:N ratios were 

similar in the upstream and inter-island regions (10.5 ± 0.7 and 10.4 ± 2.5), while downstream, C:N was 

lower (8.4 ± 0.1). Biomass C:N varied among size-classes, with picoplankton characterized by the lowest 

C:N ratio (4.6 ± 2.3), while nano- and microplankton had higher ratios (10.1 ± 1.7 and 27.7 ± 7.4). 

Although not dominant in terms of biomass, nanoflagellates (3-10 µm) numerically dominated the 

phytoplankton community (average abundance of 10.5 ± 7.1 cells mL-1), followed by the dinoflagellates and 

pennate diatoms (6.3 ± 2.6 cells mL-1 and 0.9 ± 0.6 cells mL-1) (Figure 4.4c, Table C.4). Across the 

archipelago, nanoplankton (nanoflagellates, cryptophytes, coccolithophorids) and dinoflagellates comprised 

an average of 60% and 30% of the total phytoplankton cells, respectively. Centric diatoms were minor 

contributors at all stations (1.7 ± 1.1%), with slightly higher downstream abundances (2.1 ± 1.7% on 

average, reaching 4.0 ± 1.4% at station H13N). Station H18D (inter-island) had the highest abundances of 

nano- and microplankton (40.5 ± 14.6 cells mL-1 and 5.0 ± 0.2 cells mL-1). Nonetheless, phytoplankton 

biomass and community composition were relatively homogenous around the archipelago, with no 

significant differences among areas (PERMANOVA; R2 = 0.17, p = 0.07). 

4.4.4. Rates of net primary production and nitrate uptake 

Similar trends were observed for NPP and NO3
- uptake (Figure 4.5a and b; Table C.3), with surface rates that 

were typically 1.5- to 2-times those measured at the F-max, and generally highest in the inter-island region. 

Additionally, the rates were slightly higher downstream (mainly at stations P11 and P12) than upstream. 

Maximum rates for the total phytoplankton community were recorded at inter-island station C35, where NPP 

and NO3
- uptake were 3- and 2-times higher, respectively, than the average rates for the plateau (55.3 ± 9.2 

nmol C L-1 h-1 and 1.3 ± 0.1 nmol N L-1 h-1 versus 15.9 ± 13.5 nmol C L-1 h-1 and 0.5 ± 0.4 nmol N L-1 h-1). 

The lowest rates of NPP and NO3
- uptake were observed at stations H7 (upstream; 5.4 ± 5.1 nmol C L-1 h-1 

and 0.15 ± 0.1 nmol N L-1 h-1) and P10 (downstream; 6.8 ± 3.1 nmol C L-1 h-1 and 0.35 ± 0.1 nmol N L-1 h-1).  
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Figure 4.5 Rates of NPP (nmol C L-1 h-1) and NO3
- uptake (nmol N L-1 h-1) in the waters surrounding the Prince Edward 

Islands at the (a) surface and (b) F-max. Symbol shape indicates the phytoplankton size-class: circle = picoplankton (0.3 

- 2.7 μm), triangle = nanoplankton (2.7 - 25 μm), square = microplankton (25 - 200 µm), and diamond = bulk (0.3 - 200 

μm). The colours represent the different regions: blue and grey = upstream, green and light-grey = inter-island, and red 

and dark-grey = downstream. The size of the symbols is proportional to the POC concentration. Also shown are the 

mixed layer-integrated rates of (c) NPP (mg C m-2 h-1) and (d) NO3
- uptake (mg N m-2 h-1). Here, the colours of the wide 

bars indicate the size classes: bright purple = picoplankton, pink = nanoplankton, and dark purple = microplankton. The 

secondary y-axis and narrow coloured bars on panel (d) show the f-ratioNPP, with the bar colours indicating the sampling 

regions (as per panels (a) and (b). 

The nanoplankton size-class was the most productive, contributing 73 ± 8% of total NPP and 79 ± 9% of 

total NO3
- uptake, followed by the picoplankton at 25 ± 9% and 20 ± 11% (Figure 4.5c-d). The 

microplankton accounted for <1.8% of both NPP and NO3
- uptake. 

The bulk f-ratioNPP ranged from 0.13 to 0.39 (whole-plateau average of 0.24 ± 0.09), indicating that recycled 

N fuelled 61-87% (average of 76%) of NPP (Figure 4.5d). On average, the f-ratioNPP was similar for the pico- 

and nanoplankton (0.26 ± 0.26 and 0.23 ± 0.05; Table C.3). We observed no clear differences in the f-ratioNPP 

among the upstream, inter-island, and downstream regions, and no strong relationship with productivity. For 

example, the station characterized by the highest rates of NPP and NO3
- uptake (C35D) had one of the lowest 

f-ratiosNPP (0.18 ± 0.01), while the highest f-ratioNPP (0.38 ± 0.03) was estimated for station H5D where NPP 

was low and NO3
- uptake occurred at a moderate rate (Figure 4.5c-d; Table C.3). 
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4.4.5. Mesozooplankton biomass and community composition 

Mesozooplankton biomass in the upper 200 m was quite variable across the study region (Figure 4.4d-e). For 

stations sampled during the day (D) and at night (N), no clear diel pattern emerged. For example, biomass at 

station H5 was three-times higher during the day (H5D* and H5D) than at night (H5N), biomass at P10 was 

four-times lower during the day than at night, and at P11, day and night biomass was similar. Stations H7D 

(far upstream) and H13N (far downstream) were characterised by the highest biomass, and stations H6D 

(upstream) and P10D (immediately downstream) supported the lowest biomass. Across the archipelago, total 

mesozooplankton biomass averaged 8.8 ± 9.1 mg C m-3 and was dominated by the >2000 µm size-class and 

by non-copepod species (collectively ~70% of total biomass; Figure 4.4d-e). Chaetognatha, Euphausiacea, 

and Copepoda constituted the three major taxa in terms of biomass, with the large size of the latter two 

groups elevating the biomass of the 1000-2000 µm and >2000 µm size-classes compared to the more 

numerically abundant 200-500 µm and 500-1000 µm fractions (which constituted ~8% and ~5% of the 

biomass). 

Mesozooplankton abundance was dominated by copepods (~86% of the total organisms counted, ~2500 ind. 

m-3; Figure 4.4f, Table 4.1). More generally, the main contributors were the 200-500 µm and 500-1000 µm 

size-classes, responsible for ~40% and ~30% of the total individuals counted. The remaining organisms were 

apportioned between the 1000-2000 µm (~21%) and >2000 µm size-classes (~9%).
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Table 4.1 Abundances (ind. m-3) of mesozooplankton sampled near the Prince Edward Islands in autumn 2017. Taxa are arranged in order of decreasing average abundance. 

Italicized U = upstream, I = inter-island, D = downstream. 

 

Station H5D H5N H5D* H6D H7D H21D H20D H18D H17D H13D P10D P10N P11D P11N P12D 

Average STDEV 

Area / Taxa U U U U U U I I D D D D D D D 

Copepoda 87.54 159.15 229.01 106.1 156.5 139.7 156.50 50.40 107.87 487.19 5.77 295.67 93.72 361.64 89.30 168.41 127.14 

Ostracoda 4.46 7.32 6.26 7.71 9.69 5.87 4.81 3.71 13.23 22.35 1.28 2.32 7.75 21.43 9.66 8.52 6.22 

Chaetognatha 0.64 1.49 1.31 2.72 5.69 2.76 1.84 3.93 8.21 33.39 0.26 1.75 5.62 8.98 8.70 5.82 8.18 

Foraminifera 4.90 5.20 10.43 17.75 3.75 3.36 1.63 0.21 5.48 3.54 2.09 0.11 4.24 15.92 5.34 5.60 5.21 

Limacina spp. 0.25 8.56 0.35 0.85 0.71 0.18 0.21 0.25 3.22 13.44 2.46 0.45 2.62 13.72 0.21 3.17 4.76 

Copepod nauplii 1.77  2.83 0.28 1.91 1.03 3.57 3.57 0.04 1.06 0.09 3.28 3.71 0.28 3.86 1.82 1.52 

Euphausiacea 0.34 2.02 0.99 0.21 1.41 1.17 1.10 1.31 0.25 1.98 0.17 2.26 0.21 7.85 0.11 1.43 1.92 

Amphipoda 0.16 0.04 0.50 0.50 0.39 0.39 0.32 0.71 0.39 1.70 0.58 1.53 0.50 1.63 0.18 0.63 0.54 

Cryptoniscus 

larvae (Isopod) 

0.05 0.07 0.04 0.04 0.21 0.21 0.18 0.18 0.21 0.21  0.06 0.04  0.25 0.12 0.09 

Oikopleura spp. 0.02   0.04  0.14  0.07 0.04 0.35  0.28 0.14 0.35 0.04 0.10 0.13 

Cnidaria           0.09 0.06 0.04   0.01 0.03 

Fritillaria spp.        0.04     0.07   0.01 0.02 

Creseis spp.             0.11   0.01 0.03 

Enteropneusta          0.07       0.02 
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Mesozooplankton assemblages were similar across the archipelago, albeit with variable relative abundances 

of the different groups (Figure 4.4f). While there was no significant difference in species distribution as a 

function of environmental parameter (temperature, salinity, oxygen, and nutrients; PERMANOVA; R2 = 

0.17, p = 0.25) or location (upstream, inter-island, downstream; PERMANOVA; R2 = 0.18, p = 0.15), 

abundances were higher at night at the three stations that were sampled over a diel cycle – H5 (upstream; 254 

ind. m-3 at night versus 142 ± 60 ind. m-3 in the day), P10 (downstream; 308 versus 15 ind. m-3), and P11 

(downstream; 443 versus 119 ind. m-3), with the highest abundances recorded downstream at night (stations 

H13N and P11N; 566 and 443 ind. m-3, respectively). For the stations with day- and night data, all size-

classes were more abundant at night (200-500 µm, 152 ± 73 ind. m-3 at night versus 46 ± 32 ind. m-3 in the 

day; 500-1000 µm, 86 ± 86 versus 47 ± 38 ind. m-3; 1000-2000 µm, 79 ± 53 versus 21 ± 14 ind. m-3; >2000 

µm, 22 ± 18 versus 11 ± 7 ind. m-3). Average copepod abundances increased from 76 ± 47 ind. m-3 during the 

day to 384 ± 98 ind. m-3 at night (t-test, p-value <0.01). This trend was strongest for smaller copepod species 

such as Oithona spp. (from 67 ± 49 to 171 ± 81 ind. m-3; p-value <0.01) and species of the family 

Clausocalanidae (from 20 ± 13 to 66 ± 53 ind. m-3; p-value <0.01) (Table C.5). We do not have enough data 

to robustly address the potential effects of diel vertical migration on the zooplankton distributions at the time 

of sampling. However, given that most of the zooplankton of interest here reside and are active in the upper 

200 m (rather than migrating to depth) (Harris et al., 2000), we consider the combined day- and night dataset 

to broadly characterize the composition and role of zooplankton in the plankton system of the Prince Edward 

Islands archipelago, specifically with regards to carbon transfer within and from the euphotic zone. 

The copepod community was dominated by Cyclopoida (Oithona similis; >63% of total copepods) and 

Clausocalanidae (mostly Clausocalanus spp.; ~21%) (Table C.5). Adult Calanidae (1.3%) were abundant at 

the downstream stations, while juveniles were well-represented across the archipelago (7.6%) (Table C.6). 

Key Antarctic species such as Calanus simillimus, C. propinquus, Rhincalanus gigas, Heterorhabdus 

austrinus, Paraeuchaeta antarctica, Pleuromamma robusta, Metridia gerlachei, and M. lucens were present 

at low abundances (0.07% to 1.15% of total copepods). C. simillimus and R. gigas were mainly found at the 

downstream stations, while Metrinidae (P. robusta, M. gerlachei, M. lucens; 3.4%), were more 

homogenously distributed across the archipelago. P. antarctica was present only at the upstream stations 
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(0.1%), while Microcalanus spp., common in previous studies of this region (e.g., Boden and Parker 1986), 

were not observed. 

The non-copepod mesozooplankton community (14.2% of total mesozooplankton abundance) was 

dominated by Ostracoda (30.2%), Chaetognatha (20.6%), and Foraminifera (19.9%) (Figure 4.4f; Table C.7). 

While Ostracoda were homogenously distributed among regions (30.3%, 27.2%, and 30.5% of all non-

copepod mesozooplankton in the upstream, inter-island, and downstream areas, respectively), Chaetognatha 

were more abundant downstream (56.7% versus 10.3% [upstream] and 46.3% [inter-island]) and 

Foraminifera were more abundant upstream (32.9% versus 10.2% [inter-island] and 14.3% [downstream]). 

Different life-cycle stages of Euphausiacea (200 µm to <4 cm) comprised 4.7% of the non-copepod 

community. Those in the 500-1000 µm and 1000-2000 µm size-classes were most abundant, accounting for 

46.5% and 39.9% of the total krill.  

4.4.6. Egg production and grazing rates 

Of the 48 C. simillimus females that were individually incubated, 17 spawned between 1 and 22 eggs, while 

the remaining 31 produced no eggs (Table 4.2). The C-SEP was on average 17 ± 4% d-1 (n = 48; EPR = 3.7 ± 

0.1 eggs f-1 d-1) and was lower at the upstream (10 ± 7% d-1, n = 12) and inter-island (11 ± 11% d-1, n = 2) 

than the downstream stations (20 ± 5% d-1, n = 34), with one specimen at P11 producing the maximum 

number of eggs (EPR = 22.5 eggs f-1 d-1).Table 4.3 shows the EPRs for C. simillimus measured in 

Subantarctic waters during voyages to the Prince Edward Islands archipelago in autumn 2013 through 2016 

and on winter cruises in 2012 and 2015 (Verheye, 2017) , as well as in summer 2011/2012 during a voyage 

along the Greenwich meridian en route to Antarctica (Kattner, 2012). The EPR estimated for autumn 2017 

was on average four-times lower than in summer, and while higher than the EPR measured in winter 2015 

and similar to winter 2012 and autumn 2014, was three- to six-times lower than the EPR measured in autumn 

2013, 2015, and 2016.  
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Table 4.2 Egg production rates (EPR; eggs f-1 d-1) and carbon-specific egg production rates scaled for temperature (C-

SEP; d-1) for C. simillimus measured near the Prince Edward Islands in autumn 2017. ‘-’ indicates no data because the 

number of spawned eggs = 0 or 1. In the column headed ‘Stations’, D = Day, N = Night. In the column headed ‘Area’, 

U = Upstream, I = Inter-island, D = Downstream. The rates aligned with ‘TOTAL PEIs’, ‘Upstream’, ‘Inter-island’, and 

‘Downstream’ are the averages ± SE for all stations in these locations, with PEIs referring to Prince Edward Islands. 

Stations Area n females 
mean EPR max EPR mean C-SEP max C-SEP 

(eggs f-1 d-1) (eggs f-1 d-1) (d-1) (d-1) 

H5D U 1 - - - - 

H6D U 2 - - - - 

H7D U 3 3.5 ± 3.5 10.5 0.2 ± 0.3 0.5 

H8D U 5 0.2 ± 0.3 0.9 0.01 ± 0.01 0.04 

D1D U 1 - 16.8 - 0.8 

MT1N I 1 - 4.9 - 0.2 

MT5N I 1 - - - - 

D13D D 1 - - - - 

C23D D 1 - 20.0 - 0.9 

P10D D 2 4.7 ± 4.7 9.4 0.4 ± 0.4 0.7 

P11D D 27 4.3 ± 1.3 22.5 0.2 ± 0.1 0.9 

H17N D 1 - - - - 

H13N D 2 - - - - 

TOTAL PEIs  48 3.7 ± 0.1 22.5 0.2 ± 0.04 0.9 

 Upstream 12 2.4 ± 1.5 16.8 0.1 ± 0.1 0.8 

 Inter-island 2 2.5 ± 0.1 5.0  0.1 ± 0.1 0.2 

 Downstream 34 4.3 ± 1.1 22.5 0.2 ± 0.05 1.0 

 

Table 4.3 Average and maximum egg production rates (EPR; eggs f-1 d-1) for C. simillimus measured in Subantarctic 

waters prior to 2017 during summer along the Greenwich meridian (Kattner, 2012), and during autumn and winter near 

the Prince Edward Islands (Verheye, 2017), with our new data shown in bold. N = number of observations. 

Year 

Summer (Dec-Jan) Autumn (Apr-May) Winter (Jul-Aug) 

N mean EPR max. EPR N. mean EPR max. EPR N. mean EPR max. EPR 

2011 17 16 44   
 

  
  

  

2012             95 4 13 

2013   
 

  136 12 57 
  

  

2014       43 5 27       

2015   
 

  40 15 45 5 0 0 

2016       2 24 47       

2017       48 4 23       

  



Plankton community composition and productivity near  

the Subantarctic Prince Edward Islands archipelago in autumn  

- 199 - 

 

Zooplankton grazing rates ranged from 4 to 28 µg Chl-a m-2 h-1 upstream, 4 to 18 µg Chl-a m-2 h-1 in the 

inter-island region, and 5 to 70 µg Chl-a m-2 h-1 downstream, with no significant differences among stations 

and regions (PERMANOVA; R2 = 0.17, p = 0.09; Figure 4.6a). The median grazing rate was 12.5 µg Chl-a 

m-2 h-1 (0.62 mg C m-2 h-1). Elevated grazing rates were observed at night at some stations, such as at 

downstream stations H13 and P11 (75.6 and 59.4 µg Chl-a m-2 h-1, or 3.7 and 2.9 mg C m-2 h-1). Grazing 

rates at H7D (upstream) were higher than the median, reaching 27.5 µg Chl-a m-2 h-1 (1.4 mg C m-2 h-1). The 

contribution of Euphausiacea to grazing over the upper 200 m was 2.3 μg Chl-a m-2 h-1, corresponding to 

~20% of the community grazing rate and reaching a maximum of 20.2 μg Chl-a m-2 h-1 at P11N (Figure C.5; 

see also Appendix C.b). 

Community grazing rates showed a positive relationship with zooplankton abundance (p < 0.001, R2 = 0.74; 

Figure C.4). Additionally, although we did not observe a significant relationship between the depth-

integrated rates of NPP and zooplankton grazing rates (R2 = 0.02), phytoplankton production in all areas of 

the archipelago was sufficient to sustain mesozooplankton grazing (i.e., all data points fall below the 1:1 line 

in Figure 4.6b), assuming the zooplankton were actually grazing on the extant phytoplankton. 

 

   

   

   

   

   

   

            

 
  
  
 
 
  
 
  
  
  

 
 
  
  

  
 
  

               

   
 

 

 

 
  
  
 
 
  
 
  
  
  

       

        

         

     

               

 

        

            

          

              

           
Figure 4.6 (a) Grazing rates (µg Chl-a m-2 h-1) 

estimated for the different mesozooplankton size-

classes and (b) mesozooplankton grazing rates versus 

bulk NPP at the stations where both parameters were 

measured (circles) and averaged for each region 

using all the available data (triangles). Dark blue = 

upstream, green = inter-island, red = downstream, 

with day- and night samplings in the downstream 

region distinguished by D and N. 
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4.5. Discussion 

4.5.1. Plankton ecology, carbon production, and carbon export potential 

The satellite-derived Chl-a data clearly show the influence of the Prince Edward Islands on phytoplankton 

growth in 2016/2017, with elevated Chl-a observed near the archipelago compared to the open Subantarctic, 

particularly in February and March (Figure 4.2). Just prior to our sampling in April, phytoplankton had 

bloomed for the second time following an initial summer bloom in November and December (Figure C.6). 

The dominant direction of surface water flow from south-west to north-east through the archipelago 

concentrated the phytoplankton biomass produced in late-summer within a meander of the S-SAF that 

persisted until May. 

Our dataset suggests that plankton community composition and ecology near the Prince Edward Islands in 

autumn 2017 were influenced by the ‘trapped’ late-summer bloom, even though phytoplankton biomass had 

declined by the time of our sampling (Figure 4.2g). The nano- and dinoflagellates (<10 µm) that dominated 

the phytoplankton community across the archipelago likely succeeded larger diatoms that had proliferated 

earlier in the season (Seeyave et al., 2007), before decreasing in abundance and productivity due to 

unfavourable nutrient conditions (e.g., iron- and/or SiO4
4- depletion) and grazing. We hypothesize that at 

least some of the mesozooplankton sampled in autumn had been feeding on these diatoms, as the observed 

mesozooplankton community composition is inconsistent with that expected to be supported by the 

phytoplankton present at the time of our sampling. Most of the nano-phytoplankton, which dominated 

photoautotrophic abundance and biomass (Figure 4.4b-c), were too small to have been consumed by bigger 

(>500 µm) zooplankton species such as Euphausiacea, adults of Calanoida (e.g., C. simillimus), and other 

key Antarctic copepod species. Despite being opportunistic feeders, these large grazers prefer bigger 

phytoplankton cells such as diatoms (e.g., Nejstgaard et al. 1995). If their preferred food source is 

unavailable or because of seasonal feeding behaviour, they can switch their diets to carnivory or become 

detritivores (e.g., Euphausiacea (e.g., Hagen et al. 2007) and Calanoida (e.g., Saage et al. 2008)), or resort to 

using their stored lipid reserves (Lee and Hagen, 2006). The nano-phytoplankton were instead likely grazed 

by the smaller zooplankton that numerically dominated the archipelago (Figure 4.4d), such as ciliates and 

small copepods (Oithona spp. and Clausocalanus spp.), as well as Ostracoda and other filter feeders (e.g., 
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Tunicata) (Sherr and Sherr, 2007; Steinberg and Landry, 2017). One consequence of abundant 

microzooplankton and detritivorous mesozooplankton is enhanced nutrient recycling and energy loss 

(Steinberg and Landry, 2017). 

While our measurements suggest that herbivorous zooplankton grazing could have been sustained by ~10% 

of total NPP (Figure 4.6), we conclude that mesozooplankton composition and productivity in autumn was 

not controlled by the in situ phytoplankton community. Instead, these zooplankton appear to be a remnant of 

the preceding late-summer bloom, during which they would have fed on large phytoplankton (Vargas et al., 

2006). The subsequent shift in their diet to a less-nutritious food source (e.g., detritus) may have had 

deleterious effects on EPR and C-SEP (Table 4.3), as well as on the quantity and quality of the organic 

matter exported to the benthos (Gulati and Demott, 1997). The dominance of microzooplankton (e.g., 

ciliates) probably also negatively affected the downward flux of organic matter because their smaller faecal 

pellets are more easily retained and remineralized within the euphotic zone (Steinberg and Landry, 2017). 

The decoupling of the extant mesozooplankton and phytoplankton communities at the archipelago in 

autumn, along with the predominance of microzooplankton, would thus have led to enhanced organic matter 

remineralization by the microbial loop, retention of food in the surface layer, and slow rates of carbon 

transfer through the food web and to depth. This conclusion is consistent with our N uptake data that indicate 

a tendency for regenerated production across the archipelago.  

Although our study was conducted after the residual late-summer phytoplankton bloom had been advected 

away from the islands, relatively high concentrations of Chl-a, phytoplankton biomass, and rates of NPP 

were observed in the inter-island region. Such elevated inter-island Chl-a, which is a persistent feature of the 

Prince Edward Islands archipelago, is typically associated with the entrapment of eddies originating from the 

interaction of the ACC and South-West Indian Ridge (Lamont and van den Berg, 2020). These eddies 

enhance water-column stability and residence time, favouring phytoplankton growth (Venkatachalam et al., 

2019). However, no such eddy was present at the time of our sampling, due to the close proximity of the S-

SAF to the archipelago (Figure 4.2) (Lamont et al. 2019). The local increase in inter-island Chl-a and 

phytoplankton productivity (i.e., the island mass effect) may instead have resulted from i) the retentive effect 

of the shallow inter-island plateau and/or ii) an external input of iron or other limiting nutrient.  
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While we did not measure iron concentrations, our productivity experiments suggest that the modest 

observed island mass effect was mainly driven by physical processes related to the stability of the water 

column rather than by biogeochemical fluxes associated with the islands, such as the input of iron from land 

or via upwelling. Indeed, the f-ratioNPP <0.5 at all stations (Figure 4.5d) indicates that phytoplankton growth 

across the archipelago was largely fuelled by regenerated nutrients (NH4
+ and other recycled N forms), the 

assimilation of which has a far lower iron requirement than that of NO3
- (Morel et al., 1991). If iron had been 

supplied to the upper-ocean ecosystem, higher-than-observed NPP, NO3
- uptake rates, and f-ratiosNPP would 

be expected, particularly given that the mixed layer was well within the euphotic zone at all stations, 

rendering light limitation of phytoplankton unlikely. Further evidence for iron limitation is the integrated 

rates of regenerated N uptake (inferred from the integrated NO3
- uptake rates and the f-ratioNPP to range from 

0.06-0.47 mmol m-2 h-1, average of 0.15 mmol m-2 h-1). These were fairly low compared to previous late-

summer measurements from the Indian Subantarctic, including near the Prince Edward Islands (0.15-1.2 

mmol m-2 h-1), that were made under similar light conditions (e.g., Prakash et al. 2015). Additionally, nano- 

and dinoflagellates dominated the phytoplankton community, while diatoms were rare. The high surface-

area-to-volume ratio of nano-flagellates makes them more competitive than micro-phytoplankton for scarce 

nutrients such as iron (Hare et al., 2007), and iron limitation has been shown to most effectively impede 

diatoms (Timmermans et al., 2004) because their large size prevents them from acquiring this nutrient fast 

enough to maintain rapid growth. Finally, many dinoflagellates are mixotrophic (Stoecker, 1999), such that 

under conditions of depletion they can obtain iron directly by ingesting particles. The composition of the 

phytoplankton community in autumn 2017 was thus consistent with an iron-limited ecosystem, which we 

expect (and observe) to be fairly unproductive and fuelled largely by recycled N. 

We hypothesize that the phytoplankton retained between the two islands in autumn experienced light-replete, 

iron-limited conditions that drove them to rely mainly on reduced N forms that, at least in the case of NH4
+, 

were available at relatively high concentrations (Figure C.1c). The large difference between the bulk POC 

concentration (higher) and the estimated carbon biomass of <200 µm planktonic organisms (lower) suggests 

that detritus may have been a source of regenerated nutrients to the nano-phytoplankton following microbial 

remineralization. Elevated levels of detritus, remnant of the earlier bloom, are further implicated by the high 

C:N ratio of the bulk biomass, consistent with the accumulation of carbon-rich particulate matter such as 
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non-living, partially-degraded organic material, faecal pellets, and mucus associated with gelatinous 

zooplankton and transparent exopolymer particles. The accumulation of detritus, along with NH4
+ excreted 

by zooplankton, is expected for a maturing, lower-productivity water mass in a ‘post-bloom’ stage (Turner, 

2015). 

Despite the low productivity status of the ecosystem of the archipelago in autumn 2017, the average f-

ratioNPP of 0.24 implies that roughly a quarter of the carbon biomass was potentially available for export. We 

estimate a carbon export flux of 2.2-2.7 mmol C m-2 d-1 (with the range dependent on the number of daylight 

hours, 8 to 10 h in April and May 2017; carbon export = 1.14 mmol C m-2 h-1 (i.e., average integrated NPP) × 

0.24 (i.e., average f-ratioNPP) × number of daylight hours = 2.2-2.7 mmol C m-2 d-1). The annual mean carbon 

export flux in the open Subantarctic, away from the influence of land, is estimated from Community Earth 

System Model simulations to range from 0.8-1.6 mmol C m-2 d-1 (Harrison et al. 2018). While some months 

will be more important for carbon export than others, this value is nonetheless comparable to our estimates 

for the upstream stations located furthest from the archipelago (e.g., at station H7, located in >3500 m of 

water, carbon export = 0.7 mmol C m-2 d-1), but lower than the average carbon export flux derived for the 

islands in autumn 2017 (2.2-2.7 mmol C m-2 d-1). In other words, carbon export potential in the waters 

surrounding the Prince Edward Islands is enhanced three- to four-fold relative to the surrounding open 

Subantarctic (see also Appendix C.a). Thus, the island mass effect associated with this archipelago does 

enhance the productivity of the Subantarctic, driving atmospheric CO2 sequestration at least through autumn, 

despite a tendency towards regenerated production and inefficient trophic transfer in this season. 

4.5.2. The Prince Edward Islands in the context of other Subantarctic islands 

The island mass effect has been well-documented near the Subantarctic islands with larger plateaus, such as 

Crozet (e.g., Bakker et al. 2007), Kerguelen (e.g., Lourantou and Metzl 2011), and South Georgia (e.g., 

Borrione and Schlitzer 2013), but is infrequently discussed for the Prince Edward Islands, particularly with 

respect to the plankton system. There appear to be broad similarities among the islands, with phytoplankton 

typically blooming (often in two separate events) between October and late March (Seeyave et al., 2007; 

Borrione and Schlitzer, 2013). These blooms are initially dominated by diatoms that are succeeded by 
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nanoplankton as iron becomes exhausted (e.g., Mongin et al. 2008), accompanied by a shift from 

predominantly new- to predominantly regenerated production (Trull et al., 2008). 

There are also clear differences in the island mass effect associated with the various islands. Elevated Chl-a 

often persists for hundreds of kilometres beyond Crozet and Kerguelen (in the path of the ACC; Seeyave et 

al. 2007; Mongin et al. 2009), while the localized increase in phytoplankton biomass associated with the 

Prince Edward Islands is far less extensive (Figure C.7). Downstream of South Georgia, the summertime 

phytoplankton blooms are so vast and long-lived (e.g., Borrione and Schlitzer 2013) that they fuel the largest 

drawdown of CO2 observed in the ACC (Jones et al., 2012). The variable enhancement of NPP by the island 

mass effect at the different archipelagos has implication for carbon export potential. For example, a 

comparison of the carbon sink estimated for the waters downstream of the Kerguelen plateau in autumn (3.3-

10.8 mmol C m-2 d-1 based on 20 years of data; Lourantou and Metzl 2011) with our estimate for the Prince 

Edward Islands (2.2-2.7 mmol C m-2 d-1) reveals the greater importance of Kerguelen for the Subantarctic’s 

biological pump. Moreover, the absolute carbon export flux at the Kerguelen plateau relative to the Prince 

Edward Islands will actually be much greater given the far larger spatial extent over which its island mass 

effect manifests. We attribute the fairly modest island mass effect of the Prince Edward Islands to the 

archipelago’s small, steep plateau, which limits the degree to which nutrients (particularly iron) can be 

supplied to the upper-ocean ecosystem by upwelling or run-off, and/or retained in shallow waters that are 

trapped on the plateau (Planquette et al., 2011). 

4.5.3. Historical variability in the plankton ecosystem of the Prince Edward 

Islands 

Our measurements of Chl-a, rates of NPP, and plankton community composition and biomass are similar to 

recent historical data from the same region, the majority of which were collected in autumn (Table C.8 and 

S9; Ansorge et al. 2012 and references there in). We observed the dominance of pico- and nano-

phytoplankton across the archipelago, consistent with other measurements made after 1990. By contrast, 

earlier studies report autumn phytoplankton assemblages dominated by diatoms (>20 µm, present at 

abundances of 106-109 cells L-1; Ansorge et al. 2012). Along with biases introduced by data paucity, the 

apparent differences in phytoplankton metrics over the last three decades could be due to changes in 
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sampling equipment and/or analysis techniques. Alternatively, the temporal trends in community 

composition may be real and related to changes in the regional hydrography. The ACC has migrated 50-70 

km southwards over the past 50 years (Gille, 2002), altering the intensity and frequency of eddies spawned at 

the South-West Indian Ridge (Gille, 2003) and driving a southward migration of the S-SAF that has 

consequences for the through-flow regime at the Prince Edward Islands (Ansorge et al., 2009). For instance, 

Venkatachalam et al. (2019) recently used mooring- and microbial data collected at the archipelago between 

2012 and 2015 to show that the positions of the SAF and APF have a major impact on microbial community 

structure.  

It has also been reported that key Antarctic zooplankton species dominate the waters surrounding the 

archipelago when the SAF is situated north of the islands and Antarctic Surface Water intrudes onto the 

plateau (Ansorge et al., 2012). By contrast, when the SAF lies proximate to or south of the archipelago, more 

temperate surface waters surround the islands, introducing Subantarctic and subtropical species (Ansorge et 

al., 2012). Since the 1990s, subtropical copepod species (e.g., Clausocalanus spp.) have become more 

abundant than Antarctic species near the Prince Edward Islands (Ansorge et al., 2012), and similar warm-

water species were also dominant during our study (Tables S5 and S6). A climate-driven shift towards a 

plankton ecosystem dominated by temperate zooplankton species has implications for the entire archipelago 

food web. For example, changes observed in the ecology and composition of the benthic community at 

Prince Edward Islands over the last three decades have been attributed to changes in food source(s) linked to 

the plankton (von der Meden et al., 2017; Puccinelli et al., 2018). 
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4.6. Conclusions 

While this study was conducted in one season of a single year, our findings are nonetheless valuable given 

the paucity of recent data on the drivers and functioning of the plankton system proximate to the Prince 

Edward Islands archipelago. We conclude that 1) in autumn 2017 following the late-summer bloom, the 

Prince Edward Islands plankton system was dominated by small organisms (e.g., pico- and nano-

phytoplankton, and microzooplankton) and characterized by retention and recycling of detritus and nutrients 

within the upper mixed layer; 2) the island mass effect associated with the archipelago manifests regardless 

of whether eddies form between the islands, provided that the irradiance-mixing conditions can support 

phytoplankton growth; 3) due to the proximity of the incident fronts, the phytoplankton biomass that evinces 

the (summertime) island mass effect can be retained within and transported a considerable distance from the 

islands by frontal meanders, with implications for the food supply to the benthos of the archipelago and the 

offshore pelagic ecosystem; 4) while phytoplankton blooms last longer near the Prince Edward Islands than 

in the open ocean, likely due to enhanced stratification and/or elevated iron inputs, these blooms are smaller 

and less productive than those associated with other Subantarctic islands – we attribute this to the smaller 

size of the archipelago’s plateau and its steeply sloping shelves, which decrease the residence time of waters 

near the islands and may dampen the upward iron flux; 5) despite the tendency towards regenerated 

production in autumn, carbon export potential at the Prince Edward Islands was three- to four-fold higher 

than in the open Subantarctic, implying that through its island mass effect, the archipelago contributes to the 

enhancement of the Subantarctic Ocean’s biological pump, even after the main bloom period; and 6) our data 

appear to confirm previous assertions that the plankton community at the Prince Edward Islands has changed 

in recent years, possibly due to a southward migration of the SAF.  

Further studies are required to fully understand ongoing fluctuations in plankton community composition and 

function, as well as the impacts on the biological pump and marine ecosystems of the Prince Edward Islands. 

We recommend extending the long-term monitoring efforts at the archipelago to include observations of the 

plankton system through measurements of primary and secondary production in different seasons 

(particularly spring and summer), as well as quantification of the nutrient supply (particularly that of iron) to 

phytoplankton from upwelling, recycling, and terrestrial sources. 
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Chapter 5. Short-term variations in plankton biomass δ13C and δ15N 

and trophic structure near the Subantarctic Prince Edward Islands 

archipelago 

Supplementary information of this Chapter can be found in Appendix D. 

5.1. Abstract 

We present and describe the principal factors driving temporal variability in the δ13C and δ15N of suspended 

particulate matter (SPM; δ13CSPM and δ15NSPM) and zooplankton collected in the vicinity of the Subantarctic 

Prince Edward Islands archipelago in five near-consecutive seasons over two years, including winter 2015 

and 2017, early summer 2016, and autumn 2016 and 2017. We find that the seasonal trends in δ13CSPM and 

δ15NSPM are mainly attributable to changes in the availability of nitrogenous nutrients (i.e., nitrate and 

ammonium) and the extent of their consumption by phytoplankton, as well as to (related) changes in 

phytoplankton community composition. The input of subsurface nitrate during winter mixing, which fuels 

mainly diatom growth in spring and early summer, drives a decrease in δ13CSPM and δ15NSPM relative to the 

winter when δ13CSPM and δ15NSPM are high, which we interpret at the result of bacterial decomposition of 

organic matter. From mid-summer to autumn, the now-iron-limited phytoplankton community becomes 

dominated by nano-phytoplankton that consume less nitrate in favour of recycled ammonium, which is low 

in δ15N. As such, δ13CSPM increases and δ15NSPM decreases to reach a maximum and minimum by autumn, 

respectively. Zooplankton biomass δ13C and δ15N tend to reflect the temporal variability in δ13CSPM and 

δ15NSPM. However, we observed a mismatch between the zooplankton isotope ratios and the δ13CSPM and 

δ15NSPM in autumn 2017, which we attribute to the low isotopic turnover rate of zooplankton biomass and to 

changes of their food source(s) driven by the local hydrography.  
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5.2. Introduction 

Measurements of carbon and nitrogen isotope ratios (δ13C and δ15N) have been employed extensively in the 

last few decades as tools for researching marine ecosystems and food webs (e.g., Peterson and Fry, 1987; 

Fry, 1988; Hobson and Welch, 1992; Doi et al., 2005; Hanson et al., 2010; Pethybridge et al., 2018) and 

biogeochemical processes (e.g., Sigman et al., 2000; Pantoja et al., 2002; Tamelander et al., 2009; Newsome 

et al., 2010). In general, the δ13C and δ15N of inorganic substrates (e.g., dissolved inorganic carbon (DIC) 

and nitrate) and organism tissue in the upper ocean are influenced by nutrient availability and biological 

activities, as well as the isotopic composition of the nutrient source(s) or organism diets (e.g., Post, 2002; 

Wada, 2009). Isotope-based studies of food webs and biogeochemical cycles can yield insights into 

geographical differences and temporal variations in ecosystem dynamics, food web structure, trophic 

relationships among species, and the flows of carbon and energy through ecosystems (e.g., Middelburg, 

2014; Welti et al., 2017). In particular, planktonic primary producers and consumers (i.e., herbivorous 

zooplankton) represent useful baselines for food web studies and for tracking animal migrations because 

their biomass δ13C and δ15N changes seasonally with changes in the environmental conditions (e.g., 

McMahon et al., 2013; Pakhomov et al., 2019). 

Phytoplankton δ13C is dependent on the pathway of carbon fixation during enzymatic carboxylation and 

carbon transport through the cell membrane (O’Leary, 1981, 1988; Fry and Sherr, 1984; Bidigare et al., 

1997; Pedentchouk and Zhou, 2018), and is also strongly influenced by seawater pH and pCO2 (Arthur et al., 

1985; Rau et al., 1989; Jasper and Hayes, 1990; Hinga et al., 1994; Rickaby et al., 2010), as well as 

temperature and salinity (Wong and Sackett, 1978; Hinga et al., 1994; Lara et al., 2010), cell growth rate 

(Nakatsuka et al., 1992; François et al., 1993; Laws et al., 1995), cell geometry (Fry and Wainright, 1991; 

Popp et al., 1998), phytoplankton community composition (Falkowski, 1991; Fry and Wainright, 1991; Van 

Oostende et al., 2017; Chapter 2), and the availability of various nitrogenous nutrients that trigger variable 

carboxylation in different plankton species (Dehairs et al., 1997 and references therein). By contrast, the 

δ15N of phytoplankton is set by the δ15N of the nutrient sources consumed (e.g., nitrate versus ammonium), 

the degree of consumption of those nutrients, and the isotopic fractionation expressed during consumption 

(e.g., Sigman et al., 1999; Altabet and Francois, 2001; DiFiore et al., 2010; Fawcett et al., 2011, 2014). 
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Phytoplankton preferentially take up the lighter isotope (12C or 14N) during substrate consumption such that 

their biomass δ13C and δ15N are initially lower than those of the substrate. In response, nitrate (a dominant 

nitrogen substrate available to Southern Ocean phytoplankton) becomes progressively enriched in the 

heavier isotope (15N) and its δ15N rises as consumption proceeds, as does the δ15N of the phytoplankton 

biomass. However, because of rapid equilibration among the DIC species (i.e., CO2, bicarbonate, and 

carbonate), the δ13C of the surface CO2 pool changes minimally during photosynthesis as CO2 is constantly 

being replenished (Popp et al., 1989; Rau et al., 1989, 1992; Freeman and Hayes, 1992). One exception to 

this scenario occurs when the phytoplankton growth rate is particularly high and CO2 is consumed faster than 

it can be resupplied by equilibration, resulting in a 13C enrichment of the CO2 pool and thus a higher δ13C of 

phytoplankton (Deuser, 1970). 

The δ13C and δ15N of zooplankton (or consumers in general) generally resemble the δ13C and δ15N of their 

food source(s) but with an offset imparted by isotopic fractionation associated with metabolism (DeNiro and 

Epstein, 1978, 1981; Fry et al., 1978). As such, the δ15N of heterotrophic organisms is indicative of their 

trophic position in the food web (e.g., primary or secondary consumer) (Peterson and Fry, 1987), with an 

estimated isotopic enrichment of ~2.3‰ from one trophic level to the next (McCutchan Jr et al., 2003). The 

δ13C of heterotrophs provides information about the origins and transformations of organic matter within the 

food web, with an increase in δ13C from the source to the consumer of ~1‰ (Fry and Sherr, 1989; Herman et 

al., 2000). 

Recent large spatial-scale studies conducted in the Southern Ocean have developed detailed geographical 

distributions (isoscapes) of the δ13C and δ15N of suspended particulate matter (i.e., SPM; δ13CSPM and 

δ15NSPM; Espinasse et al., 2019; St John Glew et al., 2021; and Chapter 2) and zooplankton (Yang et al., 

2021; Chapter 3), providing valuable insights into Southern Ocean biogeochemistry, fertility, and plankton 

ecology. In particular, δ13CSPM and δ15NSPM decrease latitudinally in response to physical and/or 

biogeochemical processes (e.g., Rau et al., 1992; François et al., 1993; Somes et al., 2010) taking place in 

each hydrographic zone, while in the vicinity of (Sub)Antarctic islands, sea ice, and continental shelfs, 

δ13CSPM and δ15NSPM increase as a result of local dynamics (e.g., St John Glew et al., 2021; Chapter 2). In 

contrast to the spatial variability characterised by isoscapes, temporal changes in plankton δ13C and δ15N in 
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the Southern Ocean are less well understood. St John Glew et al. (2021) recently explored four seasonal 

prediction methods to model temporal changes in δ13CSPM and δ15NSPM across the Southern Ocean, reporting 

values consistent with the (at times, limited) observations available for each season for several sectors of the 

Southern Ocean. However, the mechanisms underpinning this seasonal variability have yet to be thoroughly 

elucidated, in part because the St John Glew et al. (2021) model does not capture all the biogeochemical 

processes operating in the Southern Ocean (e.g., those associated with sea ice), but mainly due to a paucity 

of temporally-resolved observations of plankton δ13C and δ15N. 

Additionally, there are only a few studies on temporal variations in zooplankton δ13C and δ15N, mainly based 

on observations of a limited number of taxa inhabiting lake environments (e.g., Yoshioka et al., 1994; Gu 

and Schelske, 1996; Matthews and Mazumder, 2005a), which are a poor analogue for the Southern Ocean 

(e.g., Dehairs et al., 1997; Schmidt et al., 2003). This lack of temporal observations of plankton δ13C and 

δ15N in the Southern Ocean limits our understanding of the factors that lead to seasonal changes in plankton 

ecology and by extension, the entire food web, as well as the migration patterns of some marine animals 

(Schmidt et al., 2003; Matthews and Mazumder, 2005b, 2005a). 

This work seeks to improve our understanding of the factors that influence plankton carbon and nitrogen 

isotopes throughout the year in the Southern Ocean. We report and describe the processes driving temporal 

variability in the δ13C and δ15N of SPM and zooplankton collected in five near-consecutive seasons in the 

vicinity of the Subantarctic Prince Edward Islands archipelago (PEIs) , which is a system of two islands 

(Marion Island and Prince Edward Island) that lies between the Subantarctic Front and the Antarctic Polar 

Front. Here, phytoplankton are the main producers of energy that is transferred by zooplankton to hundreds 

of marine and terrestrial organisms, such that the PEIs support numerous habitats of elevated ecological and 

conservation importance (Pakhomov et al., 2000a; Chown and Froneman, 2008; Treasure et al., 2019). 

Additionally, plankton δ15N and δ13C have been used historically as baselines for studying the marine 

ecosystems offshore and in the vicinity of the PEIs (e.g., Gurney et al., 2001; Allan, 2011; Puccinelli et al., 

2018, 2020; Smart et al., 2020). Furthermore, the plankton system around the PEIs is comparable to that of 

other Subantarctic islands such as Crozet and Kerguelen Island (Chapter 4) where plankton δ13C and δ15N 
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have been employed in food web studies of higher trophic animals such as seabirds and marine mammals 

(e.g., Hilton et al., 2006; Cherel et al., 2007; Hunt et al., 2021). 

5.3. Materials and methods 

5.3.1. Cruise tracks and sample collection 

Samples were collected in different areas of the Southern Ocean between South Africa and ~50ºS, focusing 

sample collection near the PEIs (Figure 5.1a). In July and August 2015, surface SPM was collected along the 

Good Hope Line (0°E) on board of the South African MV S.A. Agulhas II (VOY016, with the bulk 

suspended particulate organic nitrogen [PON] data published previously; Smart et al., 2020; 

https://www.bco-dmo.org/dataset/805324/data). Samples for stable isotope analysis of SPM and 

mesozooplankton were collected in the vicinity of the PEIs (Figure 5.1b and g) aboard the MV S.A. Agulhas 

II from April to May 2016 and 2017 (VOY019; Smart et al., 2020; and VOY024; Chapter 4) and on board 

the Russian polar vessel MV Akademik Treshnikov (Академик Трёшников) during the Antarctic 

Circumnavigation Expedition (ACE; Walton and Thomas 2018; Landwehr et al. 2021) in late December 

2016. Moreover, surface SPM samples were collected on board the MV S.A. Agulhas II in June and July 

2017, (VOY025; Smith, 2020; https://doi.org/10.5281/zenodo.3884606).   
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Figure 5.1 (a) Station positions during the five expeditions that are the focus of this study (shapes and colours). The 

pink rectangle in panel (a) indicates the position of the zoomed-in panels (b-d), which show monthly-averaged level 3 

Chl-a concentrations from the MODIS Aqua satellite product (https://oceandata.sci.gsfc.nasa.gov/MODIS-

Aqua/Mapped/Monthly/4km/chlor_a/) during (b-e) April-May 2016, (c-f) December 2016, and (d-g) April-May 2017. 

Solid orange line = Middle Subantarctic Front (M-SAF); dashed orange line = Southern Subantarctic Front (S-SAF); 

dotted yellow line = Northern Antarctic Polar Front (N-APF); and solid yellow line = Middle Antarctic Polar Front (M-

APF). The overlaid black arrows (b-d) show the magnitude and direction of the geostrophic currents and the yellow 

rectangles indicate the position of the zoomed-in area near the Prince Edward Islands archipelago (PEIs) shown in 

panels (e-g).  
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At every station during each expedition, the SPM samples were collected by filtration of seawater (from 2 to 

8 L) from the ship’s underway seawater intake system (intake at ~7 m depth) through a pre-combusted 

(450°C for 24h) 0.3 μm pore‐sized glass fibre filter (GF-75; Sterlitech). The GF-75s filters were stored in 

combusted foil envelopes at −80°C. 

In April and May 2016, mesozooplankton were collected at every station (6 stations) by towing a Bongo net 

(200 μm mesh) at a depth between 25 and 90 m, targeting the depth of maximum chlorophyll-a concentration 

as determined by the preceding CTD casts. Once retrieved, the contents of the cod-end were sieved through 

5000‐, 2000-, 1000‐, 500‐, 250‐μm mesh sieves, concentrated onto pre-combusted 0.7 μm pore-size glass 

fibre filters (GF/Fs) and frozen at −20 °C (see Smart et al (2020) for further details of the sampling strategy). 

In April and May 2017, mesozooplankton were collected at 11 of 12 stations (zooplankton samples were no 

collected at Station H21) by towing a Bongo net (200 μm mesh) vertically from 200 m to surface. Once 

retrieved, the contents of one cod-end were sieved through 2000-, 1000-, 500-, and 200-μm mesh sieves, 

concentrated onto pre-combusted 0.7‐μm pore‐size (GF/Fs) and frozen at -20°C, while the contents of the 

second cod-end were poured into a HDPE plastic bottle and fixed with buffered formalin (4% v/v final 

solution) (see Chapter 4 for further details of the sampling strategy). All sieved samples were stored at 

−20°C until analysis ashore.  

Because some of the sieve mesh sizes varied between the two expeditions, the size fractionated zooplankton 

samples were categorized into the following size classes.: 250-500 µm, 500-1000 µm, 1000-2000 µm, 2000-

5000 µm, and >5000 µm for the voyage in 2016; and 200-500 µm, 500-1000 µm, 1000-2000 µm, and >2000 

µm for the voyage in 2017. 

On 27th of December 2016 during the ACE cruise, mesozooplankton were collected at station N2 (46.918°S; 

38.106°E) only by towing a Neuston net (200 μm mesh) horizontally for 15 minutes at approximately 2 

knots. The material collected in the cod-end were preserved in 70% ethanol and stored in glass jars at room 

temperature until analysis (see Chapter 3 for further details of sampling during ACE). Mesozooplankton 

samples were not collected during the winter voyages (July-August 2015 and June-July 2017). 
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Ashore, the fixed zooplankton samples were rinsed of formalin or ethanol in Type 1 Milli-Q water to remove 

excess formalin or ethanol. Specimens were sorted and identified to species level under a dissecting 

microscope (ZEISS Stemi 508). During the taxonomic analysis, efforts were made to identify specimens at 

the species level, however, in some cases, the identification was limited to higher taxonomic levels such as 

family or order. An arbitrary number (from one to 10-20) of organisms belonging to specific taxon were 

selected to achieve a final dry weight within the range of 0.35 to 0.5 mg. These samples were transferred to 

pre-combusted foil envelopes and stored at -20°C until taxon-specific stable isotope analysis was conducted. 

Similar treatment was carried out on some size fractionated samples collected from April to May 2016; the 

most recognisable zooplankton specimens were selected for further taxon-specific isotopic analysis after the 

samples were defrosted and examined under the dissecting microscope. 

The carbonate shells of shelled pteropods were manually removed as the isotopic composition of these shells 

is typically very different from the δ13C of the animal tissue (Mateo et al., 2008). We did not correct for the 

potential effect of chitin on the measured δ13C and δ15N because its effect is still poorly understood (e.g., 

Brault et al., 2018), and in any case chitin correction appears not to have any effects on zooplankton isotopes 

ratios (Ventura and Catalan, 2008). 

5.3.2. Carbon and nitrogen isotope analysis 

In preparation for δ13C and δ15N analysis, three types of samples were obtained: SPM, taxon-specific 

zooplankton, and size-fractionated zooplankton samples. Each of these samples were then freeze-dried. 

(Scanvac Coolsafe 55-4 cooling trap) for 24h at -60°C. The samples were not fumed with acid to remove 

inorganic carbon because this process has been observed to alter the nitrogen isotope ratios (Pinnegar and 

Polunin, 1999; Grey et al., 2001). After freeze drying, the GF-75s containing SPM were encapsulated in tin 

cups while the mesozooplankton samples (both size-fractionated and manually-sorted specimens) were 

pulverized initially with agate mortar and pestle and then packaged in a tin cup. All packaged samples were 

stored in a desiccator until analysis. Replicates (n = 2-4) of each sample were analysed for carbon (C) and 

nitrogen (N) content using a Flash 2000 Elemental Analyzer connected to a Delta V Plus isotope ratio mass 

spectrometer. Three in-house standards, calibrated against IAEA reference materials, were included in each 

run (Choc: δ15N = 4.31‰, δ13C = -17.75‰; Merck Gel: δ15N = 7.50‰, δ13C = -20.05‰; Valine: δ15N = 
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12.14‰, δ13C = -26.8‰) along with a number of blanks (combusted unused filter + tin capsule). The 

detection limit was 2 μg C and 1 μg N and precision was ± 0.2‰ for both C and N. Replicate δ13CSPM and 

δ15NSPM measurements were weighted by POC and PON concentration to yield the average and standard 

deviation ( ± 1SD). The POC-to-PON (hereafter, C:N) ratio of SPM is reported as a molar ratio, while the 

C:N ratio of zooplankton is reported as a gram ratio. 

Zooplankton are typically rich in lipids (Wainman, 1997; Syväranta and Rautio, 2010), which are depleted in 

13C relative to proteins and carbohydrates (Parker, 1964; Tieszen et al., 1983) and thus lower bulk 

zooplankton δ13C relative to lipid-extracted tissue. However, since our aim in this study is to assess the 

dietary fluctuations recorded in the zooplankton isotopes, the samples for stable isotope analysis were not 

subject to lipid extraction (Schmidt et al., 2003; Matthews and Mazumder, 2005). 

5.3.3. Supporting data product 

We used ‘global’ and ‘local’ approaches for determining the position of the hydrographic fronts in the open 

Southern Ocean and in the vicinity of the PEIs, respectively (Chapman et al., 2020). For the open ocean 

(relevant to the July-August 2015 and June-July 2017 datasets) frontal positions were determined from sharp 

gradients in potential temperature, salinity, potential density, and oxygen concentrations (Lutjeharms and 

Valentine, 1984; Orsi et al., 1995; Belkin and Gordon, 1996) that were measured using the ship's hull-

mounted thermosalinograph, supported by temperature, salinity, and oxygen concentration data from CTD 

measurements (Smart et al., 2020; Smith et al., 2022). Near the PEIs (April-May 2016 and 2017 and 

December 2016 dataset), surface circulation patterns and positions of the major Southern Ocean fronts were 

determined, respectively, from derived geostrophic currents and daily Sea Surface Height (SSH) acquired 

from the multi mission level-4 satellite gridded product 

(SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047) distributed by the Copernicus Marine 

Environment Monitoring Service (CMEMS, http://marine.copernicus.eu). The positions of the northern (N), 

middle (M), and southern (S) branches of the Subantarctic Front (SAF) and Antarctic Polar Front (APF) 

were identified from optimised values of the SSH data as in Lamont et al., (2019) and Chapter 4: N-SAF = 

0.240 m, M-SAF = 0.030 m, S-SAF = −0.170 m, N-APF = −0.300 m, M-APF = −0.480 m, and S-APF = 

−0.630 m. 

http://marine.copernicus.eu/
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The large-scale distribution of phytoplankton biomass during each sampling period was investigated using 

monthly (October 2016–May 2017) Level 3 chlorophyll-a (Chl-a) concentrations from the MODIS Aqua 

satellite product (https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Monthly/4km/chlor_a/) 

retrieved near the PEIs at 4 km spatial resolution. In addition, we used as a proxy of the phytoplankton 

biomass the observed Chl-a concentrations measured through fluorometer were conducted (for detailed 

methodology for Chl-a measuerements see Smart et al., 2020; Smith et al., 2022 and Chapters 2 and 4). 

5.3.4. Statistical analysis 

Numerical and descriptive analyses were performed using the R software. Data normality was tested using a 

Kolmogorov-Smirnov test and variance equality was tested using the F-test. If populations were normally 

distributed and the variance among groups was equal, differences between groups were tested using an 

analysis of variance (ANOVA) and Student’s t-test followed by a post hoc test such as the Bonferroni 

correction. These results are reported as the mean ± 1SD. In contrast, if populations were not normally 

distributed, differences among groups were tested using a Kruskal-Wallis test by rank as a non-parametric 

alternative to the one-way ANOVA test, and the two-sample Wilcoxon test. These results are reported as 

medians with interquartile ranges (𝑚𝑒𝑑𝑖𝑎𝑛𝑄1
𝑄3

 or median ± interquartile range [hereafter, IQR], where IQR = 

third quartile [Q3] – first quartile [Q1]). 
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5.4. Results 

5.4.1. Hydrographic front positions and chlorophyll-a distribution. 

In July-August 2015, the STF, SAF and APF along the Good Hope Line were encountered at 40.7°S, 43.8°S, 

and 50.6°S (Smart et al., 2020), while in June-July 2017, the STF, SAF, and APF in the western Indian 

sector of the Southern Ocean were located at 42.1°S, 45.6°S, and 49.6°S, respectively (Smith et al., 2022). 

The region between the STF and SAF is the Subantarctic Zone (SAZ) and between the SAF and APF is the 

Polar Frontal Zone (PFZ); these two hydrographic zones are the focus of our analysis. In both July-August 

2015 and June-July 2017, the observed Chl-a concentrations increased from south to north, and ranged 

between 0.40 µg L-1 and 0.80 µg L-1 (Smart et al., 2020; Smith et al., 2022). 

In April-May 2016, the S-SAF was located north of the PEIs and the N-APF was located to the south, and an 

eastward-flowing current of ~0.3 m s-1 dominated the surface circulation (Figure 5.1b, e). Stations 1 and 6 

were located in the SAZ and stations 2 and 4 were in the PFZ with the former at the margin of a cyclonic 

eddy, while stations 3 and 5 were located on the S-SAF. The Chl-a concentrations were low across the region 

(regional average of 0.1 ± 0.2 µg L-1), with local maxima of 0.3 µg L-1 observed downstream of the PEIs near 

Stations 3 and 4 (Figure 5.1e). 

In December 2016, the PEIs was influenced by the northern margin of a cyclonic eddy transporting water 

from the APF, and the N-APF was located north of the islands (Figure 5.1c and f). As such, the S-SAF was 

pushed considerably further north than in April-May. Station U3 was located north of the S-SAF in the SAZ, 

with all the other stations located in the PFZ between the S-SAF and the margin of the eddy. The Chl-a 

concentration averaged 0.4 ± 0.6 µg L-1 across the region (Figure 5.1f). While lower concentrations were 

observed near the islands (0.3 ± 0.2 µg L-1), extensive phytoplankton blooms to the north-west of the 

archipelago were associated with Chl-a concentrations of 0.7 ± 0.4 µg L-1 and to the north- and south-east, 

with patchy concentrations as high as 1.2 µg L-1. 

In April-May 2017, the S-SAF crossed the PEIs from the south-west to the north-east, forming a large 

meander to the north-east that originated in the downstream region of the PEIs (Figure 5.1d and g). The 

meander encapsulated a cyclonic eddy characterized by a weak surface flow (~0.2 m s-1; Figure 5.1c). Given 
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the position of the S-SAF, three of the stations (H5, H6 and H20) were located in the SAZ, with the 

remaining eight (H7, H13, H17, H18, H19, P10, P11 and P12) in the PFZ. That said, Stations H6, H7, H19 

and H20 were situated very close to the S-SAF such that they can be taken to represent the transition 

between the two hydrographic zones. The meander to the north-east of PEIs confined a water mass with a 

higher Chl-a concentration (0.4-0.6 µg L-1) than the waters to the south-west of the archipelago and in 

vicinity of the islands where the concentrations were relatively invariant and low (0.2-0.3 μg L-1), increasing 

slightly between the two islands to 0.4 μg L-1 (Figure 5.1g). 

5.4.2. Particulate organic carbon and nitrogen (POC and PON 

The concentrations of bulk surface POC and PON were significantly different among seasons (ANOVA, p-

values < 0.001). POC and PON from the winter samplings (July-August 2015 = 5.5 ± 3.6 µM and 0.7 ± 0.4 

µM; June-July 2017 = 3.3 ± 5 µM and 0.5 ± 0.9 µM) were significantly lower (pairwise t-test, p-values < 

0.001) than the concentrations measured in the late-spring and autumn (April-May 2016 = 6.5 ± 1.8 µM and 

1.0 ± 0.3 µM; December 2016 = 6.3 ± 3 µM and 1.0 ± 0.5 µM; April-May 2017 = 6.2 ± 0.4 µM and 1.0 ± 

0.5µM), while the values from the latter two seasons were similar (pairwise t-test, p-values > 0.05; Table 5.1, 

Figures 5.2a-b and 5.3a).  
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Table 5.1 Average (mean ± 1SD; error propagated according to standard statistical practices) particulate organic carbon and nitrogen concentrations (POC and PON [µM]), POC 

to PON ratios (C:N), linear regression formulas for the C:N ratio, and carbon and nitrogen isotope ratios (δ13CSPM and δ15NSPM [‰]) measured for the surface suspended 

particulate matter collected in the open Southern Ocean or near the Prince Edward Islands archipelago (PEIs) in July-August 2015, April-May 2016, December 2016, April-May 

2017, and June-July 2017. 

Sampling 

period 
POC (µM) PON (µM) C:N Regression line C:N δ13C (‰) δ15N (‰) 

July-August 

2015 
5.5 ± 3.6 0.7 ± 0.4 7.5 ± 0.7 5.21 x + 1.68 (p < 0.05) -23.3 ± 9.2 3.2 ± 2.3 

April-May 2016 6.5 ± 1.8 1.0 ± 0.3 6.2 ± 0.3 5.61 x + 0.63 (p < 0.01) -23.4 ± 1.5 -2.7 ± 1.3 

December 2016 6.3 ± 3.0 1.0 ± 0.5 6.1 ± 0.4 7.01 x + -0.96 (p < 0.001) -25.7 ± 2.3 0.7 ± 1.6 

April-May 2017 6.2 ± 0.4 1.0 ± 0.5 6.6 ± 0.5 5.60 x + 0.84 (p < 0.01) -21.8 ± 0.1 -0.9 ± 1.0 

June-July 2017 3.3 ± 5.0 0.5 ± 0.9 7.2 ± 1.0 5.38 x + 0.83 (p < 0.001) -24.7 ± 3.3 1.7 ± 7.40 
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Figure 5.2 Concentrations of particulate organic carbon and nitrogen (POC and PON [µM]) and carbon and nitrogen 

isotope ratios (δ13CSPM and δ15NSPM [‰]) for the surface suspended particulate matter collected in the open Southern 

Ocean or near the Prince Edward Islands archipelago (PEIs) in July-August 2015 (dark-blue), April-May 2016 (orange), 

December 2016 (red), April-May 2017 (yellow), and June-July 2017 (light-blue). The colours correspond to season, 

with winter samplings in cool colours and summer and autumn data in warm colours. The boxplots show the median 

(thick horizontal line), interquartile range (IQR = 50% of the data; box within first and third quartiles), and whiskers 

(1.5 times the IQR). 

For the whole dataset, the POC and PON concentrations differed among hydrographic zones (t-test, p-value 

< 0.05), with higher POC and PON in the PFZ (5.5 ± 1.6 µM and 0.8 ± 0.3 µM) than in the SAZ (4.4 ± 1.6 

µM and 0.6 ± 0.3 µM, respectively; Figure 5.3a). The POC and PON concentrations also varied according to 

the location of the stations relative to the PEIs (i.e., open ocean, upstream- and downstream of the PEIs; 

ANOVA, p-value < 0.001; Figure 5.3b). Concentrations of POC and PON in the western open ocean were 
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significantly lower than in any other area (4.1 ± 8.9 µM and 0.6 ± 1.4 µM, respectively; pairwise t-test, p-

values < 0.001), which is likely due to the sampling of these waters occurring only in winter. Although the 

POC and PON concentrations in the inter-island waters were generally higher (7.5 ± 3.1 µM and 1.2 ± 0.5 

µM, respectively) than the concentrations from all the other areas, they were not significantly different on 

average from the concentrations measured upstream and downstream of the PEIs (6.0 ± 1.9 µM and 1.0 ± 0.5 

µM upstream and 5.6 ± 0.5 µM and 1.0 ± 0.3 µM downstream; pairwise t-test, p-values > 0.05). 

 

Figure 5.3 Concentrations of particulate organic carbon and nitrogen (POC and PON [µM]) for surface suspended 

particulate matter collected in the open Southern Ocean or near the Prince Edward Islands archipelago (PEIs) during 

five expeditions in July-August 2015 (circles), April-May 2016 (squares), December 2016 (diamonds), April-May 2017 

(triangles), and June-July 2017 (inverted triangles). In panel (a), the symbol colours correspond to season, with winter 

samplings in cool colours and summer and autumn data in warm colours. In panel (b), the colours indicate sampling 

location relative to the PEIs: purple = open ocean, blue = upstream, green = inter-island, and red = downstream. In both 

panels, the diagonal dashed lines indicate the Redfield C:N ratio (C:N = 106:16), while in panel (a), the coloured 

diagonal lines show the linear regressions for each sampling period. Note that neither the x- nor y-axes scales begin 

from zero. 

The C:N ratios of the SPM differed significantly with season (ANOVA, p-value < 0.001). For the entire 

dataset, C:N ranged from 4.5 to 9.4, with higher average values in winter (July-August 2015 = 7.5 ± 0.7 and 

June-July 2017 = 7.2 ± 1.0; both winter periods showed similar results: t-test, p-value > 1) than in summer 

and autumn (April-May 2016 = 6.2 ± 0.3, December 2016 = 6.1 ± 0.4; April-May 2017 = 6.6 ± 0.5; all three 
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periods showed similar results: ANOVA, p-value >0.05; Table 5.1 and Figure 5.3a). The C:N ratios for 

samples collected from the western open ocean (7.3 ± 0.9; winter) were significantly different from that 

those observed at all stations near the PEIs (6.3 ± 0.4; pairwise t-test, p-values <0.01), with the latter stations 

all similar to each other, regardless of sampling period. In addition, there was no significant difference in 

C:N ratios among the different hydrographic zones (t-test, p-value = 0.45). Moreover, if we consider all the 

sampling periods individually, there were no differences in the POC and POC concentrations or C:N ratios 

among hydrographic zones or by sampling region (ANOVA, p-values >0.05; Tables D.1 and D.2). 

5.4.3. Carbon and nitrogen isotopes of suspended particulate matter (δ13CSPM 

and δ15NSPM) 

For the entire dataset, δ13CSPM and δ15NSPM ranged from -27.4‰ to -21.0‰ and from-3.3‰ to 5.5‰, 

respectively, with values differing among sampling periods (ANOVA, p-values <0.001) (Table 5.1; Figures 

5.2c-d and 5.4; Figure D.1a). The δ13CSPM and δ15NSPM measured in April-May 2016 and 2017 were 

significantly similar (pairwise t-test, p-values >0.05), with δ13CSPM varying from -24.1‰ to -22.9‰ (average 

of -23.4 ± 1.5‰) and from -22.4‰ to -21.0‰ (average of -21.8 ± 0.1‰), respectively, while δ15NSPM varied 

from -3.3‰ to -1.7‰ (average of -2.7 ± 1.3‰) and from -2.8‰ to 1.4‰ (average of -0.9 ± 1.0‰). In 

December 2016, δ13CSPM was similar to that measured in June-July 2017 and δ15NSPM was similar to that 

measured in April-May 2017 (pairwise t-test, p-values >0.05), while both isotope ratios were significantly 

different from the δ13CSPM and δ15NSPM of the other periods (pairwise t-test, p-values <0.001). The δ13CSPM 

and δ15NSPM varied in December 2016 from -27.4‰ to -24.3‰ (average of -25.7 ± 2.3‰) and from -0.5‰ to 

1.8‰ (average of 0.7 ± 1.6‰), respectively. The δ13CSPM and δ15NSPM from July-August 2015 and June-July 

2017 were also significantly similar (pairwise t-test, p-values >0.05), with δ13CSPM varying from -24.5‰ to -

21.2‰ and -26.4‰ to -23.0‰, respectively (averages of -23.3 ± 9.2 and -24.7 ± 3.3‰), and δ15NSPM varying 

from 0.6‰ to 5.3‰ and -1.6‰ to 5.5‰, respectively (averages of -0.9 ± 1.0‰ and 1.7 ± 7.4‰; Table 5.1; 

Figure 5.2c-d). 

The average δ15NSPM for the winter samplings (July-August 2015 and June-July 2017; 2.3 ± 2.0‰) was 

~1.6‰ and ~4.2‰ higher than the averages for early summer (December 2016; 0.7 ± 1.6‰; t-test, p-values 

<0.05) and autumn, with the latter season having the lowest values (April-May 2016 and 2017; -1.9 ± 1.6‰; 
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t-test, p-values <0.05). By contrast, the average δ13CSPM for autumn (-22.7 ± 1.0‰) was ~1.4‰ and ~3.0‰ 

higher than that measured in winter (-24.1 ± 1.3‰) and early summer (-25.7 ± 2.3‰), which had the lowest 

values (5. 4 and D.1a). 

There were statistical differences in the δ13CSPM and δ15NSPM among hydrographic zones. During July-August 

2015, δ13CSPM and δ15NSPM were, respectively, higher and lower in the SAZ (-21.8 ± 1.5‰ and 0.8 ± 0.2‰) 

than in the PFZ (-23.7 ± 7.7‰ and 3.9 ± 1.8‰; t-test, p-values <0.05; Table D.1; Figure D.1b). During 

April-May 2016 and 2017, δ15NSPM was higher in the SAZ (-2.2 ± 0.3‰ and 0.9 ± 1.5‰, respectively) than 

in PFZ (-3.1 ± 1.0‰ and -2.0 ± 1.0‰; p-values <0.001), while δ13CSPM was significantly different between 

the SAZ and the PFZ in April-May 2016 (-23.0 ± 0.5‰ and -23.7 ± 1.1‰, respectively; p-value <0.05) but 

not in April-May 2017 (-22.2 ± 0.0‰ and -21.6 ± 0.1 ‰, respectively; p-value > 0.05). During December 

2016 and June-July 2017, there was no difference in the δ13CSPM and δ15NSPM between the SAF and the PFZ 

(p-values >0.05). 

Considering the δ13CSPM and δ15NSPM observations from near the PEIs (i.e., the December 2016, April-May 

2016 and 2017 samplings), there was no clear pattern among areas (Table D.2; Figure D.1c). In December 

2016, δ13CSPM and δ15NSPM were higher in the inter-island waters and downstream of the PEIs (average 

δ13CSPM = -24.9 ± 0.7‰ and δ15NSPM = 1.1 ± 0.6‰) than in the upstream region (δ13CSPM = -26.9 ± 0.6‰ and 

δ15NSPM = 0.0 ± 0.6‰; ANOVA; p-value < 0.05). While there was no difference in the δ13CSPM among areas 

in April-May 2017 (ANOVA, p-value = 0.112), the δ15NSPM was higher downstream (0.9 ± 1.5‰) than in the 

inter-island region and upstream, with the latter region characterized by the lowest values (-1.2 ± 0.5 and -2.5 

± 0.4‰, respectively; ANOVA, p-value < 0.001). In contrast, the δ13CSPM and δ15NSPM measured in April-

May 2016 did not differ among areas (ANOVA, p-values > 0.05). 
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Figure 5.4 Carbon and nitrogen isotope ratios of suspended particulate matter (δ13CSPM and δ15NSPM [‰]) collected in 

the open Southern Ocean or near the Prince Edward Islands archipelago (PEIs) during five expeditions in July-August 

2015 (circles), April-May 2016 (squares), December 2016 (diamonds), April-May 2017 (triangles), and June-July 2017 

(inverted triangles). The colours correspond to season, with winter data in cool colours and summer and autumn data in 

warm colours. Error bars show ± 1SD. 

5.4.4. Carbon-to-nitrogen ratio (C:N) and stable isotopes (δ13C and δ15N) of 

zooplankton body tissue 

For each sampling, zooplankton were collected and analysed 1) as single specimens identified at the species 

level and/or at the highest taxonomic level that could be determined, and 2) as size-fractionated classes. The 

number of species or specimens representing a single taxon differed among samplings, with four, six, and 13 

taxa collected and analysed during April-May 2016, December 2016, and April-May 2017, respectively. 

For the specimen data, the C:N, δ13C, and δ15N of the zooplankton body tissue did not differ among sampling 

periods (Kruskal-Wallis test, p-values > 0.1), with median C:N ratios of 4.13.8
4.3, 4.33.7

4.4, and 3.83.7
4.2 (Figure 

5.5a), median δ13C values of −23.1−23.6
−21.4‰, −23.4−23.9

−21.4‰, and −23.5−24.5
−22.7‰ (Figure 5.5b), and median 

δ15N values of 2.41.3
3.9‰, 3.93.0

3.8‰, and 3.81.0
5.8‰ (Figure 5.5c), respectively, for April-May 2016, December 

2016, and April-May 2017 (Table 5.2). There was no difference in the C:N ratio, δ13C, or δ15N of 

zooplankton specimens among hydrographic zones or regions of the PEIs when the data from the three 
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sampling periods were grouped (Kruskal-Wallis test, p-values > 0.1). Below, we report the results of each 

sampling period separately. 

 

Figure 5.5 Boxplots of the carbon-to-nitrogen (C:N) ratio and carbon and nitrogen isotopes (δ13C and δ15N; ‰) of the 

(a-c) zooplankton specimens and the (d-f) size-fractionated classes of zooplankton (i.e., 200-500 µm, 250-500 µm, 500-

1000 µm, 1000-2000 µm, >2000 µm, and >5000 µm) collected during the different samplings: April-May 2016 

(orange), December 2016 (red), and April-May 2017 (yellow). The y-axes of panels (a) and (b) are log10-transformed. 
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Table 5.2 Medians ( ± IQR) of the carbon-to-nitrogen (C:N) ratios and carbon and nitrogen isotopes (δ13C and δ15N; ‰) 

of the zooplankton specimens. Data are grouped by sampling period (i.e., April-May 2016, December 2016, April-May 

2017), by area of the PEIs (i.e., upstream, inter-island, and downstream), and by hydrographic zone (i.e., Subantarctic 

Zone [SAZ] and Polar Frontal Zone [PFZ]). N = number of observations.  

Sampling period C:N δ13C (‰) δ15N (‰) N 

April-May 2016 4.1 ± 0.5 -23.1 ± 2.2 2.4 ± 2.6 7 

December 2016 4.3 ± 0.7 -23.4 ± 0.9 3.9 ± 3.0 6 

April-May 2017 3.8 ± 0.5 -23.5 ± 1.8 3.8 ± 4.0 41 

          

Area C:N δ13C (‰) δ15N (‰) N 

Upstream 3.8 ± 0.5 -23.2 ± 2.0 3.8 ± 2.3 23 

Inter-island 3.8 ± 0.5 -22.7 ± 0.6 4.5 ± 2.3 4 

Downstream 3.8 ± 0.7 -23.7 ± 1.5 3.0 ± 4.4 27 

          

Hydrographic zone C:N δ13C (‰) δ15N (‰) N 

SAZ 3.8 ± 0.7 -22.7 ± 2.1 3.8 ± 2.2 17 

PFZ 3.8 ± 0.6 -23.7 ± 1.5 3.0 ± 4.4 37 

During April-May 2016, the fish larvae and the Copepoda had the highest and the lowest C:N ratios (4.6 and 

3.8, respectively; Table 5.3). One specimen of Copepoda had the highest δ13C and δ15N (-21.3‰ and 6.6‰, 

respectively; Table 5.3 and Figure 5.6a), while the Euphausiacea (-23.7 ± 1.7‰ and 1.8 ± 2.0‰,respectively) 

and the fish larvae (-23.1‰ and 0.8‰, respectively [median ± IQR]) had the lowest δ13C and δ15N. The δ13C 

and δ15N of the zooplankton were significantly higher in the SAZ (−21.4−23.1
−21.3‰ and 2.41.8

3.8‰, respectively) 

than in the PFZ (−24.2−24.5
−23.3‰‰ and 1.90.8

3.0‰, respectively; five taxa in SAZ versus two taxa in PFZ; 

Wilcoxon test, p-values > 0.5; Figure D.2a and Table D.4). The C:N ratios of the zooplankton body tissue 

did not differ among hydrographic zones (Kruskal-Wallis test, p-value = 0.6). The zooplankton samples were 

all collected in the upstream waters of the PEIs, precluding a regional comparison (Figure D.3a). 

In December 2016, Foraminifera had the highest C:N ratio of 11.0, while the C:N of the other specimens 

ranged from 3.2 for the Chaetognatha to 4.4 for the Calanidae CIV and mixed Copepoda (200-500 µm; Table 

5.3). The δ13C of the Foraminifera (of -15.5‰) was ≥7.4‰ higher than the δ13C of the other taxa, with a δ13C 

for the Chaetognatha and Calanidae CIV of -22.9‰ and 23.1‰, respectively, while Oikopleura spp. had the 

lowest δ13C of -25.1‰ (Table 5.3 and Figure 5.6b). Chaetognatha and the Calanidae CIV were similarly high 

in δ15N (6.5‰ and 6.4‰, respectively), while the juveniles of T. gaudichaudii and Oikopleura spp. were 

similarly low (2.6‰ and 3.0‰, respectively). In December 2016, the zooplankton samples were all collected 

upstream of the PEI, with all stations located in the PFZ (Figure D.3b and D.4b; Tables D.4 and D.5). 
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During April-May 2017, the C:N ratio for most of the taxa ranged between 3.7 (Chaetognatha, Calanus spp., 

and Euphausiacea) and 4.4 (Amphipoda), although the C:N of the Lepadiformes larvae and Limacina spp. 

was considerably higher (11.8 ± 0.8 and 7.2, respectively; Table 5.3). The δ13C of most of the zooplankton 

was lower than (by 0.5‰ to 3.8‰) the average δ13CSPM, ranging between -25.3‰ (Calanus spp.) and -22.8 ± 

0.9‰ (Euphausiacea). The exception was Limacina spp., which had a very high δ13C of -12.6‰ (Table 5.3 

and Figure 5.6c). The Limacina spp. δ15N was the lowest measured in April-May 2017 (-2.3‰), while that of 

Candacia spp. and the Chaetognatha was the highest (5.9 ± 1.1‰ and 5.0 ± 2.0‰, respectively). Among the 

Copepoda, δ15N increased from -1‰ for the Calanus spp., through M. gerlachei, Paraeuchaeta antarctica, 

and Pleauromamma spp., to reach a maximum of 5.9 ± 1.1‰ for Candacia spp. Neither the δ13C nor the 

δ15N of the zooplankton differed significantly between the SAZ and PFZ (Wilcoxon test, p-value = 0.058 and 

p-value = 0.207, respectively; Figure D.2c; Table D.4) or among the upstream, inter-island, and downstream 

waters of the PEIs (Kruskal-Wallis test, p-values > 0.5; Figure D.3c; Table D.5). 
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Table 5.3 Medians ( ± IQR) of the carbon-to-nitrogen (C:N) ratios and carbon and nitrogen isotopes (δ13C and δ15N; ‰) of the zooplankton specimens. Data are grouped by 

Taxonomic classes, such as Family, Class and species or groups of mixed organisms. N = number of observations. 

Family/Class Family/group/Species 
April-May 2016 December 2016 April-May 2017 

C:N 
δ13C (‰) 

δ15N 

(‰) 
N C:N δ13C (‰) δ15N (‰) N C:N δ13C (‰) 

δ15N 

(‰) 
N 

Amphipoda Amphipoda                 4.4 ± 0.1 -23 ± 1.3 1.5 ± 3.2 4 

Amphipoda Themisto gaudichaudii                 3.9 ± 0.1 -23.4 ± 1.9 3.6 ± 0.3 2 

Amphipoda Themisto gaudichaudii Juvenile         3.5 -23.9 2.6 1         

Appendicularia Oikopleura spp.         4.3 -25.1 3.0 1         

Chaetognatha Chaetognatha 4.0 ± 0.2 -21.9 ± 1.5 3.2 ± 0.9 2 3.2 -22.9 6.5 1 3.7 ± 0.1 -23.4 ± 0.0 5.0 ± 2.0 2 

Copepoda Calanidae CIV         4.4 -23.1 6.4 1         

Copepoda Calanus spp.                 3.7 -25.3 -1.0 1 

Copepoda Candacia spp.                 4.0 ± 0.1 -24.6 ± 0.4 5.9 ± 1.1 2 

Copepoda Copepoda 3.8 -21.3 6.6 1                 

Copepoda Metridia gerlachei                 3.8 -24.3 1.0 1 

Copepoda Mixed-copepods (200-500µm)         4.4 -23.6 3.0 1         

Copepoda Paraeuchaeta antarctica                 3.9 ± 0.5 -24.5 ± 0.9 5.0 ± 0.6 3 

Copepoda Pleuromamma spp.                 3.8 ± 0.1 -24.4 ± 0.5 4.7 ± 0.8 7 

Euphausiacea Euphausiacea 4.1 ± 0.3 -23.7 ± 1.7 1.8 ± 2.0 3         3.7 ± 0.1 -22.8 ± 0.9 1.5 ± 4.0 13 

Foraminifera Foraminifera         11 -15.5 4.8 1         

Lepadiformes Lepadiformes larva                 11.8 ± 0.8 -24.4 ± 1.2 5.0 ± 1.4 2 

Ostracoda Ostracoda                 4.2 -23.2 4.4 1 

Phaeodaria Phaeodaria                 4.3 ± 0.4 -23 ± 0.5 4.1 ± 1.2 2 

Pisces Fish larvae 4.6 -23.1 0.8 1                 

Pteropoda Limacina spp.                 7.2 -12.6 -2.3 1 
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Figure 5.6 Carbon and nitrogen isotope ratios (δ13C and δ15N [‰]) of zooplankton specimens collected near the Prince 

Edward Islands archipelago (PEIs) during three sampling periods: a) April-May 2016, b) December 2016, and c) April-

May 2017, with the different colours indicating the different taxa (i.e., family or class) and the labels denoting the 

species, family, or class. The grey symbols show the averaged carbon and nitrogen isotope ratios of the SPM (δ13CSPM 

and δ15NSPM [‰]). Error bars show ± 1SD about the mean value, propagated according to standard statistical practices. 

Where error bars are not visible, values represent one measurement only. 

For the size-fractionated zooplankton samples, the C:N ratios, δ13C, and δ15N measured in April-May 2016 

showed similar trends to those measured in April-May 2017 – the C:N and δ13C tended to decrease and the 

δ15N to increase with an increase in size class (Table 5.4; Figure 5.5d-f). In addition, the C:N ratio, δ13C, and 

δ15N of the same size classes were statistically similar in 2016 and 2017 (Wilcoxon test, p-values > 0.05), 
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except for the C:N ratio of the 500-1000 µm and 1000-2000 µm size classes, which were significantly higher 

in 2016 than in 2017 (Wilcoxon test, p-values < 0.05).  

Analysing each year individually revealed no significant difference in the C:N ratio, δ13C, and δ15N among 

the size classes in April-May 2016 (Kruskal-Wallis test, p-values > 0.05; Table 5.4). The C:N ratio varied 

from 3.7 to 8.2, with a median of 4.64.3
5.2 (Figure 5.5d), while the δ13C ranged between -26.9‰ and -19.3‰ 

(median of −24.2−25.0
−22.9‰), with values gradually decreasing with increasing size class (from −23.3−23.9

−22.1‰ 

for the 250-500 µm size class to −25.4−26.0
−24.6‰ for the >5000 µm size class; Figure 5.5e). The δ15N ranged 

from -1.9‰ to 5.1‰ (median of 1.20.1
2.6‰), increasing slightly from 0.4−0.3

+1.2‰ for the 250-500 µm size class 

to 2.20.4
3.8‰ for the >5000 µm size class (Figure 5.5f). In contrast to 2016, the April-May 2017 C:N ratios, 

δ13C, and δ15N differed significantly by size class (Kruskal-Wallis test, p-values < 0.01). The C:N ratios 

ranged from 3.4 to 9.4, with medians for the smaller size classes (5.04.6
5.3 and 4.54.1

4.8 for the 200-500 µm and 

500-1000 µm classes, respectively) that were significantly higher than those of the 1000-2000 µm and >2000 

µm classes (4.03.8
4.3 and 3.83.8

4.1, respectively; pairwise Wilcoxon test, p-values < 0.001). Although the δ13C 

appeared to decrease from the smaller to the larger size classes (from −22.3−22.9
−21.6‰ to −23.7−24.0

−22.9‰ for the 

200-500 µm to the >2000 µm size classes), only the δ13C of the >2000 µm size class was significantly 

different from the others (pairwise Wilcoxon test, p-values < 0.001). The δ15N ranged from -2.3‰ to 5.4‰, 

and the δ15N of the 500-1000 µm and >2000 µm size classes (1.20.6
2.3‰ and 1.10.8

2.4‰, respectively) were 

significantly different (pairwise Wilcoxon test, p-values < 0.05) from the δ15N of the 200-500 µm size class 

(0.2−0.2
+0.5 ‰) (Table 5.4). 
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Table 5.4 Medians ( ± IQR) of the carbon-to-nitrogen (C:N) ratios and carbon and nitrogen isotopes (δ13C and δ15N; ‰) 

of the size-fractionated zooplankton samples (i.e., 200-500 µm or 250-500, 500-1000 µm, 1000-2000 µm, >2000 µm or 

2000-5000 µm, and >5000 µm) collected near the Prince Edwards Islands (PEIs) in April-May 2016 and April-May 

2017. N = number of observations. 

Size class 

(µm) 

April-May 2016 April-May 2017 

C:N δ13C (‰) δ15N (‰) N C:N δ13C (‰) δ15N (‰) N 

200-500         5.0 ± 0.7 -22.3 ± 1.4 0.2 ± 0.7 15 

250-500 4.7 ± 0.5 -23.3 ± 1.8 0.4 ± 1.5 4         

500-1000 4.5 ± 0.7 -23.8 ± 3.2 0.2 ± 1.7 6 4.5 ± 0.7 -22.3 ± 2.2 1.2 ± 1.7 15 

1000-2000 4.8 ± 0.8 -24.2 ± 2.4 1.6 ± 2.0 6 4.0 ± 0.4 -23.4 ± 1.8 0.4 ± 1.9 14 

2000-5000 4.2 ± 0.5 -24.2 ± 1.6 3.0 ± 1.8 6         

>2000         3.8 ± 0.3 -23.7 ± 1.1 1.1 ± 1.6 15 

>5000 5.5 ± 3.5 -25.4 ± 1.4 2.2 ± 3.6 4         
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5.5. Discussion 

5.5.1. Temporal variability in the δ13C and δ15N of SPM near the Prince 

Edward Islands 

This study compared measurements of the C:N ratio, δ13C, and δ15N of SPM collected from the open 

Southern Ocean and the waters near the Subantarctic PEIs. We collected samples over five quasi-consecutive 

seasons between winter 2015 and winter 2017 (Figure 5.1), and while sampling did not always occur in the 

same locations, we assume that measurements from the open Southern Ocean south of Africa in winter are a 

reasonable representation of the upstream waters near the PEIs during this season. This assumption is 

supported by 1) the fact that the samplings in winter occurred upstream and within the same hydrographic 

zones as the sampling conducted near the PEIs, as well as 2) the latitudinal homogeneity of δ13C and δ15N of 

SPM and zooplankton within the several hydrographic zones determined in Chapters 2 and 3. The measured 

C:N ratio of the SPM in each season and region (average of 6.7 ± 0.2; Figure 5.3) was similar to that 

expected for typical marine biomass (Redfield, 1934), suggesting that the SPM was composed mainly of 

phytoplankton (Garcia et al., 2018). That said, the C:N ratio during winter was slightly higher than that 

measured in the early summer (7.4 ± 0.2 and 6.3 ± 0.1, respectively; Figure 5.3), which indicates that during 

winter, microbial degradation of organic matter and N remineralization were dominant (Azam et al., 1991; 

Manganelli et al., 2009), while in early summer, phytoplankton were rapidly consuming nutrients in order to 

build biomass (i.e., SPM) (Mengesha et al., 1998; Semeneh et al., 1998; Mdutyana et al., 2020). 

Throughout the study, δ13CSPM and δ15NSPM varied (from minimum to maximum average values) by 4‰ and 

6‰, respectively (Table 5.1 and Figure 5.2). The summer δ13CSPM was the lowest of all seasons sampled (-

25.7 ± 2.3‰) and the POC and PON concentrations were high (6.3 ± 3.0 µM and 1.0 ± 0.5 µM, 

respectively), while in winter, δ15NSPM was the highest of the study (1.7 ± 7.4‰ in 2015 and 3.2 ± 2.3‰ in 

2017) and the POC and PON concentrations reached a minimum (5.5 ± 3.6µM and 0.7 ± 0.4 µM in 2015 and 

3.3 ± 5.0 µM and 0.5 ± 0.9 µM in 2017). In autumn, we observed high δ13CSPM (-23.4 ± 1.5‰ in 2016 and -

21.8 ± 0.1‰ in 2017) and the lowest δ15NSPM of the study (-2.7 ± 1.3‰ in 2016 and -0.9 ± 1.0‰ in 2017), 

coincident with high POC and PON concentrations (~6.3 µM and ~1.0 µM, respectively). Both the absolute 

values and trends in δ13CSPM and δ15NSPM agree with the seasonal cycle determined for the Indian sector of 
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the Subantarctic Ocean by St John Glew et al. (2021) using a Bayesian hierarchical modelling framework 

and in situ observations. They predicted an average seasonal variability of approximately ± 4‰ for both 

δ13CSPM and δ15NSPM, with changes in δ15NSPM of up to ± 16‰ in some regions (e.g., in the open ocean waters 

of the Indian sector). The St John Glew et al. (2021) study also predicted that the highest δ13CSPM would 

occur in autumn (March and April; -25‰ to -21‰) and the lowest in summer (January and February; -29‰ 

to -27‰), while the δ15NSPM would be highest in spring (November and December; 2‰ to 7‰) when 

phytoplankton production is high and lowest in autumn (March and April; -5‰ to 0‰). Unfortunately, St 

John Glew et al. (2021) offered little explanation for the causes of the seasonal fluctuations that they 

observed. Below, using our new data, we examine the variables influencing the observed temporal evolution 

of δ13CSPM and δ15NSPM in Subantarctic waters (Figure 5.7 and Figure 5.8). 

While spatial δ13CSPM variability in the Southern Ocean is mostly attributed to changes in the concentration 

of CO2 in the surface layer, largely induced by variations in sea surface temperature (SST), and 

phytoplankton growth rates (Rau et al., 1989, 1991b; François et al., 1993; Popp et al., 1999; Chapter 2), it 

has been suggested that seasonal fluctuations in δ13CSPM can be explained by variations in the N uptake 

regime (e.g., Dehairs et al., 1997) and possibly, phytoplankton community composition (Fry and Wainright, 

1991; Popp et al., 1998; Chapter 2) (Figure 5.7). During winter in the Subantarctic, deep mixed layers 

induced by low SSTs and strong winds (McCartney, 1979; Dong et al., 2008) entrain subsurface nutrients 

into the surface layer but productivity is low. In spring and summer, a progressive increase in irradiance due 

to mixed-layer shoaling and enhanced solar radiation, coupled with initially high (micro- and macro-) 

nutrient availability, drives increased phytoplankton productivity, particularly of diatoms (Mengesha et al., 

1998; Mdutyana et al., 2020). The availability of NO3
- (the assimilation of which should not be iron-limited 

early in the growing season) triggers the expression of both RuBisCO and PEPcarboxykinase (PEPk) in 

diatoms during carboxylation (Descolas-Gros and Oriol, 1992), both of which are associated with a large 

isotope effect (i.e., >20‰; Arnelle and O’Leary, 1992). As such, photosynthetic NO3
- assimilation by 

diatoms should drive a δ13CSPM decrease from early spring to summer (Dehairs et al., 1997) when it reaches a 

minimum (St John Glew et al. 2021). Indeed, in Chapter 2 I observed a temporal decline of ~4‰ in δ13CSPM 

from early- to late summer 2016/2017 for the whole Southern Ocean.  
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From summer to autumn in the Subantarctic, the depletion of essential nutrients (particularly iron, but also 

silicate (SiO4
4-) in some regions) coupled with weak upward nutrient supply due to enhanced upper water-

column stratification leads to a decrease in diatom (and other large phytoplankton) productivity (Llort et al., 

2015; Arteaga et al., 2020) while zooplankton grazing increases (e.g., Hunt and Hosie 2006a; b) (Figure 5.7). 

Together, these conditions favour the growth of smaller phytoplankton (i.e., nano-phytoplankton) and an 

upregulation of the microbial loop (Dennett et al., 2001; Lourey et al., 2003; Morley et al., 2020; Christaki et 

al., 2021; Chapter 4). In Chapter 4, I determined that subsurface NO3
- fuelled roughly a quarter of the 

primary productivity near the PEIs in autumn 2017, with the remaining 75% supported by regenerated N 

(i.e., recycled ammonium; NH4
+). At the same time, the phytoplankton community was dominated by nano-

phytoplankton (60% of the total abundance), particularly nanoflagellates. The assimilation of NH4
+ requires 

far less iron and energy (i.e., light) than that of NO3
- (Dortch, 1990; Raven et al., 1992; Glibert et al., 2016), 

which explains the summer to autumn shift in the dominant N source consumed by Southern Ocean 

phytoplankton (i.e., from mostly NO3
- to mostly recycled NH4

+) (Lourey et al., 2003; Smart et al., 2015). A 

similar seasonal trend has also been oberved in the subarctic North Pacific (Yoshikawa et al., 2022). 

Additionally, an increase in the concentration of NH4
+ in the Southern Ocean mixed layer in late summer and 

autumn (Smith et al. 2022) may even inhibit NO3
- uptake by phytoplankton (Elskens et al., 2002; Flynn et 

al., 2021). Enhanced NH4
+ uptake is associated with the expression of the PEPcarboxylase (PEPc) enzyme, 

which is present in pico- and nano-phytoplankton (e.g., Cryptophyceae, Chlorophyceae, and Prasinophyceae) 

and in some dinoflagellates (e.g., Prorocentrum spp.; Descolas-Gros and Fontugne 1985; Descolas-Gros and 

Oriol 1992). The expression of PEPc occurs with a small isotope effect (~2‰), thus yielding higher δ13CSPM 

than photosynthetic carbon production associated with PEPk and/or RuBisCo (O’Leary, 1981; Guy et al., 

1989; Arnelle and O’Leary, 1992). The PEPc carboxylation pathway is also associated with enhanced uptake 

of bicarbonate (HCO3
-), which has a higher δ13C than CO2 in seawater (~1.5‰ versus ~-10‰; Mook et al., 

1974; François et al., 1993), thus also contributing to the δ13CSPM reaching a maximum in autumn (St John 

Glew et al., 2021).  

From autumn to winter, δ13CSPM decreased by as much as 3‰ (Figure 5.2), coincident with the seasonal 

light- (and possibly temperature-) driven decrease in phytoplankton activity (Boyd et al., 2001) and increase 

in the rates of nutrient recycling relative to consumption in the mixed layer (Ratnarajah et al., 2018; 
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Mdutyana et al., 2020, 2022; Smith et al., 2022). Experiments using SPM collected from lakes have shown 

that bacterial degradation of SPM causes its δ13CSPM to decrease, which the authors hypothesize is due to the 

selective retention of organic matter in the SPM pool that is low in δ13C (Lehmann et al., 2002). To our 

knowledge, there are no studies characterising the alteration of the δ13C of marine phytoplankton-dominated 

SPM during bacterial degradation. Nonetheless, the autumn-to-winter rise in the C:N ratio of the SPM, 

which occurs when biomass decomposition exceeds new biomass production (i.e., decomposition outpaces 

primary production), strongly suggests a remineralization-related explanation for the observed autumn-to-

winter decline in δ13CSPM. The seasonal trend in the δ15NSPM data is also consistent with this hypothesis (see 

below).   
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Figure 5.7 The seasonal cycle of δ13CSPM (‰; orange curve) in the Subantarctic. Diatoms, which have RuBisCo and 

PEPcarboxykinase (PEPk) for the carboxylation of CO2, bloom as irradiance increases from winter to spring and 

summer, allowing them to consume the nutrients supplied during winter mixing (i.e., when the mixed layer depth 

(MLD; blue curve) is greatest). The δ13CSPM declines due to strong isotopic fractionation during diatom carboxylation to 

reach a minimum in the summer. In late summer and autumn, due mainly to iron (Fe) limitation of nitrate (NO3
-) uptake 

and elevated zooplankton grazing, diatoms are succeeded by pico- and nano-phytoplankton and the microbial loop is 

upregulated. The remineralization of organic matter causes an increase in the ammonium (NH4
+) concentration, which 

activates the PEPcarboxylase (PEPc) enzyme possessed by pico- and nano-phytoplankton and in some dinoflagellates 

and may even further inhibit NO3
- uptake. The δ13CSPM rises due to the weak isotopic fractionation associated with 

carboxylation by PEPc and the high-δ13C of HCO3
- relative to CO2, the former species being the substrate for PEPc 

carboxylation, to reach a maximum in the autumn. Between autumn and winter, δ13CSPM declines, likely due to bacterial 

degradation of organic matter, which has been hypothesized to drive a decrease in δ13CSPM because of the selective 

retention of organic compounds that are low in δ13C. The typical plankton community composition in each season is 

represented near to the top of the figure, with symbol size providing a qualitative estimation of their relative abundance 

and biomass. The blue curve indicates the approximate depth of the mixed layer (m), with the dashed portion indicating 

the high variability in MLD expected during the winter. The dashed vertical lines show the upwelling of subsurface 

NO3
- and iron (Fe), with the different font sizes indicating that iron rather than NO3

- becomes limiting to phytoplankton 

growth.  
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Similar to δ13CSPM, the seasonal cycle in δ15NSPM (i.e., highest in winter, decreasing through summer to a 

minimum in autumn) can be explained by seasonal variability in the N sources consumed by phytoplankton, 

as well as the relative importance of different N cycle processes (Figure 5.8). The δ15N of subsurface NO3
- 

transported into the surface layer during winter is higher than the δ15N of NH4
+ recycled by the microbial 

loop (5‰ to 7‰ versus -5‰ to 0‰; (Mariotti et al., 1981; Checkley and Miller, 1989; Sigman et al., 1999, 

2000; Lourey et al., 2003; DiFiore et al., 2009; Smart et al., 2015; Mirkin et al., 2023), with the latter N 

form observed to accumulate in the mixed layer from late-summer to winter, particularly in the southern 

region of the SAZ (Smith et al., 2022). The dominant uptake of NO3
- in spring and summer, despite 

occurring with an isotope effect of 5‰ to 7‰ (Sigman et al., 1999; DiFiore et al., 2010; Fripiat et al., 2019), 

will yield phytoplankton biomass that is higher in δ15N than that generated from the preferential assimilation 

of NH4
+ in autumn (e.g., Altabet et al., 1999; Fawcett et al., 2011, 2014; Treibergs et al., 2014), resulting in a 

decline in δ15NSPM over the growing season (Lourey et al., 2003; Smart et al., 2020; St John Glew et al., 

2021). By winter, NO3
- assimilation has reached a minimum and the low rates of phytoplankton growth are 

near-exclusively supported by NH4
+ (Mdutyana et al., 2020, 2022; Smith et al., 2022). However, δ15NSPM 

reaches a maximum (e.g., 2.5‰ higher in winter than autumn 2017), which has previously been explained by 

bacterial decomposition of SPM (Smart et al., 2020). This heterotrophic process preferentially removes 14N, 

increasing the δ15NSPM as its concentration declines (Möbius, 2013). At the same time, low rates of mixed-

layer NH4
+ assimilation in winter occur coincident with NH4

+ oxidation (Mdutyana et al., 2020, 2022). The 

latter pathway is associated with a large isotope effect (14-19‰; Casciotti et al., 2003) while the former 

occurs with little to no isotopic fractionation (Hoch et al., 1992; Pennock et al., 1996; Liu et al., 2013). As a 

result, the δ15N of the residual NH4
+ pool may rise above the δ15N of the subsurface NO3

-. Any consumption 

of this high-δ15N NH4
+ will yield SPM that is similarly high in δ15N.  
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Figure 5.8 The seasonal cycle of δ15NSPM (‰; purple curve) in the Subantarctic. The δ15NSPM is highest in winter 

because heterotrophic bacterial degradation of organic matter, which preferentially removes the light isotope from the 

SPM pool, exceeds new biomass production. At the same time, nitrate (NO3
-) and iron (Fe) are supplied to the surface 

layer during deep winter mixing (i.e., when the mixed layer depth (MLD; blue curve) is greatest). As irradiance 

increases from winter to spring due to both an increased light flux and MLD shoaling, diatoms begin to consume the 

NO3
-, (and iron) which is relatively high in δ15N. However, isotope fractionation associated with NO3

- assimilation 

causes the biomass initially produced from NO3
- consumption to be low in δ15N; the combination of this low- δ15N 

biomass with the high- δ15N degraded SPM remaining from the winter causes the combined δ15NSPM to decline. By 

summer, the δ15NSPM largely represents the integrated signal of seasonal nitrate consumption. The summertime δ15NSPM 

could be (A) lower than or (B) higher than that of the spring, depending on the quantity of new biomass produced in 

both these seasons relative to the quantity of degraded biomass present at the end of winter and their respective isotopic 

compositions (we have illustrated this uncertainty by using a dashed purple curve throughout the spring season). In late 

summer and autumn, due mainly to iron limitation of NO3
- uptake and elevated zooplankton grazing, diatoms are 

succeeded by pico- and nano-phytoplankton and the microbial loop is upregulated. The remineralization of organic 

matter causes an increase in the concentration of ammonium (NH4
+), which is low in δ15N. The phytoplankton 

community switches to dominant reliance on this low- δ15N NH4
+, which causes a strong decrease in the δ15NSPM, to 

reach a minimum in autumn. The typical plankton community composition in each season is represented near to the top 

of the figure, with symbol size providing a qualitative estimation of their relative abundance and biomass. The blue 

curve indicates the approximate depth of the mixed layer (m), with the dashed portion indicating the high variability in 

MLD expected during the winter. The dashed vertical lines show the upwelling of subsurface NO3
- and iron (Fe), with 

the different font sizes indicating that iron rather than NO3
- becomes limiting to phytoplankton growth.  
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5.5.2. Temporal variability in zooplankton δ13C and δ15N and trophic structure 

at the PEIs 

In this study, taxon-specific and size-fractionated zooplankton samples were collected in autumn of two 

consecutive years (i.e., April-May 2016 and 2017) and on one day of the intervening summer (December 

2016). We use these data to explore temporal changes in the Subantarctic zooplankton community near the 

PEIs between summer and autumn. 

The δ13CSPM and δ15NSPM for samples collected in April-May 2016 and December 2016 were on average 

lower than the δ13C and δ15N of the zooplankton specimens from the same samplings (by 0.8‰ and 5.4‰ 

[δ13C and δ15N] in April and by 3.3‰ and 3.7‰ in December; Figure 5.6), consistent with the expectation 

that the δ13C and δ15N of a predator will resemble that of its food source “plus a few per mille” (DeNiro and 

Epstein, 1978, 1981; Fry et al., 1978). This result is also congruent with previous studies that have shown a 

direct dependence of zooplankton δ13C and δ15N on the isotopic composition of surface SPM in the Southern 

Ocean during summer (e.g., Corbisier et al., 2004; Chapter 3) and at the PEIs in autumn (e.g., Kaehler et al., 

2000).  

In contrast, the δ13CSPM measured in April-May 2017 (Table 5.1) was on average 2.0‰ higher than the δ13C 

of most of the zooplankton specimens (Table 5.3; Figure 5.6c), suggesting that the sampled SPM pool was 

not the dominant food source to the zooplankton. In a parallel study conducted on the same cruise in April-

May 2017 (Chapter 4), I deduced that the plankton biomass present near the PEIs was the remanent summer 

bloom that had been ‘trapped’ within an eddy formed to the north-east of the archipelago in late summer 

(between March and April 2017) through the meandering of the S-SAF that was slowing migrating eastward 

(Figure 5.1d). Here, we show that the δ13C and δ15N of the zooplankton community did not change from 

December 2016 to April-May 2017, yet the δ13CSPM increased by 3.9‰ and the δ15NSPM decreased by 1.6‰ 

(Table 5.1). In other words, the SPM collected within the eddy during autumn appears to reflect the seasonal 

change in phytoplankton biomass δ13C and δ15N between December 2016 and April-May 2017 while the 

zooplankton collected in autumn still resemble the δ13C and δ15N of the food source(s) they consumed the 

previous summer. It is possible that the isotope ratios and community composition of the plankton system 

outside the meander differ from those reported here, but unfortunately, we have no data with which to 

evaluate this hypothesis. Phytoplankton cells represent a near instantaneous measure of the local 
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oceanographic conditions, such as nutrient availability (Aberle and Malzahn, 2007), temperature, and 

CO2 concentration (Goericke and Fry, 1994), and their isotopic turnover rates are much quicker (hours to 

days) than those of zooplankton (weeks to months). As such, changes in zooplankton biomass δ13C and δ15N 

will be delayed relative to isotopic changes in their food source(s) (e.g., O’Reilly et al. 2002; Schmidt et al. 

2006; Hannides et al. 2009; Chapter 3) and will likely also be muted compared to variations in δ13CSPM and 

δ15NSPM because of the longer time period over which zooplankton biomass integrates the isotopes. We thus 

hypothesize that the δ13C of the zooplankton sampled in April-May 2017 was strongly biased towards the 

δ13CSPM of the previous summer (rather than the δ13CSPM measured coincidentally in April-May 2017) 

because of the relatively slow isotopic turnover rates associated with zooplankton (e.g., O’Reilly et al. 2002; 

Schmidt et al. 2006; Hannides et al. 2009) and the fact that summer represents a period of elevated feeding 

and biomass production (e.g., Atkinson et al., 2012a; Arteaga et al., 2020). 

In addition, it is possible that the zooplankton consumed very little of the SPM present in the eddy from 

which they were sampled in April-May 2017, increasing the isotopic mismatch between SPM and 

zooplankton biomass. Indeed, in Chapter 4 I suggested that grazing by larger zooplankton herbivores (e.g., 

Euphausiacea and Calanus simillimus) near the PEIs in April-May 2017 was limited due to the dominance of 

the photoautotrophic community by small (i.e., pico- and nano-) phytoplankton, along with the near-absence 

of diatoms, the preferred prey of such zooplankton. As such, the zooplankton may have 1) switched their 

trophic behaviour from herbivory to omnivory (e.g., Hagen et al., 2007) and/or 2) increased consumption of 

their reserves of lipids and fatty acids (e.g., Lee and Hagen, 2006). Both scenarios could increase the 

mismatch between SPM and zooplankton δ13C. Below, we use measurements of grazing rates (Chapter 4) 

and the C:N ratios of zooplankton biomass to address each of these possibilities. 

The median zooplankton grazing rate near the PEIs in April-May 2017 corresponded to 5-10% of the rate of 

photosynthetic carbon production (i.e., 0.62 mg C m–2 h-1 versus 5-12 mg C m–2 h-1; Chapter 4). In addition, 

the Euphausiacea accounted for ~20% of the total community grazing rate, suggesting that the larger 

zooplankton herbivores were still grazing (even if slowly) on the in situ phytoplankton assemblage, although 

perhaps on the less dominant and less productive diatoms rather than indiscriminately on the bulk SPM pool 

(Chapter 4). At the same time, we observe no differences in δ15N for the various zooplankton taxa among the 
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three sampling periods. Predators such as Chaetognatha, Candacia spp., Pleuromamma spp., and 

Paraeuchaeta antarctica were high in δ13C and δ15N compared to the other taxa (potential prey), while the 

δ15N of Euphausiacea was similarly low in both autumns (1.8 ± 2.0‰ in 2016 and 1.5 ± 4.0‰ in 2017; Table 

5.3 and Figure 5.6), suggesting a lower trophic position for the krill and possibly confirming their 

herbivorous behaviour. Similarly, the δ15N of Calanus spp. (most likely Calanus simillimus) in April-May 

2017 was as low as that of Limacina spp. (-1‰ and -2.3‰, respectively), with the latter known to be strictly 

herbivorous and to feed predominantly on diatoms and dinoflagellates (Thibodeau et al., 2022). We conclude 

that the bigger zooplankton grazers in April-May 2017 may have maintained the same trophic behaviour that 

they reportedly display when diatom abundances are high (i.e., in summer; Atkinson, 1998; Atkinson et al., 

2012a; Chapter 4), leading us to discount the idea that zooplankton grazers switched from herbivory in 

summer to omnivory or carnivory in autumn. That said, the relatively low δ15N of the larger grazers in 

autumn 2017 could still reflect their summertime trophic role because of the low turnover rate of the isotope 

composition of their body tissue. In this case, we may not have detected a summer-to-autumn shift in their 

trophic behaviour.  

Zooplankton biomass δ13C and C:N are indicators of lipid content, and both can be used to estimate seasonal 

variability in zooplankton diet (Matthews and Mazumder, 2005b). Since C:N is positively related to lipid 

content (McConnaughey and McRoy, 1979; Lesage, 1999; Schmidt et al., 2003) and lipids are usually 

depleted in 13C relative to proteins and carbohydrates (Parker, 1964; Tieszen et al., 1983), zooplankton with 

a high lipid content will likely have a lower δ13C and higher C:N ratio than those with a low lipid content. A 

notable caveat, however, is that the slow turnover rates of zooplankton tissue and the isotopic variability of 

their food source(s) can overprint the relationship between C:N and δ13C, complicating the inference of 

consumer dietary carbon sources (France, 1995; Matthews and Mazumder, 2005b). 

From December 2016 to April-May 2017, the C:N ratio of bulk zooplankton biomass decreased from 4.3 ± 

0.7 to 3.8 ± 0.5, with a lower C:N ratio measured in April-May 2017 than April-May 2016 (4.1 ± 0.5 for the 

latter season; Figure 5.5a; Table 5.2). In general, our zooplankton samples had a lower C:N ratio than that 

reported previously for the open PFZ in autumn. For example, Schmidt et al., (2003) reported higher C:N 

ratios for Calanus propinquus, Calanus simillimus, Metridia lucens, and Metridia gerlachei (8.1, 6.8, 7.4, 
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and 7.8, respectively) than we determined for Calanus spp. and M. gerlachei near the PEIs in April-May 

2017 (3.7 and 3.8, respectively; Table 5.3). This discrepancy suggests that the zooplankton observed in the 

eddy near the PEIs could have a lower lipid content than zooplankton outside the meander, supporting our 

hypothesis that zooplankton increased consumption of their reserves of lipids and fatty acids from summer to 

autumn.  

For our samples from autumn 2016 and 2017, the smaller zooplankton size classes (250-500 µm and 200-

500 µm) may have been richer in lipids (higher C:N of ~4.7-5.0) and associated with a lower trophic position 

in the food web (lower δ15N of ~0.2-0.4‰) than some of the bigger size classes (i.e., 2000-5000 µm and 

>2000 µm; lower C:N of ~3.8-4.2 and higher δ15N of 1.1-3.0‰; Figure 5.5d; Table 5.4). These data suggest 

that the grazers (i.e., smaller size classes) were feeding on lipid-rich food sources and/or that they had stored 

substantial amounts of dietary lipids for the upcoming winter season (Wainman, 1997; Syväranta and Rautio, 

2010), including for reproductive processes that occur in late winter/early spring (Hagen and Auel, 2001). In 

contrast to its C:N and δ15N, biomass δ13C decreased from the smaller to the larger zooplankton size classes, 

by 1.4-2.1‰ (Figure 5.5e), yielding a positive relationship between C:N and δ13C with increasing size, likely 

related to changes in food source. For instance, if we assume dominance of grazers in the smaller size 

classes, their higher δ13C may be caused by the summer-to-autumn increase in δ13CSPM (Figure 5.2c). In 

addition, in April-May 2017, the zooplankton C:N ratios were lower and δ13C was higher for each size class 

than in April-May 2016 (Figure 5.5d-e). For example, Euphausiacea collected in April-May 2017 had a C:N 

ratio of 3.7 ± 0.1 and δ13C of -22.8 ± 0.9‰, versus 4.1 ± 0.3 and -23.7 ± 1.7‰ in April-May 2016 (Table 

5.3). These findings suggest that zooplankton were more depleted in lipids in autumn 2017 than 2016. We 

thus hypothesize that while the autumn 2017 zooplankton community must have been feeding on the in situ 

phytoplankton (or at least a component of it), as suggested by the grazing rates measured in Chapter 4, they 

may also have experienced a higher degree of starvation than in April-May 2016 due to the dominantly small 

size of the phytoplankton cells inhabiting the near-island eddy from which the samples were collected 

(Chapter 4). Zooplankton starvation would have contributed to the observed δ13C mismatch between the 

zooplankton and the SPM. 
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5.6. Conclusions 

This work contributes to our understanding of the major drivers of temporal variability in the δ13C and δ15N 

of SPM and zooplankton in the Subantarctic Ocean. We generated SPM and zooplankton data for samples 

collected during five near-consecutive seasons over two years in the region of the Subantarctic Prince 

Edward Islands archipelago, including July-August 2015 (winter), April-May 2016 (autumn), December 

2016 (summer), April-May 2017 (autumn), and June-July 2017 (winter). We suggest that while the major 

drivers of the geographical distribution of δ13CSPM in the Southern Ocean are surface water pCO2 and 

phytoplankton growth rates, as has been shown by others (St John Glew et al., 2021; Chapter 2), seasonal 

variability in δ13CSPM depends largely on the availability of different nitrogenous nutrient sources (i.e., nitrate 

versus ammonium) and phytoplankton community composition, which together induce different 

carboxylation pathways associated with variable carbon isotope effects (Figure 5.7). The seasonal evolution 

of δ15NSPM is also governed by the dominant N source being consumed by phytoplankton, related changes in 

phytoplankton community composition, and the relative rates of microbial processes that regenerate N versus 

photosynthetic N assimilation (Figure 5.8). 

The upwelling of subsurface NO3
- during winter supplies new N to the surface layer that is relatively high in 

δ15N. Along with the coincident supply of iron, this NO3
- fuels diatom productivity in spring, which is 

associated with carboxylation catalysed by PEPk. Because of the large isotope effect inherent to PEPk, 

diatom biomass will be low in δ13C, causing δ13CSPM to decrease over the growing season (Dehairs et al., 

1997) to reach a minimum by mid-summer when diatom productivity is greatest (St John Glew et al., 2021). 

The δ15NSPM is highest in winter because of isotope fractionation during heterotrophic bacterial 

decomposition of particulate organic N, which exceeds the rate of new biomass formation, the latter limited 

by low seasonal light availability (Smart et al., 2020; Mdutyana et al., 2022). When phytoplankton begin to 

consume the upwelled NO3
- in spring, they generate biomass that is initially low in δ15N (i.e., due to isotopic 

fractionation associated with the NO3
- reductase enzyme; Granger et al., 2004) but that rises over the 

growing season as NO3
-consumption proceeds (Mariotti et al., 1981; Sigman et al., 1999). Following the 

peak summertime phytoplankton bloom, concentrations of low-δ15N NH4
+ increase in the mixed layer due to 

heterotrophic recycling (i.e., bacterial decomposition and zooplankton grazing; Smith et al., 2022). The 
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consumption of this NH4
+ by phytoplankton, which is favoured over NO3

- because of the limiting iron 

concentrations (Raven, 1988; Maldonado and Price, 1996), decreases δ15NSPM to a minimum by autumn. 

Simultaneously, the phytoplankton community shifts from one dominated by large diatom cells to one 

dominated by nano-phytoplankton. These smaller cells express PEPc during carboxylation, which has a low 

intrinsic isotope effect, ultimately yielding organic matter in late-summer through autumn that is high in 

δ13C.  

Zooplankton δ13C and δ15N tend to reflect the temporal isotopic variability of their principal food source(s), 

which in this study was determined to be the SPM. However, we also observed an isotopic mismatch 

between zooplankton and SPM δ13C and δ15N in one season (April-May 2017). We suggest that this 

mismatch can be explained by the relatively slow turnover rate of zooplankton biomass, coupled with the 

possibility that the larger zooplankton herbivores could not efficiently graze on the nano-sized phytoplankton 

present in the water column at the time of sampling such that they experienced starvation, which forced them 

to decrease their lipid stores. We encourage future studies to collect and analyse species-specific zooplankton 

δ13C and δ15N and lipid content during multiple seasons in the Southern Ocean in order to better characterize 

the seasonal variability of the plankton trophic system and their food source(s). 

This study highlights the importance of accounting for seasonal variability when using plankton stable 

isotopes to understand carbon and nutrient cycling, decipher food web dynamics, and track animal 

migrations, and underscores the complexity of using SPM and zooplankton as isotopic baselines in the 

Southern Ocean. For instance, while δ15NSPM may be an appropriate baseline for trophic analysis during 

summer when the biomass is overwhelmingly comprised of actively growing phytoplankton, its suitability 

during autumn and winter are questionable because of the importance of other (i.e., non-assimilation) N 

cycle processes and the fact that SPM and zooplankton isotopes can become decoupled by their different 

turnover times. Primary consumers may provide a more suitable baseline for trophic analysis during autumn 

and winter, although additional seasonally-resolved data are required to confirm this idea.  
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Chapter 6. Summary and future research directions 

Instead of reiterating the conclusions and implications that have been comprehensively discussed in the final 

sections of each previous data chapter (Chapters 2 to 5), in this section I provide the ‘take-home’ messages 

of my work and, given my findings, suggest future research directions that may improve our understanding 

of the potential consequences of the climate change for the plankton ecosystem in the Southern Ocean.  

The work detailed in this thesis intended to provide novel information on the spatial and temporal variability 

of the drivers of ecological and biogeochemical dynamics within the plankton ecosystem of the open 

Southern Ocean and (Sub)Antarctic Islands, from a carbon production and export perspective (i.e., focused 

on the biological pump). This goal was achieved through high-resolution observations of plankton 

community composition and the carbon and nitrogen isotope ratios (δ13C and δ15N) of suspended particulate 

matter (SPM; δ13CSPM and δ15N SPM) and zooplankton body tissue for samples collected from all around the 

Southern Ocean and in the vicinity of (Sub)Antarctic islands, with a particular focus on the Prince Edward 

Islands archipelago. Geographical and seasonal variability in biogeochemical processes and phytoplankton 

dynamics govern the carbon and nitrogen isotopic composition of SPM (Chapter 2), which subsequently 

influences the zooplankton δ13C and δ15N such that it largely mimics the spatial and temporal variability in 

δ13CSPM and δ15NSPM (Chapter 3). In particular, while the latitudinal trends in δ13CSPM and δ15NSPM are 

strongly dependent on the ambient seawater pCO2 and the δ15N of the N sources available to phytoplankton, 

along with the extent to which phytoplankton rely on new versus regenerated N (i.e., the f-ratio), respectively 

(Chapter 2), I found that seasonal variations in both δ13CSPM and δ15NSPM are highly influenced by the N 

sources available to phytoplankton and to their seasonal cycles (Chapter 5). In addition, the composition of 

the phytoplankton community has an impact on the spatial and temporal variability in δ13CSPM and δ15NSPM 

because of taxonomic differences in the carboxylase enzymes expressed during photosynthesis and in the 

capacity to assimilate particular N sources (Chapters 2 and 5). 

A central theme of this work is the differences in plankton productivity, dynamics, and δ13C and δ15N among 

oceanic systems of the Southern Ocean, such as open waters, islands and archipelagos, continental shelves, 

sea ice zones, and glaciers. While I preferentially focused my study on the effects of the Subantarctic Island 

systems on plankton dynamics and their isotope ratios (Chapters 4 and 5), I found that in all the more 
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dynamical systems, plankton δ13C and δ15N are elevated relative to the open Southern Ocean. This trend can 

be explained by the input of micro-and macronutrients such as iron and ammonium, albeit not always due to 

the same physical and biogeochemical processes (Chapter 2). Ultimately, I conclude that measurements of 

δ13CSPM and δ15NSPM from the various hydrographic zones of the Southern Ocean are useful for 1) assessing 

the biogeochemical processes occurring in the upper water column and 2) estimating carbon export potential, 

and that they 3) provide reliable baselines for trophic analysis of the zooplankton system. 

In Chapter 2, I evaluated the potential for summertime carbon export through the application of a simple 

isotope mixing model, finding that export potential is stronger at higher latitudes (i.e., the f-ratio was higher 

in the Antarctic than the Subantarctic). Moreover, I estimated higher values close to the (Sub)Antarctic 

islands and in areas where the sea ice was melting. These higher values can be explained by an increase in 

phytoplankton growth rates and nitrate uptake, probably in response to the input of iron. At the same time, 

my findings detailed in Chapter 3 suggest that Antarctic waters host a zooplankton trophic web dominated by 

carnivores and omnivores, which favours carbon export rather than retention, in contrast to the more 

herbivore-based zooplankton trophic web in the Subantarctic Ocean, which likely retains and recycles more 

carbon in the upper layer of the water column. These results are complementary and indicate that the 

Antarctic Ocean may facilitate enhanced carbon export compared to the Subantarctic, which has implications 

for the role of the Southern Ocean in global climate regulation. 

I also discovered that Subantarctic Island systems not only increase marine productivity in adjacent waters 

by supporting highly biodiverse marine ecosystems, but they also prolong the potential for carbon export 

during periods that are typically unproductive such as autumn (Chapter 4). By alleviating iron limitation of 

phytoplankton in particular, the island mass effect may stimulate more complete drawdown of the available 

macronutrients, which amounts to a net removal of atmospheric CO2. To better understand the role that the 

more dynamical systems of the Southern Ocean, including the Subantarctic islands, play in regulating 

climate, it would be interesting to pursue the idea that some food webs promote carbon export while others 

favour retention.  

Despite the promising results of the models presented in this thesis, there are some limitations that need to be 

acknowledged. One such limitation is the finding that systems near islands or continental shelves are not well 
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characterized by the Rayleigh model. A possible way to address this issue is to perform studies designed to 

evaluate models that may better describe and quantify N uptake processes and isotopic variability where 

supply and uptake are simultaneous (e.g., the steady state model; Sigman and Fripiat, 2019). Island- and 

continental shelf systems may be near-continuously supplied with deep (i.e., upwelled) N and/or terrestrial 

run-off, although it is unlikely that the latter flux will be constant. Nonetheless, dedicated studies employing 

a variety of isotope models would likely yield important insights. It would also be valuable to improve our 

understanding of the geographical and temporal distribution of the δ15N of nutrients and SPM in the Southern 

Ocean, particularly in the vicinity of islands, sea ice regions, and continental shelves. Although the work 

described in this thesis does provides new measurements of the δ15N of SPM near such features, these data 

are not sufficient to train or produce accurate prediction models. Such models are currently unable to 

accurately predict variability near the islands, sea ice, and continental shelves due to the lack of observations 

(St John Glew et al., 2021). Two potential solutions are to collect more data through the use of moorings, 

floats, and gliders.  

The work detailed in this thesis also shows that the study of zooplankton isotope ratios and trophic structure 

may inform our understanding of the fate of photosynthetic carbon produced in the mixed layer. However, 

there are currently no models that describe or predict the geographical and/or temporal variability of 

zooplankton isotope ratios. More species-specific studies on the trophic role of zooplankton are needed to 

better understand the structure of the food web, energy transfer through plankton systems, and carbon flow 

within and out of the mixed layer. It would be valuable to collect more observations of zooplankton isotope 

ratios at the species level, along with information on their vertical migration, egg production rates, trophic 

role, grazing rates, and contribution to the recycling of organic matter within the mixed layer. These studies 

could be coupled with measurements of the flux of faecal pellet from the mixed layer using sediment traps, 

although these are also subject to limitations in terms of geographical coverage (a few square meters), as 

well as how quantitatively they record the amount of composition of the material leaving the surface. All 

these observations must then be incorporated into models to better estimate and predict the geographical and 

seasonal trends in carbon export across the Southern Ocean. Combining improved modelled f-ratio estimates 

with model output related to zooplankton dynamics and carbon flow would be a valuable contribution to 

estimating export production and the carbon export efficiency (i.e., e-ratio which is defined as the fraction of 
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organic carbon fixed through net primary production that is exported out of the surface productive layer of 

the ocean; Fan et al., 2020 and references therein). 

Finally, it is important to consider how climate change may impact the plankton system in the open Southern 

Ocean and at and near the (Sub)Antarctic islands. The Southern Ocean is a dynamic marine ecosystem and is 

a major actor in the regulation of Earth’s climate. Nonetheless, the Southern Ocean is a major contributor to 

the global ocean CO2 sink and is estimated to account for ~30% of the global ocean carbon flux (Schlitzer 

2002; DeVries 2014; Frölicher et al. 2015; Arteaga et al. 2018; Chapter 2). In this thesis, I have discussed 

the many roles of the phytoplankton and zooplankton in exporting and sequestering carbon in the deep 

ocean, and in supporting (Sub)Antarctic marine food webs. Like all other systems on Earth, the Southern 

Ocean is affected by global warming, which is inducing changes in plankton dynamics and consequently, in 

(Sub)Antarctic marine ecosystems and the biological carbon pump (e.g., Petrou et al., 2016; Deppeler and 

Davidson, 2017 and references therein; Henley et al. 2020 and references therein). 

As mentioned in Chapter 3, the Southern Ocean is already experiencing an increase in the intensity of the 

Antarctic Circumpolar Current (ACC), an increase in sea surface temperature (SST), the southward 

migration of hydrographic fronts, and changes in sea-ice coverage (e.g., Gille, 2002; Sokolov and Rintoul, 

2009a, 2009b; Constable et al., 2014; Hobbs et al., 2016). Climate projections suggest that heating of the 

surface mixed layer in the Subantarctic Ocean will increase upper water-column stratification, enhancing the 

amount of light available to the phytoplankton that will also experience higher iron concentrations due to 

stronger eastward winds and storms that will supply more terrestrial dust to the open ocean (Orr et al., 2005; 

Marinov et al., 2010; Boyd et al., 2016; Petrou et al., 2016; Deppeler and Davidson, 2017). However, the 

effects on the phytoplankton are still uncertain and highly debated (Deppeler and Davidson, 2017 and 

references therein). Some studies suggest that an increase in the iron concentration and temperature within a 

more stratified mixed layer could lead to a doubling of diatom growth rates (e.g., Boyd et al., 2016). By 

contrast, other studies propose that stronger stratification of the mixed layer will diminish the upward 

transport of subsurface nutrients, limiting phytoplankton production and the sinking of biogenic carbon, and 

thus the strength of the biological pump (e.g., Matear and Hirst, 1999; Marinov et al., 2010; Petrou et al., 

2016). Speculating on possible future scenarios based on my findings and recent climate change projections, 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquatic-ecosystem
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the role of the Subantarctic Ocean as a major sink for atmospheric CO2 may be significantly affected by 

increased stratification of the upper water layer. During winter, a shallower mixed layer depth would reduce 

the entrainment of iron into the surface, limiting nitrate uptake and decreasing carbon export potential 

(Dugdale and Goering, 1967; Yool et al., 2007). Assuming that winter mixing could reset the nutrient 

conditions required to facilitate carbon export (e.g., Tagliabue et al., 2014; Nicholson et al., 2019), however, 

a more stratified mixed layer from spring to autumn might impede the gravitational sinking of particulate 

matter (e.g., phytoplankton cells, faecal pellets, dead bodies of zooplankton, etc.), thereby weakening the 

biological pump. In addition, regardless of the phytoplankton community that would be favoured during such 

a hypothetical scenario (e.g., diatoms versus nano-phytoplankton), the photosynthetic growth rate would 

potentially increase due to the favourable iron, light, and temperature conditions, resulting in more biomass 

available to zooplankton (from micro- to macro-zooplankton), which will increase the number of herbivores 

and their grazing rates. The increase in herbivory could lead to higher retention of the carbon biomass within 

the food web, which would decrease the sinking flux, thus weakening the biological pump. On the other 

hand, increased biomass production, if by large, ballasted phytoplankton (e.g., diatoms) could lead to 

enhanced direct carbon export (i.e., sinking of phytoplankton cells) and thus a strengthening of the biological 

pump.  

For the permanently ice-free waters of the Antarctic Ocean, models are predicting a slower increase in SST 

than the global ocean rate of increase (0.02°C versus 0.08°C per decade; Armour et al., 2016), a poleward 

migration of the Polar Frontal Zone, which will move the permanently ice-free zone southward (Sokolov and 

Rintoul, 2009a), and a strengthening of the westerly winds, which is likely to deepen the mixed layer (Orr et 

al., 2005; Meijers, 2014; Leung et al., 2015; Armour et al., 2016; Haumann et al., 2016). In addition, iron 

concentrations will increase due to more intense dust transport and an increase in the number of icebergs in 

the permanently ice-free zone (Scambos et al., 2000), which will melt at faster rates, enriching the 

surrounding water with iron (Cefarelli et al., 2011; Lin et al., 2011; Shaw et al., 2011; Vernet et al., 2011, 

2012). Moreover, models suggest that the deepening of the mixed layer will yield a higher input of 

subsurface nutrients (i.e., iron) to the surface, resulting in increased phytoplankton growth rates (when light 

is not limiting) and thus higher carbon export (Lovenduski and Gruber, 2005; Hauck et al., 2013, 2015; 

Laufkötter et al., 2015).  
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At the same time, with the increasing temperature, the northernmost extent of sea-ice cover will move 

southwards, thereby increasing the area of the permanently ice-free zone of the Antarctic (Bracegirdle et al., 

2008; Boyd et al., 2015). According to a recent review (Eayrs et al., 2021 and references therein), surface 

sea ice coverage around the Southern Ocean increased between 1979 and 2016, but then abruptly decreased 

between 2016 and today, with values significantly below the average sea ice cover of the past 40 years. The 

authors attribute this rapid decline to the combined effects of a decades-long ocean warming trend and an 

early spring southward advection of atmospheric heat, compounded by an exceptional weakening of the 

Southern Hemisphere mid-latitude westerlies in late spring. However, it is important to note that the general 

circum-Antarctic trend may not manifest at smaller spatial scales. For example, the seasonal sea-ice cover 

around the west Antarctic Peninsula has decreased by ~40% over the past decades (Smith and Stammerjohn, 

2001; Ducklow et al., 2007; Parkinson and Cavalieri, 2012) and the ice-free season is now three months 

longer than it was during the 1980s (Stammerjohn et al., 2012). Furthermore, observations from the western 

Ross Sea suggest that the ice-free season has shortened by ~2.5 months because the sea ice is retreating later 

and advancing earlier than it was 30 years ago (Stammerjohn et al., 2012), reducing the phytoplankton 

bloom duration and seasonal productivity (Arrigo and van Dijken, 2004).  

The timing of phytoplankton blooms is highly dependent on the southward migration and seasonal retreat of 

the marginal ice zone (Arrigo and van Dijken, 2004; Pearce et al., 2010; Westwood et al., 2010). However, 

contradictory observations and model predictions of sea-ice extent and the duration of ice-free seasons 

illustrate the intricate interplay of variables affecting the quantity and distribution of sea ice around 

Antarctica (Gupta et al., 2009; Parkinson and Cavalieri, 2012; Turner et al., 2013), which makes it very 

complex to hypothesise future scenarios for the marine ecosystem (Petrou et al., 2016; Deppeler and 

Davidson, 2017). Deppeler and Davidson (2017) discuss possible scenarios for the phytoplankton, the 

organisms at higher trophic levels, and the algae present in the sea ice. They postulate that the deepening of 

the mixed layer in the permanently ice-free zone and its larger area will yield higher phytoplankton growth 

rates and more extensive blooms of large diatoms, which will supply more food to the primary consumers. I 

would potentially investigate if the deeper mixed layer and weaker stratification of the upper water column 

could potentially strengthen the biological pump by increasing gravitational sinking of larger biogenic 

particles such as phytoplankton cells produced during more intense photosynthetic blooms and faecal pellets. 
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At the same time, I would expect that the phytoplankton community composition would shift toward smaller 

diatoms and/or flagellates, which will affect the larger grazers and possibly the trophic web (Deppeler and 

Davidson, 2017). Moreover, the reduced sea-ice cover will also decrease the abundance of ice algae, 

reducing an essential winter food source to zooplankton grazers (Deppeler and Davidson, 2017). Due to an 

increase in sea-ice melt (Maksym et al., 2012 and references therein; Lannuzel et al., 2016 and references 

there in), the iron supply will rise, increasing nitrate uptake for a relatively short period of time. A longer 

period of iron limitation will follow as sea ice extent is further reduced, perhaps reducing the relatively high 

carbon export potential that sea-ice-adjacent waters are known for (Chapter 2). 

I recommend that future studies include measurements of species-specific phytoplankton and zooplankton 

δ13C and δ15N, which would improve our understanding of the biogeochemical processes and ecological 

dynamics governing the plankton systems and biological pump of the Southern Ocean. Furthermore, there is 

a need to extend and intensify the spatial and temporal resolution of the available observations, especially 

during winter and in and near the marginal ice zone, in order to provide high-resolution data for 

biogeochemical and predictive models. 
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Appendices 

Appendix A - A circum-Antarctic plankton isoscape I: Carbon 

export potential across the Southern Ocean 

a. Observed versus satellite-derived measurements of sea surface 

temperature 

In this study, two estimates of Sea Surface Temperature (SST) were considered: 

1) Measurements from sensors installed on the ship’s Aqualine Ferrybox system that was connected to 

the underway seawater supply during the Antarctic Circumnavigation Expedition (ACE). Data were 

collected continuously except for during periods when the underway system pump was switched off. 

Data are provided at 1-minute intervals along the cruise track (Haumann et al., (2020); 

https://zenodo.org/record/3660852). 

2) Daily high-resolution sea surface temperature (GHRSST) Level 4 data on a global 0.054° grid from 

the Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA) database 

(https://podaac.jpl.nasa.gov/dataset/UKMO-L4HRfnd-GLOB-OSTIA; UKMO 2005). 

Both SST data types were merged at the closest geographical point to yield a record for the entire cruise 

track. The data show roughly the same geographical distribution (Figure A.1) with a median difference 

between the two datasets of 0.99±0.8°C, indicating very good agreement. However, because of some 

irregularities in the data from the Aqualine Ferrybox system (e.g., between 40 and 50°S, from 56 to 67°S, 

and at 150°E; red dots in Figure A.1), we chose to use the GHRSST product in our analysis.  
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Figure A.1 Sea Surface Temperature (SST; °C) from Aqualine Ferrybox system (Red dots) and from GHRSST product 

(Blue dots) distributed along (a) latitude (Lat; °S) and (b) longitude (Lon; °E). 
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Figure A.2 δ15N (‰) of the accumulated (a; circles) and instantaneous 

(b; triangles) product of NO3
- assimilation estimated using the Rayleigh 

model, as well as the δ15N of the product of NO3
- assimilation 

estimated using Eqn. 8 (c; diamonds; δ15Nnew). Data are plotted as a 

function of the fraction (F) of the winter NO3
- pool remaining in 

surface waters as the time of sampling. Colours refer to each 

hydrographic region of the Southern Ocean sampled during ACE: 

yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), 

red = Polar Frontal Zone (PFZ), dark blue = Southern Antarctic 

Circumpolar Current Zone (SACCZ), light blue = southern Boundary 

Zone (sBZ). Also shown are comparisons of the δ15N of the 

accumulated (blue circles), instantaneous product (green triangles), and 

δ15Nnew (orange diamonds) in each hydrographic region of the Southern 

Ocean sampled during ACE: STZ (d), SAZ (e), PFZ (f), SACCZ (g), 

and sBZ (h). Y-axes of panels d-h are squared root transformed.  
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b. Comparison of the observed and b-SOSE-derived source NO3
- 

concentrations  

During the Antarctic Circumnavigation Expedition, samples for NO3
- concentration were collected 

throughout the water column at 31 stations during CTD and trace metal rosette (TMR) deployments, then 

analysed by flow injection following standard methods (Hassler and Ellwood, 2020; 

https://zenodo.org/record/3923586). Since our analysis required a far larger NO3
- concentration dataset than 

that generated during ACE, we used a data-constrained model output, the biogeochemical-Southern Ocean 

State Estimate (b-SOSE; Verdy and Mazloff, 2017; Mazloff et al., 2010), to estimate [NO3
-]source 

(http://sose.ucsd.edu/SO6/ITER135/bsose_I135_2013to2019_monthly_NO3.nc) at each underway station, 

computed as the mean NO3
- concentration over the source layer (i.e., the winter mixed layer, which we 

define as the waters between the winter and summer mixed layer depths). We also derived the summer and 

winter mixed layer depths (MLD) from b-SOSE 

(http://sose.ucsd.edu/SO6/ITER135/bsose_I135_2013to2019_monthly_MLD.nc) by averaging the b-SOSE 

MLDs from June to August 2016 (winter) and January to March 2017 (summer). For the stations at which 

the NO3
- supply likely originated below the winter MLD (e.g., those influenced by topographic upwelling 

due to the Island Mass Effect (IME)), we used the average b-SOSE-derived NO3
- concentration data between 

200 and 300m). 

We compared the b-SOSE-derived [NO3
-]source with the measured [NO3

-]source (i.e., the observed [NO3
-] in the 

sub-summer mixed layer waters) at the ACE CTD/TMR stations (Figure A.3). In the open ocean (i.e., the 

stations at which we used [NO3
-]W-S as the source NO3

-), the average difference between the two datasets was 

1.33±2.08 µM (Figure A.3a). For the stations at which we used [NO3
-]200-300, the average difference was 

1.42±1.24 µM (Figure A.3b). The two datasets thus agree well, with no clear bias of one towards higher or 

lower concentrations, which validates our use of the b-SOSE data in our analysis. 

http://sose.ucsd.edu/SO6/ITER135/bsose_I135_2013to2019_monthly_NO3.nc
http://sose.ucsd.edu/SO6/ITER135/bsose_I135_2013to2019_monthly_MLD.nc
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Figure A.3 Comparison of the average source NO3
- concentrations measured from ACE CTD/TMR sample collections 

(red bars) and derived from b-SOSE (blue bars) for (a) the open ocean stations where the source NO3
- was assumed to 

be that below the summer mixed layer, and (b) the stations influenced by the IME at which we took the data from 200-

300 m at representative of the source NO3
-. 
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c. Comparison of the observed and modelled source NO3
- δ15N 

During ACE, samples were collected for δ15NNO3
−  over the upper 1000 m at seven stations during Leg1 

(Forrer, 2021), then analysed using the denitrifier method (Sigman et al., 2001; McIlvin and Casciotti, 2011; 

Weigand et al., 2016). Due to the paucity of spatial-resolved δ15NNO3
−  measurements from ACE, we used a 

data-constrained model output from the neural-network-based global ocean NO3
- δ15N climatology of Rafter 

et al. (2019) to determine the source δ15NNO3
−  at each of our stations. Comparing the observed and modelled 

δ15NNO3
−  for the seven CTD stations at which NO3

- isotope samples were collected reveals non-significant 

differences between the two datasets for δ15NNO3
− (source) over both the W-S and 200-300m depth layers (t-

test; p-value > 0.05; Figure A.4).  

 

Figure A.4. Comparison of the source NO3
- δ15N (δ15NNO3

− (source); ‰) determined through direct measurements 

(Forrer, 2021; red bars) versus from the neural-network-based global ocean NO3
- δ15N climatology of Rafter et al. 

(2019; blue bars) for stations occupied during Leg1 of the ACE cruise. The left panel bars show the source NO3
- that 

was estimated as the concentration-weighted average δ15N from the 200-300 m layer, while right panel bars show the 

source NO3
- that was estimated as the concentration-weighted average δ15N for the layer between the winter and 

summer MLDs (W-S). While the NO3
- δ15N was measured at one additional station near the PEIs (i.e., Station 2), a 

neural network- derived estimate of δ15NNO3
− (source) is lacking because the neural network at times becomes unreliable 

proximate to the islands due to sharp changes in bathymetry. 
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d. Assessment isotope effects 

For our analysis, we assessed the isotopic effect (ɛassim) occurring in NO3
- assimilation by phytoplankton 

following the formula defined by (DiFiore et al., 2010) (Table 2.4): 

ɛassim = 0.07 × MLDsummer + 4‰  

The ɛassim used in Eqn. 2.10 was then calculated for each of the five hydrographic zones as the median of all 

station-specific ɛassim values within each zone (Table 2.4 and Figure 2.9). 

Table A.1 Median and interquartile range (IQR) values of the isotopic fractionation during assimilation of NO3
- (ɛassim; 

‰) in each oceanographic zone, assessed using the formula from DiFiore et al., (2010). STZ = Subtropical Zone, SAZ 

= Subantarctic Zone, PFZ = Polar Frontal Zone, SACCZ = Southern Antarctic Circumpolar Current Zone, and sBZ = 

southern Boundary Zone of ACC. n = number of observations. 

 Zone n Median (‰) IQR 

STZ 34 5.8 1.1 

SAZ 77 6.5 1.3 

PFZ 78 7.2 2.0 

SACCZ 138 5.3 0.5 

sBZ 20 5.3 0.0 

Thomas et al. (in prep.) assessed ɛassim at 7 stations of Leg1 (Table A.2) by linearly regressing NO3
- δ15N 

measured between the subsurface source and mixed layer of the ACE Leg1 hydrocast stations on ln([NO3
-]), 

providing values of samples collected from CTD casts only and values averaged to samples collected from 

the underwater supply system (UDW) of the ship in the vicinity of the same station. 

  



Appendix A 

- 294 - 

 

Table A.2 Values of the isotopic fractionation during assimilation of NO3
- (ɛassim; ‰) assessed by Thomas et al (in prep) 

using data values from CTD stations only and from both CTD and UDW (CTD+UDW), and assessed using the formula 

from DiFiore et al. (2010) at each station. STZ = Subtropical Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal 

Zone, SACCZ = Southern Antarctic Circumpolar Current Zone, and sBZ = Southern Boundary of ACC. 

ACE Station Zone CTD only CTD+UDW ɛassim = 0.07 × MLDsummer + 4‰ 

2 SAZ 5.2 ± 2.1 5.4 ± 2.0 6.5 

8 SAZ 6.8 ± 1.2 6.9 ± 0.6 6.5 

16 PFZ 4.0 ± 1.2 3.5 ± 1.0 7.9 

19 SACCZ 4.7 ± 1.3 4.7 ± 1.1 5.8 

20 PFZ 5.3 ± 0.5 5.3 ± 0.6 5.8 

21 SAZ 4.6 ± 0.6 4.9 ± 1.7 5.8 

22 STZ 8.5 ± 0.8 8.7 ± 1.4 5.8 

 

While for most of the stations the differences between values assessed using the MLD linear function and the 

results from Thomas et al. (in prep.) range between 0.3 and 1.3‰ only, in stations 16 and 22 the two 

assessments differenced by as much as 3.9 - 4.4‰ and -2.7 - -2.9‰ respectively. 
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e. Comparison of the nitrogen isotope ratios of surface nitrate (𝛅𝟏𝟓𝐍𝐍𝐎𝟑
−) 

from Rayleigh model and observed data 

Both methods showed similar values and gradients along Leg1 (Figure A.5a and b), where average 

differences were 0.3 ± 1.3‰, ranging between -2 and 6‰ (Figure A.5c). Highest differences (> ± 3‰) were 

estimated at one station only, in the open ocean close to Tasmania, where δ15NNO3
−(surf) was 5.5‰ higher 

than the measured values. δ15NNO3
−(surf) in the vicinity of Kerguelen Island were 1.2 ± 0.2‰ lower than the 

measured values (Figure A.5c). The small and non-significant difference (p-value >0.05) between the 

measured and the modelled values of δ15NNO3
− indicates a very good agreement between the two datasets, 

validating our results of δ15NNO3
−(surf) assessed using the Rayleigh model. 

 

Figure A.5 (a-b) Surface NO3
- δ15N assessed along the Leg1 of the Antarctic Circumnavigation Expedition (ACE) using 

the (a) Rayleigh model (𝛿15𝑁𝑁𝑂3
−(𝑠𝑢𝑟𝑓); ‰) and (b) from direct observed measurements from underway sampling 

during ACE. (c) Difference between the modelled surface 𝛿15𝑁𝑁𝑂3
−(𝑠𝑢𝑟𝑓) and the observed surface NO3

- δ15N. 
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Surface distribution of fCO2 

 

 

Figure A.6 Surface distribution of the air-sea fluxes of CO2 (i.e., surface ocean downward mass flux of CO2 expressed as fCO2; 

mg m-2 h-1) obtained from a monthly 1-degree resolution global reconstructed product (resources.marine.copernicus.eu/ product-

detail/ MULTIOBS_GLO_BIO_CARBON_SURFACE_REP_015_008) and interpolated using ODV, with positive values 

indicating air-to-sea fluxes (i.e., ocean uptake) and negative values indicating sea-to-air fluxes. The islands visited during the ACE 

cruise are indicated on the plot: PEIs = Prince Edward Islands, Crzt = Crozet Island, Krgln = Kerguelen Island, Hrd = Heard 

Island, DR = Diego Ramirez Island, SG = South Georgia Island, and SS = South Sandwich Islands. 
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f. Longitudinal variability of δ13CSPM and δ15NSPM 

On average for the entire Southern Ocean, δ13CSPM was significantly higher for samples collected during Leg1 than 

Leg2 and Leg3 (-25.1 ± 1.8‰, -27.5 ± 1.9‰, and -27.9 ± 2.8‰; mean±1SD; p-values <0.001; Figure A.7a). By 

contrast, the average whole-Southern Ocean δ15NSPM did not vary significantly among sampling legs or with longitude 

(p-value = 0.11), with values of 0.8 ± 3.1‰, 0.1 ± 2.2‰, and 0.7 ± 2.4‰ for Leg1, Leg2, and Leg3, respectively 

(Figure A.7b). We note that most of the Leg1 observations are from the Subantarctic rather than the Antarctic (128 

versus 13), that fewer Subantarctic than Antarctic samples were collected during Leg2 (19 versus 103), and that on 

Leg3, the number of Subantarctic and Antarctic measurements are similar (40 versus 57). As such, the apparent 

longitudinal trends in δ13CSPM and δ15NSPM may be partly driven by latitudinal changes. Additionally, because the ACE 

cruise proceeded temporally along a longitudinal transect, analysing our dataset for longitudinal variability means 

analysing it for temporal variability (see Appendix A.g). 
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Figure A.7 Longitudinal variability of (a) carbon and (b) nitrogen isotope ratios of the SPM (δ13CSPM and δ15NSPM; ‰) measured at 

the surface mixing layer during the Antarctic Circumnavigate Expedition. Colours of diamonds = legs of ACE: Leg1 = orange, 

Leg2 = light blue, Leg3 = dark blue. Vertical lines = position of islands crossed during ACE, whose names are labelled at the top. 

The line type and colour are associated with each Island.  
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g. Spatial distribution of POC:PON ratio and temporal trends in δ13CSPM, δ15NSPM, 

SST, pCO2, fnew, phytoplankton composition, and NH4
+ 

Average POC:PON ratio (Table A.3) along the cruise track in the entire SO is equal to 7.42 ± 1.90 (median=7.14), but 

in the Subantarctic Ocean the values were significantly higher than in the Antarctic Ocean (respectively, 7.46 ± 2.23 

and 6.97 ± 1.29; pairwise t-test: p-value < 0.001). In the Subantarctic Ocean there was a slight negative relationship 

with Latitude, although the linear model explained only 9% of the data variation (lm: y ~ 15.2 - 0.147 * Lat, σ = 2.17, 

R2 = 0.09, p-value < 0.001). This is in contrast to the POC:PON ratio in the Antarctic Ocean that did not show any 

relationship. POC:PON ratio in the STZ were significantly similar to values in the SAZ (respective averages, 8.18 ± 

3.72 and 7.63 ± 1.8; pairwise t-test: p-value = 1), and both higher than values from PFZ, SACCZ and sBZ which were 

also significant similar (pairwise t-test: p-value > 0.05). POC:PON ratio differed in average between all legs 

(ANOVA: p-value < 0.001). Ratio values are on average higher during Leg1 (8.06 ± 2.60), followed by Leg2 (7.26 ± 

1.18) and Leg3, which had the lowest values (6.70 ± 0.98; pairwise t-test: p-values < 0.05). 

For the entire dataset, δ13CSPM decreased with time from -24.5±1.8‰ (mean±1SD) at the beginning of the cruise (first 

two weeks; n = 68) to -28.7 ± 2.3‰ at the end (last two weeks; n = 66; Figure A.8a). Moreover, δ13CSPM decreased 

with time in both the Subantarctic and Antarctic, although the calculated regressions explain only 3.5% and 18%, 

respectively, of the variability (Table A.1). δ13CSPM remained roughly constant with time in the STZ, SAZ, and sBZ, 

while in the PFZ and SACCZ, δ13CSPM declined (R2 = 9.7% and 20%; red and light blue regressions in Figure A.8a). 

δ15NSPM also decreased with time, from 1.7±3.3‰ in the first two weeks to 0.7±1.8‰ in the last two weeks (Figure 

A.8b). δ15NSPM decreased significantly in both the Subantarctic and Antarctic, although as for δ13CSPM, the calculated 

regressions were weak (R2 = 4.8% and 8.9%, respectively). Additionally, δ15NSPM decreased significantly with time in 

the SAZ, PFZ, and sBZ (R2 = 10%, 7.4%, and 80%, respectively; orange, red, and light blue regressions in Figure 

A.8b), increased significantly in the SACCZ (R2 =18%; dark blue regression), and did not change in the STZ where 

the variability with time was greatest. 

 

The graphical representations of the temporal trends and variations in SST, pCO2, fnew, phytoplankton composition, 

and NH4
+ are presented below (Figure A.9, A.10, A.11 and A.12, respectively) and discussed in detail in section 4.3 of 

the main manuscript. 
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Figure A.8 Temporal variability in δ13CSPM (‰) and δ15NSPM (‰) for surface samples collected during ACE: (a-b) whole data set 

(n=364); (c-d) dataset filtered to remove observations near islands and continents (n=247). The symbol colours represent the 

hydrographic zones: yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone (PFZ), dark 

blue = Southern Antarctic Circumpolar Current Zone (SACCZ), light blue = southern Boundary Zone (sBZ). Linear regressions 

with 95% confidence intervals are similarly coloured for each hydrographic zone. The vertical dashed lines delimit each leg of the 

cruise. 
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Table A.3 Linear regressions for δ13CSPM, δ15NSPM and POC:PON ratio for each region of the Southern Ocean. Statistical 

parameters are also shown: σ = residual standard error, p-value = statistical significance, and R2 = coefficient of determination. 

δ13CSPM (‰) 

Zone Linear regression σ p-value R2 

Subantarctic y ~ 215.7 - 0.014 * Time 1.83 0.00909 0.035 

Antarctic y ~ 692.3 - 0.0419 * Time 1.58 2.03E-08 0.18 

STZ y ~ -158.1 + 0.00783 * Time 1.6 0.503 0.013 

SAZ y ~ 113.3 - 0.00807 * Time 1.12 0.0912 0.038 

PFZ y ~ 464.6 - 0.0285 * Time 2 0.00462 0.097 

SACCZ y ~ 740 - 0.0446 * Time 1.64 2.98E-08 0.2 

sBZ y ~ -56.9 + 0.00165 * Time 1.04 0.973 0.000052 

          

δ15NSPM (‰) 

Zone Linear regression σ p-value R2 

Subantarctic y ~ 468 - 0.0272 * Time 3.01 0.00219 0.048 

Antarctic y ~ -570.9 + 0.0332 * Time 1.84 9.66E-05 0.089 

STZ y ~ 102.3 - 0.00576 * Time 3.97 0.842 0.0012 

SAZ y ~ 579.6 - 0.0337 * Time 2.76 0.00478 0.1 

PFZ y ~ 383.6 - 0.0223 * Time 1.82 0.014 0.074 

SACCZ y ~ -752.7 + 0.0437 * Time 1.74 2.39E-07 0.18 

sBZ y ~ 6027.4 - 0.35 * Time 0.79 1.28E-09 0.8 

          

POC:PON ratio 

Zone Linear regression σ p-value R2 

Subantarctic y ~ 501.4 - 0.0287 * Time 2.15 8.03E-06 0.098 

Antarctic y ~ 220.9 - 0.0124 * Time 1.29 0.0337 0.027 

STZ y ~ 1185.9 - 0.0685 * Time 3.65 0.0134 0.16 

SAZ y ~ 355.9 - 0.0202 * Time 1.68 0.00529 0.099 

PFZ y ~ 355.6 - 0.0203 * Time 1.33 0.00243 0.11 

SACCZ y ~ 242 - 0.0136 * Time 1.23 0.0179 0.04 

sBZ y ~ -1845.7 + 0.108 * Time 1.53 0.138 0.093 

 

  



Appendix A 

- 302 - 

 

 

Figure A.9 Temporal variability in (a-b) sea surface temperature (SST; °C) and the partial pressure of CO2 (pCO2; Pa) for samples 

collected at the surface during the Antarctic Circumnavigation Expedition (ACE). (a) The symbol colours represent the 

hydrographic zones: yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone (PFZ), dark 

blue = Southern Antarctic Circumpolar Current Zone (SACCZ), light blue = southern Boundary Zone (sBZ). (b) The symbol 

colours represent the pCO2 (Pa). (c) The symbol colours represent the SST (°C). Dashed linear regressions with their respective 

95% confidence intervals (grey areas). In (a) solid linear regressions with their respective 95% confidence intervals for each 

hydrographic zone (colours according to hydrographic zones). Vertical dashed lines split the ACE legs: Leg1 = left sector, Leg2 = 

central sector, Leg3 = right sector. 
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Figure A.10 Temporal variability in fnew derived for surface samples collected during ACE: (a) complete dataset (n=270) and (b) 

dataset filtered to remove observations near islands and continents (n=211). The symbol colours represent the hydrographic zones: 

yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone (PFZ), dark blue = Southern 

Antarctic Circumpolar Current Zone (SACCZ), light blue = southern Boundary Zone (sBZ). Linear regressions with 95% 

confidence intervals are similarly coloured for each hydrographic zone. The vertical dashed lines delimit each leg of the cruise. 
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Figure A.11 Pigment data collected during ACE (Antoine et al., 2020). Temporal variability in the percent contribution to total 

Chl-a of (a-b) micro-phytoplankton and (c-d) nano-phytoplankton: Panels (a-c) show the complete dataset (n=364) and (b-d) show 

the dataset filtered to remove observations near islands and continents (n=247). The symbol colours represent the hydrographic 

zones: yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone (PFZ), dark blue = 

Southern Antarctic Circumpolar Current Zone (SACCZ), light blue = southern Boundary Zone (sBZ). Linear regressions with 

95% confidence intervals are similarly coloured for each hydrographic zone. The vertical dashed lines delimit each leg of the 

cruise. 
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Figure A.12 Temporal variability in NH4
+ concentrations measured at the surface during ACE: (a) complete dataset (n=364) and 

(b) dataset filtered to remove observations near islands and continents (n=247). The symbol colours represent the hydrographic 

zones: yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone (PFZ), dark blue = 

Southern Antarctic Circumpolar Current Zone (SACCZ), light blue = southern Boundary Zone (sBZ). Linear regressions with 

95% confidence intervals are similarly coloured for each hydrographic zone. The vertical dashed lines delimit each leg of the 

cruise. 
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Phytoplankton composition from HPLC pigment data 

 

Figure A.13 Surface distribution of the percent contribution of pico-phytoplankton (<2 µm; %) relative to total Chl-a during ACE, 

determined using the HPLC data (Antoine et al., 2020). PEIs = Prince Edward Islands, Crzt = Crozet Island, Krgln = Kerguelen 

Island, Hrd = Heard Island, DR = Diego Ramirez Island, SG = South Georgia Island, and SS = South Sandwich Island. 
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Numerical and taxonomic analysis of micro-phytoplankton community composition 

Table A.4 Averaged abundance (cells L-1), 1SD and relative contribution (%) of different micro-phytoplankton species at each 

hydrographic zone of the Southern Ocean during the Antarctic Circumnavigation Expedition (ACE) cruise: STZ = Subtropical 

Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal Zone, SACCZ = Southern Antarctic Circumpolar Current Zone, and sBZ = 

southern Boundary Zone. 

SO 

zone 
Group Species 

Averaged abundance 

(Cells L-1) 
1SD 

Relative 

percentage 

(%) 

STZ Dinoflagellate Ceratium extensum fusus 12.3 17.5 58.3 

STZ Diatom Fragilariopsis kerguelensis 2.1 4.7 10.0 

STZ Diatom Fragilariopsis pseudonana 2.1 4.7 10.0 

STZ Diatom Thalassiothrix antarctica 1.7 2.7 8.1 

STZ Diatom Corethron pennatum 1.5 2.7 7.1 

STZ Diatom Centric unknown 0.6 0.9 2.8 

STZ Dinoflagellate Protoperidium sp. 0.4 0.9 1.9 

STZ Diatom Rhizosolenia sp. 0.2 0.5 0.9 

STZ Dinoflagellate Dinophysis antarctica 0.2 0.5 0.9 

SAZ Diatom Fragilariopsis kerguelensis 961.4 1409.8 66.5 

SAZ Dinoflagellate Ceratium pentagonum 45.0 119.9 3.1 

SAZ Diatom Chaetoceros dichaeta 43.3 147.2 3.0 

SAZ Diatom Fragilariopsis pseudonana 37.6 150.8 2.6 

SAZ Diatom Chaetoceros atlanticus 36.2 149.6 2.5 

SAZ Diatom Chaetoceros compressus 31.6 181.3 2.2 

SAZ Diatom Eucampia antarctica var antarctica 25.1 112.1 1.7 

SAZ Diatom Pseudonitzschia heimii 24.8 56.7 1.7 

SAZ Diatom Thalassiothrix antarctica 24.4 52.2 1.7 

SAZ Dinoflagellate Ceratium lineatum 15.6 49.3 1.1 

SAZ Diatom Chaetoceros neglectus 12.6 72.5 0.9 

SAZ Diatom Nitzschia closterium 11.6 54.5 0.8 

SAZ Dinoflagellate Ceratium extensum fusus 11.2 46.6 0.8 

SAZ Diatom Pseudonitzschia sp. 10.4 41.8 0.7 

SAZ Diatom Asteromphalus roperanus 7.7 24.3 0.5 

SAZ Dinoflagellate Peridinium sp. 7.6 42.3 0.5 

SAZ Diatom Thalassiosira eccentrica 7.5 14.7 0.5 

SAZ Dinoflagellate Dinophysis antarctica 6.7 29.0 0.5 

SAZ Diatom Fragilariopsis sp.  6.1 34.8 0.4 

SAZ Diatom Corethron pennatum 6.0 20.3 0.4 

SAZ Diatom Chaetoceros bulbosus 5.8 21.2 0.4 

SAZ Dinoflagellate Protoperidium sp. 5.2 13.2 0.4 

SAZ Diatom Centric unknown 5.1 16.1 0.4 

SAZ Diatom Chaetoceros densus 4.9 28.0 0.3 

SAZ Diatom Chaetoceros radicans 4.7 27.2 0.3 

SAZ Diatom Small centric unknown 4.7 11.8 0.3 

SAZ Dinoflagellate Ceratium furca 4.7 27.2 0.3 

SAZ Dinoflagellate Prorocentrum sp. 4.3 7.6 0.3 

SAZ Diatom Membraneis challengeri 4.2 17.0 0.3 

SAZ Diatom Asteromphalus hookeri 4.0 11.6 0.3 

SAZ Diatom Chaetoceros concavicornis 3.4 18.1 0.2 
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SAZ Diatom Coscinodiscus radiatus 3.4 18.1 0.2 

SAZ Diatom Fragilariopsis curta 3.2 18.1 0.2 

SAZ Diatom Fragilariopsis cylindrus 3.2 18.1 0.2 

SAZ Diatom Pseudonitzschia delicatissima 3.2 18.1 0.2 

SAZ Diatom Fragilaria islandica var. producta 2.9 16.9 0.2 

SAZ Diatom Thalasionema nitzschiodes 2.9 10.0 0.2 

SAZ Diatom Thalassiosira lentignosa 2.9 13.2 0.2 

SAZ Diatom Dactyliosolen antarcticus 2.8 9.1 0.2 

SAZ Diatom Rhizosolenia imbricata 2.5 8.0 0.2 

SAZ Diatom Chaetoceros sp. 2.2 6.8 0.2 

SAZ Dinoflagellate Protoperidium latistriatum 2.1 10.9 0.1 

SAZ Diatom Pseudonitzschia subcurvata 2.0 7.1 0.1 

SAZ Silicoflagellate Distephanus speculum 2.0 9.7 0.1 

SAZ Dinoflagellate Protoperidium antarcticum 1.8 5.5 0.1 

SAZ Diatom Chaetoceros convolutus 1.6 9.1 0.1 

SAZ Diatom Fragilaria sp. 1.6 9.1 0.1 

SAZ Diatom Cylindrotheca closterium 1.5 7.6 0.1 

SAZ Diatom Grammatophora sp. 1.3 7.3 0.1 

SAZ Diatom Paralia sulcata 1.3 7.3 0.1 

SAZ Diatom Guinardia cylindrus 1.1 6.0 0.1 

SAZ Diatom Rhizosolenia sp. 1.1 4.3 0.1 

SAZ Diatom Thalassiosira maculata 1.1 2.4 0.1 

SAZ Diatom Thalassiosira oliveriana 1.1 4.1 0.1 

SAZ Diatom Asteromphalus hyalinus 0.8 3.7 0.1 

SAZ Diatom Pseudonitzschia lineola 0.8 4.4 0.1 

SAZ Dinoflagellate Dinophysis sp.  0.8 3.4 0.1 

SAZ Diatom Pennate unknown 0.7 4.2 <0.1 

SAZ Diatom Rhizosolenia styliformis 0.7 3.6 <0.1 

SAZ Diatom Chaetoceros flexuosus 0.6 3.6 <0.1 

SAZ Diatom Pseudonitzschia antarctica 0.6 3.6 <0.1 

SAZ Diatom Cocconeis sp.  0.5 2.5 <0.1 

SAZ Diatom Corethron inerme 0.5 3.1 <0.1 

SAZ Diatom Plagiotropis gaussii 0.4 1.8 <0.1 

SAZ Dinoflagellate Prorocentrum antarcticum 0.4 2.4 <0.1 

SAZ Diatom Actinocyclus actinochilus 0.3 1.8 <0.1 

SAZ Diatom Actinocyclus curvatulus 0.3 1.3 <0.1 

SAZ Diatom Entomoneis paludosa 0.3 1.8 <0.1 

SAZ Diatom Fragilariopsis rhombica 0.3 1.8 <0.1 

SAZ Diatom Navicula criophila 0.3 1.8 <0.1 

SAZ Diatom Odontella sp. 0.3 1.8 <0.1 

SAZ Diatom Proboscia inermis 0.3 1.8 <0.1 

SAZ Diatom Rhizosolenia delicatula 0.3 1.8 <0.1 

SAZ Diatom Rhizosolenia stolterfothii 0.3 1.8 <0.1 

SAZ Dinoflagellate Polykrikos schwartzii 0.3 1.8 <0.1 

SAZ Diatom Actinocyclus divisus 0.2 1.0 <0.1 

SAZ Diatom Actinocyclus exiguus 0.2 1.2 <0.1 

SAZ Diatom Asteromphalus parvulus 0.2 1.1 <0.1 

SAZ Diatom Azpeitia tabularis 0.2 0.9 <0.1 

SAZ Diatom Nitzschia sp. 0.2 1.2 <0.1 

SAZ Diatom Plagiotropis sp. 0.2 0.8 <0.1 
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SAZ Diatom Rhabdonema arcuatum 0.2 1.0 <0.1 

SAZ Diatom Rhizosolenia chunii 0.2 0.9 <0.1 

SAZ Diatom Thalassiosira ritscheri 0.2 0.9 <0.1 

SAZ Diatom Tropidoneis antarctica 0.2 1.2 <0.1 

SAZ Diatom Coscinodiscus centralis 0.1 0.6 <0.1 

SAZ Diatom Coscinodiscus commutatus 0.1 0.3 <0.1 

SAZ Diatom Licmophora sp. 0.1 0.7 <0.1 

SAZ Diatom Nitzschia lecontei 0.1 0.5 <0.1 

SAZ Diatom Rhizosolenia antennata f. semispina 0.1 0.8 <0.1 

SAZ Diatom Thalassiosira symmetrica 0.1 0.4 <0.1 

SAZ Dinoflagellate Blepharocysta splendor-maris 0.1 0.6 <0.1 

SAZ Dinoflagellate Dinophysis operculoides 0.1 0.6 <0.1 

SAZ Dinoflagellate Gonyaulax sp. 0.1 0.7 <0.1 

SAZ Dinoflagellate Katodinium sp. 0.1 0.6 <0.1 

SAZ Dinoflagellate Protoperidium pellucidum 0.1 0.8 <0.1 

SAZ Silicoflagellate Dictyocha fibula  0.1 0.6 <0.1 

PFZ Diatom Fragilariopsis kerguelensis 757.5 709.9 36.2 

PFZ Diatom Chaetoceros radicans 353.2 1634.4 16.9 

PFZ Diatom Odontella weissflogii 219.2 1021.7 10.5 

PFZ Diatom Eucampia antarctica var. antarctica 205.2 567.6 9.8 

PFZ Diatom Pseudonitzschia heimii 119.9 180.8 5.7 

PFZ Diatom Chaetoceros atlanticus 116.9 337.8 5.6 

PFZ Diatom Thalassiothrix antarctica 42.7 47.8 2.0 

PFZ Diatom Dactyliosolen antarcticus 27.8 76.7 1.3 

PFZ Diatom Pseudonitzschia turgidula 19.0 76.3 0.9 

PFZ Diatom Corethron pennatum 18.4 30.9 0.9 

PFZ Diatom Fragilariopsis cylindrus 17.6 89.9 0.8 

PFZ Diatom Corethron inerme 15.8 61.6 0.8 

PFZ Diatom Pseudonitzschia sp. 14.0 71.5 0.7 

PFZ Diatom Pseudonitzschia australis 9.6 49.0 0.5 

PFZ Diatom Centric unknown 8.4 11.5 0.4 

PFZ Dinoflagellate Ceratium pentagonum 7.9 18.7 0.4 

PFZ Diatom Thalassiosira eccentrica 7.8 13.4 0.4 

PFZ Diatom Leptocylindrus sp. 7.5 38.4 0.4 

PFZ Diatom Chaetoceros danicus 7.3 21.0 0.3 

PFZ Diatom Asteromphalus roperanus 6.3 12.6 0.3 

PFZ Diatom Membraneis challengeri 5.8 9.9 0.3 

PFZ Dinoflagellate Ceratium lineatum 5.7 17.6 0.3 

PFZ Diatom Asteromphalus hookeri 5.5 8.6 0.3 

PFZ Diatom Chaetoceros decipiens 5.4 20.4 0.3 

PFZ Diatom Pseudonitzschia lineola 4.8 24.5 0.2 

PFZ Diatom Proboscia inermis 4.6 8.2 0.2 

PFZ Diatom Pennate unknown 4.5 20.5 0.2 

PFZ Diatom Thalassiosira lentignosa 4.2 7.7 0.2 

PFZ Dinoflagellate Protoperidium sp. 4.1 7.7 0.2 

PFZ Dinoflagellate Prorocentrum sp. 3.8 6.6 0.2 

PFZ Diatom Thalasionema nitzschiodes 3.0 14.3 0.1 

PFZ Diatom Chaetoceros bulbosus 2.7 7.0 0.1 

PFZ Diatom Thalassiosira oliveriana 2.7 6.7 0.1 

PFZ Diatom Chaetoceros dichaeta 2.5 7.3 0.1 
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PFZ Diatom Rhizosolenia chunii 2.5 8.5 0.1 

PFZ Silicoflagellate Distephanus speculum 2.3 3.5 0.1 

PFZ Diatom Fragilariopsis rhombica 2.1 8.3 0.1 

PFZ Diatom Haslea trompii 2.1 4.5 0.1 

PFZ Diatom Asteromphalus parvulus 1.9 5.9 0.1 

PFZ Diatom Cerataulina pelagica 1.9 9.5 0.1 

PFZ Diatom Plagiotropis gaussii 1.9 6.7 0.1 

PFZ Diatom Thalassiosira maculata 1.7 3.3 0.1 

PFZ Diatom Cylindrotheca closterium 1.6 8.2 0.1 

PFZ Diatom Asteromphalus hyalinus 1.3 3.9 0.1 

PFZ Dinoflagellate Protoperidium latistriatum 1.3 3.8 0.1 

PFZ Diatom Actinocyclus divisus 1.2 4.1 0.1 

PFZ Diatom Chaetoceros hendeyi 1.2 6.1 0.1 

PFZ Diatom Chaetoceros peruvianus 1.2 2.8 0.1 

PFZ Diatom Pseudonitzschia seriata 1.2 5.9 0.1 

PFZ Diatom Rhizosolenia antennata f. semispina 1.2 6.1 0.1 

PFZ Dinoflagellate Dinophysis antarctica 1.2 3.8 0.1 

PFZ Diatom Chaetoceros pendulus 1.1 4.3 0.1 

PFZ Diatom Fragilaria sp. 1.1 4.9 0.1 

PFZ Diatom Pseudonitzschia subcurvata 1.1 3.2 0.1 

PFZ Diatom Rhizosolenia alata 1.0 4.1 <0.1 

PFZ Diatom Thalassiosira gracilis var. gracilis 1.0 2.3 <0.1 

PFZ Diatom Rhizosolenia imbricata 0.9 3.2 <0.1 

PFZ Diatom Proboscia alata 0.8 3.4 <0.1 

PFZ Diatom Rhizosolenia styliformis 0.8 2.4 <0.1 

PFZ Dinoflagellate Alexandrium sp. 0.8 4.1 <0.1 

PFZ Diatom Chaetoceros sp. 0.7 2.4 <0.1 

PFZ Diatom Coscinodiscus oppositus 0.7 2.6 <0.1 

PFZ Diatom Coscinodiscus radiatus 0.7 2.8 <0.1 

PFZ Diatom Fragilariopsis pseudonana 0.7 3.7 <0.1 

PFZ Dinoflagellate Prorocentrum antarcticum 0.7 2.3 <0.1 

PFZ Diatom Chaetoceros adelianus 0.6 3.1 <0.1 

PFZ Diatom Chaetoceros lorenzianus 0.6 3.1 <0.1 

PFZ Diatom Hemidiscus cuneiformis 0.6 3.1 <0.1 

PFZ Diatom Plagiotropis sp. 0.6 1.7 <0.1 

PFZ Dinoflagellate Dinophysis operculoides 0.6 3.3 <0.1 

PFZ Diatom Coscinodiscus commutatus 0.5 2.5 <0.1 

PFZ Diatom Odontella sp. 0.5 2.1 <0.1 

PFZ Diatom Rhizosolenia sp. 0.5 2.5 <0.1 

PFZ Diatom Small centric unknown 0.5 1.5 <0.1 

PFZ Diatom Actinocyclus exiguus 0.4 2.0 <0.1 

PFZ Diatom Coscinodiscus oculus-iridis 0.4 1.6 <0.1 

PFZ Diatom Chaetoceros castracanei 0.3 1.4 <0.1 

PFZ Diatom Chaetoceros tetrasticon 0.3 1.5 <0.1 

PFZ Diatom Guinardia cylindrus 0.3 1.5 <0.1 

PFZ Diatom Haslea sp. 0.3 1.1 <0.1 

PFZ Diatom Planktonella sol 0.3 1.2 <0.1 

PFZ Dinoflagellate Dinophysis sp.  0.3 1.4 <0.1 

PFZ Dinoflagellate Polykrikos schwartzii 0.3 1.6 <0.1 

PFZ Dinoflagellate Protoperidium pellucidum 0.3 1.1 <0.1 
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PFZ Diatom Azpeitia tabularis 0.2 0.8 <0.1 

PFZ Diatom Coscinodiscus oculoides 0.2 1.0 <0.1 

PFZ Diatom Guinardia delicatula 0.2 1.0 <0.1 

PFZ Diatom Nitzschia closterium 0.2 1.0 <0.1 

PFZ Diatom Pleurosigma directum 0.2 0.8 <0.1 

PFZ Diatom Thalassiosira gerloffii 0.2 1.0 <0.1 

PFZ Diatom Thalassiosira oestrupi 0.2 1.0 <0.1 

PFZ Diatom Thalassiosira ritscheri 0.2 0.8 <0.1 

PFZ Diatom Thalassiosira symmetrica 0.2 0.8 <0.1 

PFZ Diatom Tropidoneis antarctica 0.2 0.9 <0.1 

PFZ Diatom Actinocyclus curvatulus 0.1 0.3 <0.1 

PFZ Diatom Rhizosolenia delicatula 0.1 0.5 <0.1 

PFZ Diatom Rhizosolenia hebetata f. semispina 0.1 0.6 <0.1 

PFZ Diatom Rhizosolenia setigera 0.1 0.6 <0.1 

PFZ Diatom Thalassiosira frenguellii 0.1 0.7 <0.1 

PFZ Dinoflagellate Peridinium sp. 0.1 0.4 <0.1 

PFZ Dinoflagellate Preperidinium meunierii 0.1 0.4 <0.1 

SACCZ Diatom Fragilariopsis kerguelensis 1060.3 1243.5 42.6 

SACCZ Diatom Chaetoceros atlanticus 758.8 1663.2 30.5 

SACCZ Diatom Corethron pennatum 134.2 337.4 5.4 

SACCZ Diatom Chaetoceros concavicornis 82.4 208.6 3.3 

SACCZ Diatom Fragilariopsis pseudonana 81.5 293.0 3.3 

SACCZ Diatom Thalassiothrix antarctica 66.3 80.9 2.7 

SACCZ Diatom Pseudonitzschia lineola 33.3 92.7 1.3 

SACCZ Diatom Corethron inerme 33.1 140.3 1.3 

SACCZ Diatom Chaetoceros atlanticus f. audax 25.1 98.1 1.0 

SACCZ Diatom Dactyliosolen antarcticus 23.2 46.7 0.9 

SACCZ Diatom Pseudonitzschia heimii 22.7 66.3 0.9 

SACCZ Diatom Rhizosolenia hebetata f. semispina 12.3 49.0 0.5 

SACCZ Diatom Pseudonitzschia sp. 10.8 42.5 0.4 

SACCZ Dinoflagellate Prorocentrum sp. 10.1 14.1 0.4 

SACCZ Diatom Fragilariopsis rhombica 10.0 28.2 0.4 

SACCZ Diatom Thalassiosira gracilis var. gracilis 9.7 23.0 0.4 

SACCZ Dinoflagellate Protoperidium sp. 8.5 10.8 0.3 

SACCZ Diatom Centric unknown 8.0 16.1 0.3 

SACCZ Diatom Fragilariopsis sp.  7.9 30.9 0.3 

SACCZ Diatom Chaetoceros convolutus 7.7 32.7 0.3 

SACCZ Diatom Rhizosolenia antennata f. semispina 7.3 22.9 0.3 

SACCZ Dinoflagellate Gymnodinium sp.  6.6 16.9 0.3 

SACCZ Diatom Asteromphalus hookeri 6.0 11.5 0.2 

SACCZ Diatom Chaetoceros dichaeta 4.1 13.5 0.2 

SACCZ Dinoflagellate Dinophysis sp.  4.0 13.4 0.2 

SACCZ Diatom Thalassiosira eccentrica 3.8 11.7 0.2 

SACCZ Diatom Asteromphalus hyalinus 3.6 7.4 0.1 

SACCZ Diatom Plagiotropis gaussii 3.2 6.3 0.1 

SACCZ Diatom Rhizosolenia styliformis 3.1 7.9 0.1 

SACCZ Diatom Asteromphalus parvulus 3.0 8.9 0.1 

SACCZ Diatom Coscinodiscus oculoides 2.9 11.9 0.1 

SACCZ Diatom Chaetoceros decipiens 2.8 11.8 0.1 

SACCZ Silicoflagellate Distephanus speculum 2.6 3.9 0.1 
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SACCZ Diatom Proboscia inermis 2.5 7.5 0.1 

SACCZ Diatom Thalassiosira lentignosa 2.4 6.2 0.1 

SACCZ Diatom Proboscia alata 2.1 5.7 0.1 

SACCZ Diatom Chaetoceros sp. 2.0 4.7 0.1 

SACCZ Diatom Rhizosolenia sp. 1.9 5.2 0.1 

SACCZ Diatom Thalassiosira gerloffii 1.9 6.6 0.1 

SACCZ Diatom Odontella weissflogii 1.7 7.1 0.1 

SACCZ Diatom Chaetoceros castracanei 1.5 6.5 0.1 

SACCZ Diatom Eucampia antarctica var. antarctica 1.2 3.1 <0.1 

SACCZ Diatom Chaetoceros adelianus 1.1 4.5 <0.1 

SACCZ Diatom Plagiotropis sp. 1.1 3.5 <0.1 

SACCZ Diatom Chaetoceros bulbosus 1.0 2.4 <0.1 

SACCZ Diatom Fragilariopsis cylindrus 1.0 4.2 <0.1 

SACCZ Diatom Actinocyclus divisus 0.9 4.0 <0.1 

SACCZ Diatom Azpeitia tabularis 0.8 3.3 <0.1 

SACCZ Diatom Fragilaria islandica var. stricta 0.8 3.3 <0.1 

SACCZ Dinoflagellate Ceratium lineatum 0.8 2.0 <0.1 

SACCZ Diatom Odontella sp. 0.7 2.5 <0.1 

SACCZ Diatom Thalassiosira sp.  0.7 2.9 <0.1 

SACCZ Dinoflagellate Dinophysis antarctica 0.7 2.9 <0.1 

SACCZ Diatom Membraneis challengeri 0.6 1.7 <0.1 

SACCZ Diatom Asteromphalus roperanus 0.5 1.2 <0.1 

SACCZ Diatom Cylindrotheca closterium 0.5 2.0 <0.1 

SACCZ Diatom Thalassiosira oliveriana 0.5 1.1 <0.1 

SACCZ Diatom Actinocyclus actinochilus 0.4 1.0 <0.1 

SACCZ Diatom Chaetoceros radicans 0.4 1.6 <0.1 

SACCZ Diatom Thalasionema nitzschiodes 0.4 1.4 <0.1 

SACCZ Diatom Coscinodiscus oppositus 0.3 1.4 <0.1 

SACCZ Diatom Actinocyclus curvatulus 0.2 0.8 <0.1 

SACCZ Diatom Chaetoceros danicus 0.2 0.8 <0.1 

SACCZ Diatom Navicula directa var. directa 0.2 0.7 <0.1 

SACCZ Diatom Odontella sinensis 0.2 0.7 <0.1 

SACCZ Diatom Pseudonitzschia turgidula 0.2 0.8 <0.1 

SACCZ Diatom Rhizosolenia imbricata 0.2 0.7 <0.1 

SACCZ Diatom Diploneis sp.  0.1 0.2 <0.1 

SACCZ Diatom Planktonella sol 0.1 0.2 <0.1 

SACCZ Diatom Small centric unknown 0.1 0.6 <0.1 

SACCZ Diatom Thalassiosira maculata 0.1 0.5 <0.1 

SACCZ Diatom Thalassiosira ritscheri 0.1 0.5 <0.1 

sBZ Diatom Pseudonitzschia lineola 45.8   34.4 

sBZ Diatom Thalassiothrix antarctica 29.2  21.9 

sBZ Diatom Fragilariopsis kerguelensis 20.8  15.6 

sBZ Diatom Chaetoceros concavicornis 12.5  9.4 

sBZ Diatom Rhizosolenia sp. 8.3  6.2 

sBZ Diatom Trichotoxon reinboldii 8.3  6.2 

sBZ Diatom Corethron pennatum 4.2  3.2 

sBZ Diatom Nitzschia closterium 4.2   3.2 
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h. Isotope mixing model  

h.1. Inputs to the Rayleigh model 

In the open ocean, the b-SOSE derived NO3
−

(W−S)
 concentration increased with latitude in the Subantarctic 

(STZ = 14.211.4 
16.2 µM, SAZ = 21.720.1 

23.6 µM, PFZ = 26.124.5 
27.2 µM; pairwise Wilcoxon test, p-value < 0.001) to 

reach a maximum in the Antarctic (SACCZ = 28.727.3 
29.2 µM and sBZ = 29.028.7 

29.4 µM; pairwise Wilcoxon test, 

p-value = 0.55; Table 2.4). By contrast, the δ15NNO3
−(W−S) was highest in the STZ (8.27.9

8.5‰) and decreased 

polewards (SAZ = 7.16.7
7.5‰, PFZ = 6.46.1

6.5‰, SACCZ = 6.25.9
6.3‰, and sBZ = 5.95.7

6.5‰). The NO3
−

(200−300)
 

concentrations and δ15NNO3
−(200−300) were higher and lower, respectively, than the W-S values at the same 

stations (Figure A.14). The lowest NO3
−

(200−300)
 concentrations occurred near South America and Tasmania 

(19.319.1
19.4 and 14.714.4

14.8µM) while the NO3
−

(200−300)
 was 25.323.6

26.6µM over the Indian archipelago and 

34.033.6
34.4µM at the Atlantic archipelago. The δ15NNO3

−(200−300) ranged from 4.8‰ to 7.2‰, with higher 

values at the stations located near lower-latitude landmasses such as near Tasmania (6.76.6
6.7‰) and South 

America (6.96.7
7.0‰), and within the Indian archipelago (5.75.5

6.0‰). The δ15NNO3
−(200−300) near landmasses 

south of 50°S was 4.94.8
5.0‰. 

The derived isotope effects (εassim) ranged from 4.5‰ to 10.6‰. Lower values of ɛassim were determined for 

the Antarctic stations (SACCZ = 5.35.0
5.8‰ and sBZ = 5.35.3

5.3‰; Wilcoxon test, p-value = 0.045; Table 2.4). 

By contrast, ɛassim at the PFZ stations was fairly high (7.25.8
7.9‰) and statistically similar to the ɛassim 

determined for the SAZ (ɛ = 6.55.8
7.2‰; pairwise Wilcoxon test, p-value = 1; Table 2.4). A lower median ɛassim 

was estimated for the STZ (5.85.8
7.0‰; pairwise Wilcoxon test, p-value < 0.001). In general, both the values 

and latitudinal trend that we determine here for ɛassim are consistent with previous observations from the 

summertime Southern Ocean (e.g., ɛassim has been shown to decrease poleward from values of 6‰ to 9‰ in 

the Subantarctic to 4.5‰ to 6.1‰ in the Antarctic) (DiFiore et al., 2010; Fripiat et al., 2019). 
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Figure A.14 Inputs to the Rayleigh model. The (a-b) concentration (µM) and (c-d) δ15N (‰) of the source NO3
- to 

summertime surface waters determined as (a-c) the water mass between the MLDsummer and the MLDwinter (NO3
-
(W-S) and 

δ15NNO3
−(W−S)) or (b-d) the water mass between 200 and 300 m, typically below the MLDwinter (NO3

-
(200-300) and 

δ15NNO3
−(200−300)). Panels (e-b) show the NO3

-
(200-300) and δ15NNO3

−(200−300) in the upwelling regions only (i.e., near 

islands and continental shelves). The NO3
- concentrations are taken from the biogeochemical-Southern Ocean State 

Estimate (b-SOSE) (Mazloff et al., 2010; Verdy and Mazloff, 2017) and the δ15N of NO3
- from the neural-network-

based global ocean database of Rafter et al. (2019). PEIs = Prince Edward Islands archipelago, Crzt = Crozet Island, 

Krgln = Kerguelen Island, Hrd = Heard Island, DR = Diego Ramirez Island, SG = South Georgia Island and SS = South 

Sandwich Island. 
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h.2. Outputs of the Rayleigh model 

Not unexpectedly, the computed δ15NNO3
−(surf) (i.e., the δ15N of surface NO3

- expected for the degree of 

phytoplankton NO3
- consumption implied by F; Eqn. 4a) and δ15Nnew varied in concert across the transect 

(Figure A.15; Table 2.4). Maximum values of δ15NNO3
−(surf) were computed for the STZ (8.98.5

9.7‰), while 

for the rest of the transect, the median δ15NNO3
−(surf) was 6.86.5

7.1‰. In the open ocean, δ15Nnew ranged from -

1.5 to 19.1‰ (whole Southern Ocean median of 1.40.5
2.1‰; Figure A.15b), with the highest median values also 

computed for the STZ (4.42.9
6.2‰). δ15Nnew decreased southwards across the Subantarctic, reaching a minimum 

in the PFZ (SAZ = 1.00.5
1.6‰ and PFZ = 0.8−0.3

+1.4‰) before increasing again into the Antarctic (SACCZ = 

1.81.3
2.1‰ and sBZ = 1.51.0

2.1‰; pairwise Wilcoxon Test, p-value = 0.50). The δ15Nnew over the eastern Indian 

archipelago (Leg1) and the first part of Leg3 were the lowest of the transect (−0.7−1.0
−0.2‰ and +0.1−0.3

+0.6‰, 

respectively), reaching -1.5‰ near Kerguelen Island and -0.8% to the west of South Georgia. On Leg3, the 

waters east of the South Sandwich Islands to Bouvet Island had a relatively high δ15Nnew (2.01.8
2.2‰, reaching 

a local maximum of 2.9‰), as did the open-ocean waters on Leg2 (range of 0.9‰ to 5.0‰, maximum near 

Siple Island) except near Scott Island and the mouth of the Ross Sea (δ15Nnew of 0.4‰ to 1.4‰). 

 

Figure A.15 Outputs of the Rayleigh model. (a) Distribution of the computed surface NO3
- δ15N (δ15NNO3

−(surf); ‰) and 

(b) δ15Nnew (‰). PEIs = Prince Edward Islands archipelago, Crzt = Crozet Island, Krgln = Kerguelen Island, Hrd = 

Heard Island, DR = Diego Ramirez Island, SG = South Georgia Island, and SS = South Sandwich Islands. Note that the 

colour bars have different scales.  
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Figure A.16 Data that violate the Rayleigh model (fnew ∉ (0,1); n = 86). (a) Representation of the rational function fnew 

(i.e., fnew = (δ15NSPM – δ15NRN)/(δ15Nnew – δ15NRN) where δ15NSPM > δ15NRN; Eqns 2 and 3) with a horizontal translation of 

the x-axis by δ15Nnew – δ15NSPM to visualize local behaviour near the point where δ15Nnew = δ15NSPM. The domain of this 

function is δ15Nnew ≠ δ15NRN. The function has a horizontal asymptote at y = 0. The function fnew is between 0 and 1 for 

values of δ15Nnew > δ15NSPM (data not shown in the graph), fnew >1 for values of δ15Nnew in the interval (δ15NRN, δ15NSPM), 

and fnew < 0 for values of δ15Nnew < δ15NRN. Symbol colours show the NH4
+ concentrations (µM). (b-g) Latitudinal and 

spatial distribution of the “standardized” δ15NSPM (i.e., δ15NSPM – δ15NNO3
− source) for observations that violate the 

Rayleigh model: (b-c) δ15Nnew < δ15NRN and δ15NSPM > δ15NNO3
− source, (d-e) δ15Nnew < δ15NRN and δ15NSPM > 

δ15NNO3
− source, and (f-g) δ15NRN < δ15Nnew < δ15NSPM. Symbol shapes indicate source NO3

- depth: circles = winter MLD 

– summer MLD and diamonds = 200-300 m layer. 
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Figure A.17. Surface δ15NSPM versus δ13CSPM for all samples collected during ACE. Symbol colours show the different 

oceans and hydrographic zones: (a) yellow = Subantarctic Ocean, blue = Antarctic Ocean; (b) yellow = Subtropical 

Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone (PFZ), dark blue = Southern Antarctic 

Circumpolar Current Zone (SACCZ), light blue = southern Boundary Zone (sBZ). 
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Figure A.18 Spearman’s rank correlation analysis of 27 variables measured during ACE in the entire Southern Ocean 

transect, with no distinction of hydrographic zones or oceans. From the total dataset (n=364), 61 observations with NA 

values were dropped even if NA was associated with only one parameter, resulting in a final dataset of 303 

observations. Correlation tests between the two parameters investigated are reported in the main text. The colour bar 

shows the correlation coefficient with red indicating negative correlations and blue showing positive correlations, and 

the red stars indicate the statistical significance at a p-value: * = 0.05, ** = 0.01, and *** = 0.001. 
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Figure A.19. Spearman’s rank correlation analysis of 27 variables collected during ACE, on the dataset from the 

Subantarctic Ocean only. From the total dataset (n=198), 29 observations with NA values were dropped even if of one 

parameter, resulting in a final dataset of 169 observations. Correlation tests between the two parameters investigated are 

reported in the main text using the full dataset. The colour bar shows correlation coefficient where the red shows 

negative correlations and blue shows positive correlations, and the red stars indicate the statistical significance at a p-

value: * = 0.05, ** = 0.01, and *** = 0.001. 
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Figure A.20 Spearman’s rank correlation analysis of 27 variables collected during ACE, on the dataset from the 

Antarctic Ocean only. From the total dataset (n=166), 35 observations with NA values were dropped even if of one 

parameter, resulting in a final dataset of 134 observations. The colour bar shows correlation coefficient where the red 

shows negative correlations and blue shows positive correlations, and the red stars indicate the statistical significance at 

a p-value: * = 0.05, ** = 0.01, and *** = 0.001. 
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Figure A.21 (a) Latitudinal variability in the δ15NNO3
− (source) used as the input to the Rayleigh model for the 

observations that satisfy the conditions of Fexport ∈ (0, 1) and Nexport ≥ 0 (-1.5) µM (n=306), with symbol colours 

showing the hydrographic zones: yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar 

Frontal Zone (PFZ), dark blue = Southern Antarctic Circumpolar Current Zone (SACCZ), light blue = southern 

Boundary Zone (sBZ). (b-c) Latitudinal variability and dependence of δ15NSPM on δ15NNO3
− (source) with symbol colours 

showing fnew. The grey symbols indicate observations that resulted in an estimate of fnew outside the expected range of 0 

to 1, with panel (b) showing all observations for which Fexport ∈ (0, 1) and Nexport ≥ 0 μM, and panel (c) showing the 

observations for which -1.5 μM ≤ Nexport < 0 μM (see main text for details). 
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Figure A.22 fnew as a function of (a-b) the relative contribution to Chl-a and (c-d) the Chl-a biomass (mg m-3) of micro-

phytoplankton (>20 µm) and nano-phytoplankton (2-20 µm). The solid blue lines show a linear regression of the data 

and the solid red lines show the square root-transformed linear regression. The 95% confidence intervals are indicated 

by the similarly coloured shading. 
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Appendix B - A circum-Antarctic plankton isoscape II: 

zooplankton isotope niches and trophic structure across 

Southern Ocean hydrographic zones 

a. Zooplankton abundances and percentage compositions 

Table B.1 Total abundance (Ind. m-3) and relative percentage composition (%) of zooplankton taxa collected from the 

neuston layer at each station during the Antarctic Circumnavigation Expedition. STZ = Subtropical Zone, SAZ = 

Subantarctic Zone, PFZ = Polar Frontal Zone, SACCZ = Southern Antarctic Circumpolar Current Zone, and sBZ = 

southern Boundary Zone. 

Zone Station Taxa Abundance (Ind. m-3) Relative percentage (%) 

SAZ 2 Pisces 46.6 51.6 

SAZ 2 Copepoda 38.3 42.5 

SAZ 2 Amphipoda 3.5 3.8 

SAZ 2 Polychaeta 1.7 1.9 

SAZ 2 Appendicularia 0.1 0.1 

SAZ 2 Chaetognatha 0.1 0.1 

SAZ 2 Hydrozoa 0.1 0.1 

PFZ 16 Copepoda 142.8 99.4 

PFZ 16 Polychaeta 0.5 0.4 

PFZ 16 Hydrozoa 0.2 0.2 

PFZ 16 Appendicularia 0.1 0.1 

PFZ 16 Euphausiacea <0.1 <0.1 

SACCZ 19 Copepoda 1182.2 99.4 

SACCZ 19 Enteropneusta 5.4 0.5 

SACCZ 19 Appendicularia 0.4 <0.1 

SACCZ 19 Thaliacea 0.4 <0.1 

SACCZ 19 Amphipoda 0.2 <0.1 

SACCZ 19 Euphausiacea 0.2 <0.1 

SACCZ 19 Pteropoda 0.2 <0.1 

SACCZ 19 Polychaeta 0.1 <0.1 

PFZ 20 Copepoda 127.8 89.1 

PFZ 20 Polychaeta 13.0 9.0 

PFZ 20 Appendicularia 2.3 1.6 

PFZ 20 Euphausiacea 0.2 0.1 

PFZ 20 Hydrozoa 0.2 0.1 

PFZ 20 Amphipoda <0.1 <0.1 

PFZ 20B Copepoda 0.9 93.8 

PFZ 20B Polychaeta <0.1 4.2 

PFZ 20B Hydrozoa <0.1 2.1 

SAZ 21 Copepoda 3.0 80.3 

SAZ 21 Polychaeta 0.4 9.9 

SAZ 21 Amphipoda 0.3 7.5 

SAZ 21 Thaliacea <0.1 0.9 

SAZ 21 Appendicularia <0.1 0.5 

SAZ 21 Hydrozoa <0.1 0.5 

SAZ 21 Lepadiformes <0.1 0.5 

STZ 22 Copepoda <0.1 38.9 
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STZ 22 Euphausiacea <0.1 27.8 

STZ 22 Hydrozoa <0.1 27.8 

STZ 22 Thaliacea <0.1 5.6 

STZ 23 Copepoda 118.2 97.7 

STZ 23 Amphipoda 1.9 1.5 

STZ 23 Pteropoda 0.7 0.6 

STZ 23 Euphausiacea 0.1 0.1 

STZ 23 Chaetognatha <0.1 <0.1 

STZ 23 Hydrozoa <0.1 <0.1 

STZ 23 Lepadiformes <0.1 <0.1 

STZ 23 Pisces <0.1 <0.1 

STZ 23 Thaliacea <0.1 <0.1 

SACCZ 25 Copepoda 56.0 91.5 

SACCZ 25 Amphipoda 5.0 8.2 

SACCZ 25 Euphausiacea 0.1 0.2 

sBZ 54 Appendicularia 1.6 94.3 

sBZ 54 Euphausiacea 0.1 3.1 

sBZ 54 Hydrozoa <0.1 1.5 

sBZ 54 Chaetognatha <0.1 <0.1 

sBZ 56 Copepoda 68.1 99.5 

sBZ 56 Appendicularia 0.3 0.5 

SACCZ 67 Copepoda 0.4 91.4 

SACCZ 67 Appendicularia <0.1 6.4 

SACCZ 67 Amphipoda <0.1 1.4 

SACCZ 67 Euphausiacea <0.1 0.7 

SACCZ 68 Copepoda 541.4 99.6 

SACCZ 68 Amphipoda 2.0 0.4 

SACCZ 68 Euphausiacea 0.1 <0.1 

SACCZ 68 Pisces <0.1 <0.1 

SACCZ 71 Copepoda 36.1 99.5 

SACCZ 71 Amphipoda 0.1 0.4 

SACCZ 71 Euphausiacea <0.1 0.1 

SAZ 73 Copepoda 55.5 80.7 

SAZ 73 Euphausiacea 3.7 5.3 

SAZ 73 Acantharia 3.5 5.1 

SAZ 73 Pteropoda 3.2 4.6 

SAZ 73 Amphipoda 1.1 1.5 

SAZ 73 Foraminifera 0.8 1.1 

SAZ 73 Chaetognatha 0.5 0.7 

SAZ 73 Appendicularia 0.4 0.6 

SAZ 73 Ostracoda 0.1 0.2 

SAZ 73 Polychaeta <0.1 <0.1 

SAZ 77 Copepoda 43.3 75.6 

SAZ 77 Amphipoda 12.1 21.2 

SAZ 77 Pteropoda 0.5 0.9 

SAZ 77 Euphausiacea 0.5 0.9 

SAZ 77 Appendicularia 0.4 0.7 

SAZ 77 Chaetognatha 0.4 0.7 
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SAZ 77 Hydrozoa <0.1 0.1 

SAZ 77 Lepadiformes <0.1 0.1 

SAZ 78 Appendicularia 1.3 50.9 

SAZ 78 Copepoda 1.0 39.2 

SAZ 78 Pteropoda 0.1 5.0 

SAZ 78 Chaetognatha 0.1 3.7 

SAZ 78 Amphipoda <0.1 0.8 

SAZ 78 Lepadiformes <0.1 0.5 

SACCZ 94 Radiozoa 15.7 51.4 

SACCZ 94 Pteropoda 11.4 37.4 

SACCZ 94 Copepoda 2.5 8.0 

SACCZ 94 Appendicularia 0.7 2.3 

SACCZ 94 Euphausiacea 0.3 0.9 

PFZ 100 Copepoda 13.0 96.9 

PFZ 100 Appendicularia 0.3 2.5 

PFZ 100 Chaetognatha <0.1 0.3 

PFZ 100 Amphipoda <0.1 0.1 

PFZ 100 Lepadiformes <0.1 0.1 

PFZ 100 Pteropoda <0.1 0.1 
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Table B.2 Average ( ± 1SD) abundances [Ind. m-3] and relative percentage composition [%] of zooplankton taxa 

collected from the neuston layer during the Antarctic Circumnavigation Expedition at each hydrographic zone: STZ = 

Subtropical Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal Zone, SACCZ = Southern Antarctic Circumpolar 

Current Zone, and sBZ = southern Boundary Zone. Each sampling station was considered as single replicate for the 

relative hydrographic zone, and the absent species were counted as null abundance. Average ( ± standard error) of the 

relative percentage composition [%] of zooplankton taxa assessed for each station within the same hydrographic zone 

(see Table B.1). 

Zone Taxa n 

 
Average abundance 

(Ind. m-3) 

Relative 

percentage (%) 

Average relative 

percentage among 

stations (%) 

STZ Copepoda 13  59.1 ± 83.6 97.7 68.3 ± 41.6 

STZ Amphipoda 9  0.9 ± 1.3 1.5 0.8 ± 1. 

STZ Pteropoda 9  0.4 ± 0.5 0.6 0.3 ± 0.4 

STZ Euphausiacea 13  <0.1 0.1 13.9 ± 19.6 

STZ Hydrozoa 13  <0.1 <0.1 13.9 ± 19.6 

STZ Chaetognatha 9  <0.1 <0.1 <0.1 

STZ Lepadiformes 9  <0.1 <0.1 <0.1 

STZ Thaliacea 13  <0.01 <<0.1 2.8 ± 3.9 

STZ Pisces 9  <0.01 <<0.1 <<0.1 

STZ Acantharia 0  0.0 0.0 - 

STZ Appendicularia 0  0.0 0.0 - 

STZ Enteropneusta 0  0.0 0.0 - 

STZ Foraminifera 0  0.0 0.0 - 

STZ Ostracoda 0  0.0 0.0 - 

STZ Polychaeta 0  0.0 0.0 - 

STZ Radiozoa 0  0.0 0.0 - 

SAZ Copepoda 38  28.2 ± 24.8 63.4 63.6 ± 21.0 

SAZ Pisces 7  9.3 ± 20.8 21.0 10.3 ± 23.1 

SAZ Amphipoda 38  3.4 ± 5.08 7.6 7.0 ± 8.4 

SAZ Euphausiacea 18  0.8 ± 1.6 1.9 1.2 ± 2.3 

SAZ Pteropoda 24  0.8 ± 1.4 1.7 2.1 ± 2.5 

SAZ Acantharia 10  0.7 ± 1.6 1.6 1.0 ± 2.3 

SAZ Appendicularia 38  0.4 ± 0.5 0.1 10.6 ± 22.6 

SAZ Polychaeta 24  0.4 ± 0.7 0.1 2.4 ± 4.3 

SAZ Chaetognatha 31  0.2 ± 0.2 <0.1 1.0 ± 1.5 

SAZ Foraminifera 10  0.2 ± 0.3 <0.1 0.2 ± 0.5 

SAZ Ostracoda 10  <0.1 <<0.1 <0.1 

SAZ Hydrozoa 22  <0.1 <<0.1 0.1 ± 0.2 

SAZ Lepadiformes 21  <0.1 <<0.1 0.2 ± 0.3 

SAZ Thaliacea 7  <<0.1 <<0.1 0.2 ± 0.4 

SAZ Enteropneusta 0  0.0 0.0 - 

SAZ Radiozoa 0  0.0 0.0 - 

PFZ Copepoda 20  71.1 ± 74.5 94.3 94.8 ± 4.43 

PFZ Polychaeta 14  3.4 ± 6.4 4.5 3.4 ± 4.2 

PFZ Appendicularia 17  0.7 ± 1.1 0.9 1.1 ± 1.2 

PFZ Hydrozoa 14  0.1 ± 0.1 0.1 0.6 ± 1.0 

PFZ Euphausiacea 11  <0.1 0.1 <0.1 

PFZ Amphipoda 12  <0.1 <0.1 <0.1 

PFZ Chaetognatha 6  <0.1 <0.1 0.1 ± 0.2 
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PFZ Lepadiformes 6  <<0.1 <<0.1 <0.1 

PFZ Pteropoda 6  <<0.1 <<0.1 <0.1 

PFZ Acantharia 0  0.0 0.0 - 

PFZ Enteropneusta 0  0.0 0.0 - 

PFZ Foraminifera 0  0.0 0.0 - 

PFZ Ostracoda 0  0.0 0.0 - 

PFZ Pisces 0  0.0 0.0 - 

PFZ Radiozoa 0  0.0 0.0 - 

PFZ Thaliacea 0  0.0 0.0 - 

SACCZ Copepoda 27  303.0 ± 478.0 97.7 81.6 ± 36.3 

SACCZ Radiozoa 5  2.6 ± 6.4 0.9 8.6 ± 21 

SACCZ Pteropoda 13  1.9 ± 4.7 0.6 6.2 ± 15.2 

SACCZ Amphipoda 22  1.22 ± 2.02 0.4 1.74 ± 3.22 

SACCZ Enteropneusta 8  1.0 ± 2.2 0.3 0.1 ± 0.2 

SACCZ Appendicularia 17  0.2 ± 0.3 0.1 1.5 ± 2.6 

SACCZ Euphausiacea 27  0.1 ± 0.1 <0.1 0.3 ± 0.4 

SACCZ Thaliacea 8  <<0.1 <0.1 <<0.1 

SACCZ Polychaeta 8  <<0.1 <<0.1 <<0.1 

SACCZ Pisces 4  <<0.1 <<0.1 <<0.1 

SACCZ Acantharia 0  0.0 0.0 - 

SACCZ Chaetognatha 0  0.0 0.0 - 

SACCZ Foraminifera 0  0.0 0.0 - 

SACCZ Hydrozoa 0  0.0 0.0 - 

SACCZ Lepadiformes 0  0.0 0.0 - 

SACCZ Ostracoda 0  0.0 0.0 - 

sBZ Copepoda 2  34.0 ± 48.1 97.1 49.8 ± 70.4 

sBZ Appendicularia 6  1.0 ± 1.0 2.8 47.4 ± 66.4 

sBZ Euphausiacea 4  <0.1 0.1 1.6 ± 2.2 

sBZ Hydrozoa 4  <<0.1 <0.1 0.7 ± 1.1 

sBZ Chaetognatha 4  <<0.1 <0.1 0.5 ± 0.7 

sBZ Acantharia 0  0.0 0.0 - 

sBZ Amphipoda 0  0.0 0.0 - 

sBZ Enteropneusta 0  0.0 0.0 - 

sBZ Foraminifera 0  0.0 0.0 - 

sBZ Lepadiformes 0  0.0 0.0 - 

sBZ Ostracoda 0  0.0 0.0 - 

sBZ Pisces 0  0.0 0.0 - 

sBZ Polychaeta 0  0.0 0.0 - 

sBZ Pteropoda 0  0.0 0.0 - 

sBZ Radiozoa 0  0.0 0.0 - 

sBZ Thaliacea 0  0.0 0.0 - 
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Table B.3 Average ( ± standard error) abundances [Ind. m-3] and relative percentage (%) of zooplankton taxa collected 

from the neuston layer during the Antarctic Circumnavigation Expedition, at each hydrographic zone: STZ = 

Subtropical Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal Zone, SACCZ = Southern Antarctic Circumpolar 

Current Zone, and sBZ = southern Boundary Zone; m = male; f = female; CI-CV= Copepodite stage level from 1 to 5. 

Each sampling station was considered as single replicate for the relative hydrographic zone, and the absent species were 

counted as null abundance. 

STZ 

Taxa Species Life stage 
Average abundance 

(Ind. m-3) 

Relative 

percentage (%) 

Amphipoda Cyllopus spp. adult 0.2 ± 0.2 0.3 

Amphipoda Hyperiidae adult 0.3 ± 0.3 0.5 

Amphipoda Themisto gaudichaudii adult 0.4 ± 0.4 0.7 

Chaetognatha Chaetognatha adult <0.1 <0.1 

Copepoda Calanidae CI - CII <<0.1 <<0.1 

Copepoda Calanidae CII <<0.1 <<0.1 

Copepoda Calanidae CIII 0.6 ± 0.6 1.0 

Copepoda Calanus propinquus CV <<0.1 <<0.1 

Copepoda Clausocalanus laticeps adult <<0.1 <<0.1 

Copepoda Copepoda Und. eggs <<0.1 <<0.1 

Copepoda Microcalanus spp. adult 58.0 ± 57.8 95.7 

Copepoda Oithona spp. adult 0.6 ± 0.6 1.0 

Euphausiacea Euphausiacea (0-5mm) adult <<0.1 <<0.1 

Euphausiacea Euphausiacea (10-20mm) adult <0.1 <0.1 

Euphausiacea Euphausiacea (5-10 mm) adult <0.1 <0.1 

Hydrozoa Physalia physalis adult <0.1 <0.1 

Hydrozoa Siphonophorae adult <0.1 <0.1 

Lepadiformes Lepadiformes larva larvae <0.1 <0.1 

Pisces Fish larvae larvae <0.1 <0.1 

Pteropoda Euthecosomata adult <0.1 <0.1 

Pteropoda Gymnosomata adult 0.4 ± 0.4 0.7 

Thaliacea Salpa spp. adult <<0.1 0.0 
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SAZ 

Taxa Species Life stage 
Average abundance 

(Ind. m-3) 

Relative 

percentage (%) 

Acantharia Acantharia adult 0.7 ± 0.7 1.6 

Amphipoda Cyllopus spp. adult 0.7 ± 0.7 1.6 

Amphipoda Hyperiidae adult <<0.1 <<0.1 

Amphipoda Themisto gaudichaudii adult 2.7 ± 2.4 6.0 

Appendicularia Appendicularia adult <0.1 <0.1 

Appendicularia Oikopeura spp. adult 0.4 ± 0.2 0.9 

Chaetognatha Chaetognatha adult 0.2 ± 0.1 0.4 

Copepoda Calanidae CI 0.2 ± 0.2 0.4 

Copepoda Calanidae CI - CII <0.1 <0.1 

Copepoda Calanidae CII 0.7 ± 0.6 1.6 

Copepoda Calanidae CIII 3.1 ± 1.9 6.9 

Copepoda Calanidae CIV 2.1 ± 1.2 4.7 

Copepoda Calanus propinquus CV 0.4 ± 0.4 0.9 

Copepoda Calanus simillimus CV 2.8 ± 2.8 6.3 

Copepoda Candacia varicans s.l. f <0.1 <0.1 

Copepoda Clausocalanus laticeps adult <<0.1 <<0.1 

Copepoda Copepoda Und. eggs 0.5 ± 0.5 1.1 

Copepoda Exuvia   <0.1 <0.1 

Copepoda Metridia gerlachei CV 0.1 ± 0.1 0.2 

Copepoda Metridia lucens adult 0.5 ± 0.5 1.1 

Copepoda Metridia spp. CIV 0.9 ± 0.9 2.0 

Copepoda Microcalanus spp. adult 6.3 ± 3.9 14.1 

Copepoda Nauplii nauplius 0.3 ± 0.3 0.7 

Copepoda Nauplii* nauplius <<0.1 <<0.1 

Copepoda Oithona spp. adult 9.0 ± 4.2 20.1 

Copepoda Oithona spp. juvenile <0.1 <0.1 

Copepoda Oithona spp. m <0.1 <0.1 

Copepoda Oithona spp. adult 0.1 ± 0.1 0.2 

Copepoda Paraeuchaeta antarctica CV <0.1 <0.1 

Copepoda Copepoda Und. adult 0.9 ± 0.9 2.0 

Euphausiacea Euphausiacea (10-20mm) adult 0.1 ± 0.1 0.2 

Euphausiacea Euphausiacea (5-10 mm) adult 0.8 ± 0.8 1.8 

Foraminifera Foraminifera adult 0.2 ± 0.2 0.4 

Hydrozoa Hydrozoa adult <<0.1 <<0.1 

Hydrozoa Scyphozoa adult <<0.1 <<0.1 

Hydrozoa Siphonophorae adult <0.1 <0.1 

Lepadiformes Lepadiformes larva larvae <0.1 <0.1 

Ostracoda Ostracoda adult <0.1 <0.1 

Pisces Fish larvae larvae 9.3 ± 9.32 20.8 

Polychaeta Polychaeta  larvae 0.1 ± 0.1 0.2 

Polychaeta Tomopteris spp. larvae 0.3 ± 0.3 0.7 

Pteropoda Euthecosomata adult <<0.1 <<0.1 

Pteropoda Limacina spp. adult 0.8 ± 0.6 1.8 

Thaliacea Salpa spp. adult <<0.1 <<0.1 

PFZ 
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Taxa Species Life stage 
Average abundance 

(Ind. m-3) 

Relative 

percentage (%) 

Amphipoda Themisto gaudichaudii adult <0.1 0.1 

Appendicularia Appendicularia adult 0.6 ± 0.6 0.8 

Appendicularia Frittillaria spp. adult <<0.1 <<0.1 

Appendicularia Oikopeura spp. adult 0.1 ± 0.1 0.1 

Chaetognatha Chaetognatha adult <0.1 <0.1 

Copepoda Calanidae CI 0.8 ± 0.5 1.1 

Copepoda Calanidae CI - CII 4.1 ± 2.7 5.4 

Copepoda Calanidae CII 4.0 ± 2.4 5.3 

Copepoda Calanidae CIII 0.2 ± 0.2 0.3 

Copepoda Calanidae CIV 0.4 ± 0.4 0.5 

Copepoda Calanus propinquus CV 1.1 ± 0.7 1.5 

Copepoda Clausocalanidae   <0.1 <0.1 

Copepoda Clausocalanus laticeps adult 6.9 ± 5.3 9.1 

Copepoda Copepoda Und. eggs 3.5 ± 3.1 4.6 

Copepoda Exuvia   2.2 ± 1.3 2.9 

Copepoda Harpacticoida Juvenile 0.7 ± 0.5 0.9 

Copepoda Nauplii* nauplius 1.6 ± 1.6 2.1 

Copepoda Oithona spp. adult 2.5 ± 2.5 3.3 

Copepoda Oithona spp. juvenile 43.0 ± 25.1 56.9 

Copepoda Copepoda Und. adult 0.1 ± 0.1 0.1 

Euphausiacea Euphausiacea adult <0.1 <0.1 

Euphausiacea Euphausiacea (caliptopis) larvae <0.1 <0.1 

Hydrozoa Hydrozoa adult <0.1 <0.1 

Hydrozoa Siphonophorae adult <0.1 <0.1 

Lepadiformes Lepadiformes larva larvae <<0.1 <<0.1 

Polychaeta Polychaeta  larvae 3.4 ± 3.2 4.5 

Pteropoda Limacina spp. adult <<0.1 <0.1 
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SACCZ 

Taxa Species Life stage 
Average abundance 

(Ind. m-3) 

Relative 

percentage (%) 

Amphipoda Cyllopus spp. adult <<0.1 <<0.1 

Amphipoda Hyperiidae adult <<0.1 <<0.1 

Amphipoda Themisto gaudichaudii adult 1.2 ± 0.82 0.4 

Appendicularia Appendicularia adult 0.1 ± 0.1 <0.1 

Appendicularia Oikopeura spp. adult 0.1 ± 0.1 <0.1 

Copepoda Calanidae CI - CII 1.3 ± 1.3 0.4 

Copepoda Calanidae CII 1.5 ± 1.3 0.5 

Copepoda Calanidae CIII 3.1 ± 1.8 1.0 

Copepoda Calanidae CIV 0.8 ± 0.5 0.3 

Copepoda Calanus propinquus CV 0.1 ± 0.1 <0.1 

Copepoda Calanus simillimus CV <<0.1 <<0.1 

Copepoda Clausocalanidae   6.6 ± 6.6 2.1 

Copepoda Clausocalanus laticeps adult 89.0 ± 89.0 28.6 

Copepoda Copepoda Und. eggs 0.3 ± 0.3 0.1 

Copepoda Exuvia   24.0 ± 23.6 7.7 

Copepoda Harpacticoida Juvenile 0.9 ± 0.9 0.3 

Copepoda Metridia gerlachei CV <0.1 <0.1 

Copepoda Metridia lucens adult 0.3 ± 0.3 0.1 

Copepoda Microcalanus spp. adult 18.0 ± 17.3 5.8 

Copepoda Nauplii nauplius 1.2 ± 0.9 0.4 

Copepoda Nauplii* nauplius 0.2 ± 0.2 0.1 

Copepoda Oithona spp. adult 76.0 ± 69.0 24.4 

Copepoda Oithona spp. juvenile 80.0 ± 80.4 25.7 

Copepoda Oithona spp. m 0.3 ± 0.3 0.1 

Copepoda Copepoda Und. adult <0.1 0.3 

Enteropneusta Enteropneusta larvae 0.9 ± 0.9 0.3 

Euphausiacea Euphausiacea adult <0.1 <0.1 

Euphausiacea Euphausiacea (>20mm) adult <0.1 <0.1 

Euphausiacea Euphausiacea (>5 cm) adult <<0.1 <<0.1 

Euphausiacea Euphausiacea (0-5mm) adult <<0.1 <<0.1 

Euphausiacea Euphausiacea (caliptopis) larvae 0.1 ± 0.1 <0.1 

Pisces Fish larvae larvae <<0.1 <<0.1 

Polychaeta Polychaeta  larvae <0.1 <<0.1 

Pteropoda Creseis spp. adult <0.1 <<0.1 

Pteropoda Limacina spp. adult 1.9 ± 1.9 0.6 

Radiozoa Radiozoa adult 2.6 ± 2.6 0.8 

Thaliacea Salpa spp. adult 0.1 ± 0.1 <0.1 
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sBZ 

Taxa Species Life stage 
Average abundance 

(Ind. m-3) 

Relative 

percentage (%) 

Appendicularia Oikopeura spp. adult 1.00 ± 0.7 2.9 

Chaetognatha Chaetognatha adult <<0.1 <0.1 

Copepoda Calanidae CIII 0.4 ± 0.4 1.2 

Copepoda Exuvia   0.4 ± 0.4 1.2 

Copepoda Nauplii nauplius 0.8 ± 0.8 2.3 

Copepoda Oithona spp. adult 32.0 ± 32.5 92.3 

Euphausiacea Euphausiacea (10-20mm) adult <0.1 0.1 

Hydrozoa Physalia physalis adult <0.1 0.1 
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b. Temporal variability of stable isotopes 

Longitudinal gradient analysis was performed to determine any geographical differences between Southern 

Ocean sectors (Indian, Pacific, and Atlantic). Since the expedition was conducted proceeding almost always 

longitudinally, a longitudinal analysis also allows the calculation of temporal variabilities in zooplankton SIs. 

Figure B.1 shows the δ15N and δ13C values of the zooplankton (full coloured dots) and SPM (opaque grey 

diamonds) distributed across time, for each oceanic zone (different panels). Linear regressions were 

determined considering each taxon as singular data points and referring to the whole zooplankton 

communities; however, only the SAZ, SACCZ and PFZ had sufficient stations and data points spread across 

time to allow the calculation of a clear temporal trend in SIs. While zooplankton results are explained in the 

main manuscript and summarized in Table B4, temporal trends for SPM are comprehensively explained by 

Chapter 2 and in the associated Appendix A. 

Table B.4 also contains the temporal variability of carbon to nitrogen (C:N) ratio of zooplankton for each 

hydrographic region investigated. The analysis did not reveal a linear relationship between C:N and time (lm, 

p-values > 0.05). 
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Table B.4 Temporal variability of zooplankton δ13C [‰], δ15N [‰] and C:N ratio assessed for each hydrographic region 

investigated. σ = estimated standard deviation of the errors (or residual standard deviation); p-value = probabilistic test 

to reject the Null Hypothesis; R-squared (R2) = coefficient of determination. 

δ13C (‰) 

Region Linear regression σ p-value R2 

Subantarctic y ~ 692.66 - 0.0416 * Time 3.37 0.00403 0.092 

Antarctic y ~ -50.38 + 0.00136 * Time 3.55 0.955 0.000041 

STZ y ~ -2073.61 + 0.119 * Time 1.42 0.286 0.076 

SAZ y ~ 650.46 - 0.0391 * Time 3.94 0.132 0.068 

PFZ y ~ 645.44 - 0.0389 * Time 3.27 0.0435 0.11 

SACCZ y ~ -226.57 + 0.0116 * Time 3.07 0.584 0.0059 

sBZ y ~ 7602.13 - 0.443 * Time 4.06 0.329 0.035 
     

δ15N (‰) 

Region Linear regression σ p-value R2 

Subantarctic y ~ 900.75 - 0.0522 * Time 2.33 1.35E-06 0.25 

Antarctic y ~ -153.52 + 0.00921 * Time 2.25 0.536 0.0049 

STZ y ~ -5112.87 + 0.298 * Time 1.39 0.013 0.35 

SAZ y ~ 794.22 - 0.046 * Time 2.11 0.00213 0.26 

PFZ y ~ 899.04 - 0.0521 * Time 2.67 0.00239 0.25 

SACCZ y ~ -271.15 + 0.016 * Time 2.00 0.235 0.028 

sBZ y ~ -619.9 + 0.0364 * Time 2.24 0.885 0.00081 

 

C:N ratio 

Region Linear regression σ p-value R2 

Subantarctic y ~ -18.49 + 0.00136 * Time 2.35 0.893 0.00022 

Antarctic y ~ 45.5 - 0.00238 * Time 1.49 0.809 0.00075 

STZ y ~ -1382.51 + 0.0807 * Time 1.21 0.395 0.049 

SAZ y ~ 293.16 - 0.0168 * Time 2.75 0.356 0.027 

PFZ y ~ -188.38 + 0.0113 * Time 2.23 0.400 0.022 

SACCZ y ~ 44.61 - 0.00233 * Time 1.43 0.808 0.0012 

sBZ y ~ -338.35 + 0.0199 * Time 1.65 0.915 0.00045 
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Continues… 
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Figure B.1 Temporal varaibility of δ13C (a-e) and δ15N (f-l) of SPM (grey diamonds) and zooplankton (coloured circles) 

during the Antarctic Circumnavigation Expedition. Solid black lines are linear regressions with the respective 95% 

confidence intervals (grey = SPM, red = zooplankton). Colour dots = zooplankton taxa. SAZ = Subantarctic Zone, PFZ 

= Polar Frontal Zone, SACCZ = Southern Antarctic Circumpolar Current Zone, and sBZ = southern Boundary Zone . 

Vertical dashed lines limit each leg, from left to right: Leg1, Leg2 and Leg3.  
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Zooplankton δ13C decreased across/over time within the PFZ, from -22.8 ± 3.1‰ (07/01/2017 - 22/01/2017) 

to -25.7 ± 3.1‰ (28/02/2017 - 15/03/2017; Table B.4). Zooplankton δ13C from the other zones were more 

constant (lm, p-values > 0.05), even though values seemed to decrease and increase respectively in the SAZ 

and the SACCZ. 

The temporal trend of zooplankton δ13C in the SAZ appeared to be negatively correlated with time (p-value < 

0.005); however, this regression is possibly affected by the large variability of δ13C values between 

zooplankton taxa collected at station 78 (28/02/2017). In fact, the values of two Copepoda (red colours. i.e., 

Oithona spp. and Candacia spp.) showed particularly lower values that influenced the calculation of the 

regression. Removing those two, the trend becomes constant (y ~ 467.89 - 0.028 * Time, p-value = 0.23, R2 

= 0.013). Zooplankton δ13C in the PFZ decreased over time from -22.8 ± 3.1‰ (07/01/2017 - 22/01/2017) to 

-25.7 ± 3.1‰ (28/02/2017 - 15/03/2017; Figure 3.6a, Figure B.1c and Table B.4), in contrast to the δ13C 

from all the other zones that were more constant (lm, p-values > 0.05), even though values seemed to decease 

and increase respectively in the SAZ and the SACCZ. 

Zooplankton δ15N significantly decreased in the SAZ and the PFZ (lm, p-values < 0.01) respectively from 4.7 

± 1.6‰ (28/12/2016 – 12/01/2017) to 2.2 ± 0.4‰ (13/02/2017 – 28/02/2017) and from 4.3 ± 1.8‰ to 0.7 ± 

3.9‰ (Figure 3.6b, Figure B.1g-h and Table B.4). In contrast, δ15N in the SACCZ appeared to slightly 

increase (from 3.4 ± 2.3‰ to 4.3 ± 2.6), although the calculated trend is not significant and describes only 

3% of the data (Table B.4). 

The amount of data for the STZ and the sBZ is too limited to warrant any meaningful analysis (Figure B.1). 
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c. Isotopic niche of the zooplankton system in the Subantarctic Ocean and the 

Antarctic Ocean 

Table B.5 Layman metric outputs for zooplankton from Neuston stations from the Antarctic Circumnavigation 

Expedition for each hydrographic region: STZ = Subtropical Zone, SAZ = Subantarctic Zone, PFZ = Polar Frontal 

Zone, SACCZ = Southern Antarctic Circumpolar Current Zone, and sBZ = southern Boundary Zone 

Region 
δ15N-range 

(‰) 

δ13C-range 

(‰) 
TA (‰2) CD (‰) MNND (‰) SDNND 

Southern Ocean 13.9 15.0 141.3 3.6 1.0 1.1 

Antarctic 13.6 12.0 77.2 3.4 1.0 0.8 

Subantarctic 11.1 13.6 105.1 3.0 1.2 1.2 

STZ 5.3 4.9 15.2 1.8 0.8 0.5 

SAZ 5.5 13.0 62.4 3.2 1.5 1.3 

PFZ 11.6 11.5 85.8 3.8 1.5 1.0 

SACCZ 9.4 9.0 49.0 2.7 0.9 0.8 

sBZ 9.5 12.0 71.1 4.4 1.5 1.0 

  



Appendix B 

- 339 - 

 

 

Figure B.2 Average δ13C [‰] and δ15N [‰] of zooplankton collected from the neuston layer during the Antarctic 

Circumnavigation Expedition in each hydrographic zone: Isotopic niches based on Layman metrics analysis of 

zooplankton species collected during the Antarctic Circumnavigation Expedition. Isotopic niches are. Yellow = 

Subantarctic Ocean, and Blue = Antarctic Ocean. 
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d. Island Mass Effect on zooplankton stable isotopes and trophic structure 

Table B.6 Layman metrics computed for the δ13C and δ15N of zooplankton from the Neuston stations of the open ocean 

or in the vicinity of island systems, in each hydrographic zone: STZ = Subtropical Zone, SAZ = Subantarctic Zone, PFZ 

= Polar Frontal Zone, SACCZ = Southern Antarctic Circumpolar Current Zone, and sBZ = southern Boundary Zone. 

δ15N-range and δ13C-range = distances between the two species with the most enriched and most depleted δ15N or δ13C 

values (e.g., maximum δ15N − minimum δ15N); TA = total area; MNND = mean nearest neighbour distance; SDNND = 

standard deviation of the nearest neighbour distance. 

Zone region 
δ15N-range 

(‰) 

δ13C-range 

(‰) 

TA 

(‰2) 
CD (‰) NND (‰) 

SDNND 

(‰) 

STZ 
Islands  - -   -  - -  -  

Open Ocean 5.3 4.9 15.2 1.7 0.7 0.6 

SAZ 
Islands 6.4 10.9 37.0 3.2 1.7 1.4 

Open Ocean 5.1 13.8 57.7 3.7 1.8 1.3 

PFZ 
Islands 6.1 10.7 28.6 3.1 2.3 1.5 

Open Ocean 11.4 11.7 86.4 4.0 1.5 1.1 

SACCZ 
Islands 6.7 13.0 45.0 3.4 1.9 2.2 

Open Ocean 9.4 9.4 51.9 2.6 1.0 1.0 

sBZ 
Islands 3.6 6.8 0.4 3.1 3.1 2.8 

Open Ocean 9.5 12.0 71.1 4.3 1.5 0.9 
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Figure B.3 Isotopic niches based on Layman metrics analysis for zooplankton collected during the Antarctic 

Circumnavigation Expedition in the vicinity of the island systems (solid lines and circles), and from station in the open 

ocean (dashed lines and squares), for each hydrographic zone, excluding the Subtropical Zone: (a) orange = 

Subantarctic Zone (SAZ), (b) red = Polar Frontal Zone (PFZ), c) dark blue = Southern Antarctic Circumpolar Current 

Zone (SACCZ), and (c) light blue = southern Boundary Zone (sBZ). Error bars = standard deviation (1SD). 
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Figure B.4 Boxplots of zooplankton trophic positions (TPs) assessed using δ15NSPM as baseline for samples collected 

during the Antarctic Circumnavigation Expedition. Dots correspond to different zooplankton taxa (colours). Middle 

horizontal lines in the boxes are the medians. Colours of the box = Hydrographic zone: orange = Subantarctic Zone, red 

= Polar Frontal Zone, dark blue = Southern Antarctic Circumpolar Current Zone, and light blue = southern Boundary 

Zone. 

 



Appendix B 

- 343 - 

 

e. Comparing the carbon and nitrogen isotope ratios (δ13N and δ15N) of SPM 

and zooplankton 

For each oceanic region (i.e., Subantarctic Ocean, Antarctic Ocean and each hydrographic zone), δ13NSPM 

and δ15NSPM were significantly lower than the zooplankton δ13N and δ15N (Student t-tests with Bonferroni 

adjustment, p-values < 0.001). Equivalent statistical differences (p-value < 0.001) were obtained testing 

isotope ratio values through Nested ANOVA, in which the plankton groups (zooplankton and SPM) were 

nested in the factor ‘ocean’ (Subantarctic and Antarctic). This test also showed that δ15N of the whole 

plankton community (SPM + zooplankton) do not differ between Oceans (F = 2.42, p-value = 0.121), while 

δ13C is higher in the Sub-Antarctic than in the Antarctic (F = 341.34, p-value < 2.0 E-16). However, nesting 

within the five ocean ‘zones’ (STZ, SAF, PFZ, SACCZ and sBZ), shows that each zone statically influences 

the SIs of both the SPM and the zooplankton (δ15N - zones: F = 34.73, p-value < 2.0 E-16; δ13C - zones: F = 

124.77, p-value < 2.0 E-16). 

 

Figure B.5. δ13C [‰] and δ15N [‰] of SPM (opaque diamonds) and zooplankton (circles) collected during the Antarctic 

Circumnavigation Expedition. Colours = hydrographic regions. a) yellow = Subantarctic Ocean, and blue = Antarctic 

Ocean. b) yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone (PFZ), dark 

blue = Southern Antarctic Circumpolar Current Zone (SACCZ), and sBZ = southern Boundary Zone. 
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Figure B.6. Trophic Positions of species-specific zooplankton assessed using two baselines: δ15NSPM (squares) and 

δ15Nnew (diamonds). Samples collected in the neuston layer during the Antarctic Circumnavigation Expedition for each 

hydrographic zone: yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone 

(PFZ), dark blue = Southern Antarctic Circumpolar Current Zone (SACCZ), and light blue = southern Boundary Zone 

(sBZ). 
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Figure B.7. Trophic Positions of zooplankton (at Order levels) assessed using two baselines: δ15NSPM (squares) and 

δ15Nnew (diamonds). Samples collected in the neuston layer during the Antarctic Circumnavigation Expedition for each 

hydrographic zone: yellow = Subtropical Zone (STZ), orange = Subantarctic Zone (SAZ), red = Polar Frontal Zone 

(PFZ), dark blue = Southern Antarctic Circumpolar Current Zone (SACCZ), and sBZ = southern Boundary Zone. 
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Table B.7 Averages ( ± 1SD) of the trophic positions of zooplankton assessed using δ15NSPM and δ15Nnew as baselines. Samples collected in the neuston layer during the Antarctic 

Circumnavigation Expedition 

Order Species/Taxa 

STZ SAZ PFZ SACCZ sBZ 

TP 

(δ15N
SPM) 

TP 

(δ15Nnew) 

TP 

(δ15N
SPM) 

TP 

(δ15Nnew) 

TP 

(δ15N
SPM) 

TP 

(δ15Nnew) 

TP 

(δ15N
SPM) 

TP 

(δ15Nnew) 

TP 

(δ15N
SPM) 

TP 

(δ15Nnew) 

Amphipoda Cyllopus spp. 1.7 ± 0.9 0.2 ± 0.2 2.8 ± 1.5   0.5 ± 1.0 0.3 ± 0.3 1.4 ± 1.3 0.3 ± 0.3   

Amphipoda mixed-amphipods 2.7 ± 1.9       5.8 ± 3.7   2.6 ± 2.4  

Amphipoda Themisto-J 1.9 ± 1.1  2.4 ± 1.4 0.5 ± 0.2   3.9 ± 2.9 2.3 ± 0.7   

Amphipoda Themisto gaudichaudii 1.9 ± 1.1  3.1 ± 2.4 1.0 ± 1.2 1.1 ± 2.0 2.1 ± 0.6 2.9 ± 2.0 1.5 ± 1.0   

Amphipoda Vibilia antarctica     0.5 ± 1.0 0.2 ± 0.2     

Appendicularia Oikopleura spp.   2.5 ± 1.1 0.6 ± 0.7 0.9 ± 2.9  4.0 ± 2.2 1.0 ± 0.1 2.9 ± 2.7 0.5 ± 0.4 

Chaetognatha Chaetognatha 2.8 ± 2.0 0.1 ± 0.1 4.3 ± 2.9 1.0 ± 0.5 3.3 ± 2.8 1.7 ± 0.6   6.4 ± 6.2 0.2 ± 0.2 

Copepoda Calanidae CIII       1.7 ± 1.7 0.3 ± 0.2   

Copepoda Calanidae CIV   3.2 ± 1.6 0.4 ± 1.1 0.8 ± 1.9 2.0 ± 0.3 2.7 ± 1.9 0.9 ± 0.2 2.8 ± 2.5 0.6 ± 0.6 

Copepoda Calanidae CV     1.4 ± 2.2 2.4 ± 0.2     

Copepoda Calanoides spp.       4.2 ± 1.9 0.1 ± 0.1 2.6 ± 2.4 0.0 ± 0.0 

Copepoda Calanus propinquus CV         2.5 ± 2.1 0.4 ± 0.4 

Copepoda Calanus propinquus F       3.2 ± 2.3 0.0 ± 0.0   

Copepoda Calanus spp.         3.8 ± 3.5 0.6 ± 0.7 

Copepoda Clausocalanus laticeps     -0.3 ± 1.7  1.9 ± 2.0 0.2 ± 0.2   

Copepoda Metridia gerlachei     3.5 ± 1.7    3.4 ± 3.0 0.0 ± 0.0 

Copepoda Microcalanus spp.   3.7 ± 2.3        

Copepoda mixed-copepods (>500µm)   3.3 ± 2.0 0.1 ± 0.1 0.0 ± 2.0 0.2 ± 0.2 3.7 ± 3.3 1.2 ± 1.4 4.0 ± 3.9 0.1 ± 0.1 

Copepoda 

mixed-copepods  

(200-500µm) 
1.9 ± 1.3 0.4 ± 0.1 2.5 ± 1.1 0.7 ± 0.7 2.0 ± 0.3 0.9 ± 0.8 2.5 ± 2.1 0.8 ± 0.4 3.3 ± 2.9 0.8 ± 0.8 

Copepoda Nauplii       3.5 ± 3.6 1.1 ± 1.1   

Copepoda Nauplii*     1.1 ± 3.2 1.0 ± 1.0 3.1 ± 2.9 1.8 ± 1.4   

Copepoda Oithona spp.     1.3 ± 3.4 0.4 ± 0.4 2.4 ± 2.5 0.7 ± 0.7   

Copepoda Paraeuchaeta antarctica         2.9 ± 2.4 0.2 ± 0.2 

Copepoda Pontellidae spp.       6.5 ± 4.2  3.9 ± 3.5 0.5 ± 0.5 

Euphausiacea krill 0-5 mm     0.0 ± 2.1  3.3 ± 2.3 1.5 ± 0.7   

Euphausiacea krill 5-10 mm 1.3 ± 1.0 0.2 ± 0.2         
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Euphausiacea krill 10-20 mm 1.6 ± 1.3 0.2 ± 0.2         

Euphausiacea krill 20-50 mm 2.3 ± 2.0 0.2 ± 0.2         

Euphausiacea Krill 50 mm       3.0 ± 2.5 0.2 ± 0.3   

Euphausiacea Calyptopis I       1.5 ± 1.6    

Euphausiacea Calyptopis II     3.1 ± 1.4      

Euphausiacea mixed-euphausiids 2.3 ± 1.5 0.2 ± 0.2 2.9 ± 1.0 0.6 ± 0.1   3.5 ± 2.3 0.7 ± 0.3 3.1 ± 2.8 0.5 ± 0.5 

Foraminifera Foraminifera   2.8 ± 2.1 0.2 ± 0.5 0.4 ± 2.5 0.1 ± 0.1   4.2 ± 3.8 1.4 ± 1.4 

Hydrozoa Abylopsis eschscholtzii         5.1 ± 4.9 1.6 ± 1.6 

Hydrozoa Halicreatidae       1.5 ± 1.1 0.0 ± 0.0   

Hydrozoa Physalia physalis 2.9 ± 2.1 0.1 ± 0.1         

Lepadiformes Lepadiformes larva 2.6 ± 2.2 0.7 ± 0.9 2.8 ± 2.8 0.7 ± 0.7 3.2 ± 1.5 0.5 ± 0.5     

Ostracoda Ostracoda   4.5 ± 2.0 0.5 ± 0.5       

Phaeodaria Phaeodaria     -0.3 ± 1.8 0.4 ± 0.4 -0.1 ± 0.0 0.1 ± 0.1   

Polychaeta Tomopteris spp.         4.0 ± 3.6  

Pteropoda Clio pyramidata 1.5 ± 0.7 0.2 ± 0.2 2.0 ± 0.6 0.3 ± 0.3       

Pteropoda Clione limacina antarctica       3.4 ± 2.4 1.9 ± 0.8   

Pteropoda Limacina helicina antarctica   1.5 ± 0.2 0.2 ± 0.2 0.2 ± 0.4 1.9 ± 0.8     

Pteropoda Limacina retroversa         2.3 ± 1.9 0.1 ± 0.1 

Pteropoda Spongiobranchaea australis 2.7 ± 1.9 0.1 ± 0.1         

Thaliacea Doliolidae         4.9 ± 4.7  

Thaliacea Salpidae 0.9 ± 0.1 0.3 ± 0.3   1.7 ± 0.1 0.1 ± 0.1 1.4 ± 0.9 0.4 ± 0.1   
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Appendix C - Plankton community composition and productivity 

near the Subantarctic Prince Edward Islands 

archipelago in autumn  

a. Contribution of the Prince Edward Islands to the Subantarctic’s biological 

pump 

From our incubation experiments, we determined that phytoplankton retained between the two islands 

experienced light-replete but iron-limited conditions that drove them to rely mainly on reduced nitrogen (N) 

forms that, at least in the case of ammonium (NH4
+), were available in surface waters at elevated 

concentrations (Figure C.1c). Despite this, our results show that the average whole-plateau average 

integrated rate of NPP and the f-ratioNPP were equal to 1.14 mmol C m-2 h-1 and 0.24 ± 0.09, respectively. 

This latter value implies that roughly a quarter of the carbon biomass was potentially available for export. 

We calculate the carbon export flux as:  

𝐶𝑎𝑟𝑏𝑜𝑛 𝑒𝑥𝑝𝑜𝑟𝑡 𝑓𝑙𝑢𝑥 = 𝑁𝑃𝑃 ×  𝑓 − ratio𝑁𝑃𝑃 ×  𝑇  

where T is the number of daylight hours in April and May at the archipelago (8-10 h). 

The calculation above yields a carbon export flux estimate of 2.2-2.7 mmol C m-2 d-1 for the archipelago, 

which is higher than the annual mean carbon export flux in the open Subantarctic, away from the influence 

of landmasses, that was estimated using a Community Earth System Model to range from 0.8-1.6 mmol C m-

2 d-1 (Harrison et al. 2018; see also main text section 4.4.1). 

In addition, we can independently estimate the contribution of the Prince Edward Islands archipelago to total 

Subantarctic carbon export using nitrate-based estimates of net community production measured by profiling 

floats (Johnson et al., 2017). These float data indicate that the whole-Subantarctic carbon export flux ranges 

from 2 to 3 Pg C yr-1 (0.17-0.25 Pg C month-1 on average, recognizing that some months [e.g., spring and 

summer] will be more important for carbon export than others), over an area of ~27.5 million km2 

(calculated taking the Subantarctic to extend from 46°S to 58°S (~30.6 million km2), between the 

approximate positions of the Subtropical Front and the APF (Orsi et al., 1995; Giglio and Johnson, 2016), 

minus 10% to account for land masses and fluctuations in frontal positions). We further estimate (based on 

satellite Chl-a maps; Figure 2E-G) that the area around the Prince Edward Islands influenced by the island 
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mass effect in autumn is ~40000 km2, which amounts to 0.13% of the whole-Subantarctic area. This region 

contributes 0.003-0.0036 Pg C month-1, or 1.2-2.2% of Subantarctic export production. In other words, the 

carbon export flux at the Prince Edward Islands plateau in autumn is roughly 10-times higher than its 

contribution to the area of the Subantarctic, consistent with the comparison of our Prince Edward Islands 

carbon export flux to the Harrison et al. (2018) open-Subantarctic estimates. We thus conclude that the 

Prince Edward Islands archipelago enhances the productivity of the Subantarctic Ocean. 

b. Grazing rates of Euphausiacea 

Individual grazing rates estimated for Euphausiacea (<4 cm in length) were not correlated with body length 

(R2 = 0.09) and the maximum grazing rates of 0.04 and 0.02 µg Chl-a ind.-1 h-1 were associated with smaller 

specimens with average lengths of 31 mm (station H5N) and 8 mm (station H13N), respectively. Overall, the 

grazing rates for individual Euphausiacea averaged 0.013 ± 0.003 µg Chl-a ind.-1 h-1 (Figure C.5). Using the 

median abundance of Euphausiacea across the plateau (0.88 ind. m-3) and their average grazing rate, we 

estimate their contribution to grazing over the upper 200 m to be 2.3 μg Chl-a m-2 h-1 (i.e., 0.88 ind. m-3 × 

0.013 µg Chl-a ind.-1 h-1 × 200 m), corresponding to ~20% of the community grazing rate (12.5 µg Chl-a m-2 

h-1) and reaching a maximum of 20.2 μg Chl-a m-2 h-1 at station P11N. The median abundance and grazing 

rates of krill upstream and in the inter-island region were, respectively, 0.60 ind. m-3 and 1.5 μg Chl-a m-2 h-1 

(~13% of the upstream grazing rate of 12.1 µg Chl-a m-2 h-1) and 1.18 ind. m-3 and 3.1 μg Chl-a m-2 h-1 

(~20% of the inter-island grazing rate of 15.6 µg Chl-a m-2 h-1). Downstream, krill abundances and grazing 

rates were 1.74 ind. m-3 and 4.5 μg Chl-a m-2 h-1 at night (~9.5% of the night-time grazing rate of 47.2 µg 

Chl-a m-2 h-1) and 0.11 ind. m-3 and 0.3 μg Chl-a m-2 h-1 during the day (~4% of the daytime grazing rate of 

7.8 µg Chl-a m-2 h-1). 
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Table C.1 Samples and data collected at each station during the autumn 2017 Prince Edward Islands expedition. CTD = location of stations at which conductivity-temperature-depth, 

dissolved oxygen, and fluorescence were measured; PP = primary production experiments; SP = secondary production experiments; D = day; N = night. 

Station 
Latitude 

(°N) 

Longitude 

(°E) 
Date 

Day 

time 
Hydrography NO3

- SiO4
4- NH4

- 
Chl-a 

bulk 

Chl-a size 

class 

fractionation 

Abundance and biomass 

PP SP Grazing 

Phytoplankton Mesozooplankton 

H1 45°44.964' 37°17.969' 17/04/2017 D x x x   x             

H2 46°00.035' 37°17.906' 17/04/2017 D x x x   x             

H3 46°14.982' 37°17.935' 17/04/2017 N x x x   x             

H4 46°29.927' 37°17.988' 17/04/2017 N x x x   x             

H5 46°44.948' 37°18.052 ' 26/04/2017 N x x x   x x x x     x 

H5 46°45.218' 37° 18.270' 27/04/2017 D x x x   x x x x x x x 

H5 46°45.218' 37° 18.270' 18/04/2017 D               x     x 

H6 46°59.9167' 37°17.880' 27/04/2017 D x             x     x 

H7 47°14.990’ 37°18.014’ 19/04/2017 D x x x x x x x x x x x 

H8 47°30.856' 37°18.000' 19/04/2017 N x                     

H13 46°44.988' 38°30.022' 20/04/2017 N x x x   x x x x   x x 

H17 46°44.991' 38°18.010' 20/04/2017 N x x x   x x x x     x 

H18 46°44.991 38°06.042' 20/04/2017 D x x x x x x x x x   x 

H19 46°44.991' 37°54.058' 20/04/2017 D x x x   x x x x     x 

H20 46°44.978' 37°42.076' 20/04/2017 D x       x x x x     x 

H21 46°44.978' 37°42.076' 20/04/2017 N x       x x x x     x 

P10 46°53.953' 37° 57.552' 24/04/2017 D x     x x x x x x x x 

P10 46°53.989' 37° 57.512' 24/04/2017 N x     x x x x x     x 

P11 46°53.963' 38°06.144' 28/04/2017 D x     x x x x x x x x 

P11 46°54.072' 38°06.123' 28/04/2017 N x     x x x x x     x 

P12 46°56.983' 38°18.430' 25/04/2017 D x     x x x x x x   x 

C35 46 42.650' 37 48.310' 22/04/2017 D x               x     

D2 46°43.721' 37°45.058' 02/05/2017 N x       x             

D3 46°43.085' 37° 49.928' 02/05/2017 D x       x             

D4 46°48.201' 37° 59.103' 13/04/2017 D x       x             
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D7 46°43.510' 38°04.419' 02/05/2017 D x       x             

D8 46°51.513' 37°03.515' 24/04/2017 D x       x             

D9 46°48.470' 38°04.362' 25/04/2017 N x       x             

D11 46°36.444' 37°58.224' 03/05/2017 D x x x   x             

D12 46°48.494' 38°04.198' 13/04/2017 D x       x             

D13 46°48.115' 38°04.764' 13/04/2017 D x       x         x   

MT1 46°42.092' 37°42.114' 27/04/2017 N x                 x   

MT5 46°48.042' 37°42.000' 28/04/2017 N x                 x   
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Table C.2 Cell volume-carbon conversions for the different plankton (~3-200 μM) taxonomic groups. 

Group Carbon conversion Conversion reference 

Diatoms Log10 (pg C cell-1) = 0.76 log10 V (μm3) – 0.352 Eppley et al. (1970) 

Dinoflagellates log10 (pg C cell-1) = 0.864 log10 V (μm3) – 0.353 Menden-Deuer and Lessard (2000) 

Other phytoplankton log10 (pg C cell-1) = 0.94 log10 V (μm3) – 0.60 Eppley et al. (1970) 

Aloricate ciliates log10 (pg C cell-1) = 0.984 log10 V (μm3) – 0.639 Putt and Stoecker (1989), modified by Menden-Deuer 

and Lessard (2000) 

Loricate ciliates log10 (pg C cell-1) = 0.841 log10 V (μm3) – 0.168 Verity and Lagdon (1984), modified by Menden-Deuer 

and Lessard (2000) 
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Figure C.1 Surface maps of hydrographic and biogeochemical parameters measured around the Prince Edward Islands 

archipelago: (a) oxygen, (b) salinity, and (c) ammonium (NH4
+). Solid grey lines = bathymetry (see Figure 4.1 for 

depths); solid blue line = M-SAF; dashed blue line = S-SAF; dotted blue line = N-APF. The black dots indicate the 

positions of the stations; see Figure 4.3a for station numbers. 
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Figure C.2 Size-fractionated Chl-a concentrations for picoplankton (a and d), nanoplankton (b and e), and 

microplankton (c and f) at the surface (a-c) and throughout the upper 200 m of the water column (d-f) along an east-

west inter-island transect (dashed black line in panels a-c) of the Prince Edward Islands archipelago. The bathymetric 

feature in panels (d-f) is the Natal Bank. 
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Figure C.3 Concentrations of particulate organic (a) carbon (POC) and (b) nitrogen (PON) for samples collected at two 

water depths (surface and F-max) and for three size-classes (0.3-2.7 µm, 2.7-25 µm, and 25-200 µm) over the Prince 

Edward Islands archipelago. Colours of the bars indicate the different size-classes: bright purple = picoplankton (0.3-2.7 

µm), pink = nanoplankton (2.7-25 µm), and dark purple = microplankton (25-200 µm). Colours of the boxes around the 

station numbers at the top of the panels refer to the area of sampling: blue = upstream, green = inter-island and red = 

downstream. Error bars indicate ± 1 SE. 
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Table C.3Rates of NPP and NO3
- uptake for bulk and size-fractionated phytoplankton at seven stations near the Prince Edward Islands, averaged (over the surface and F-max 

depths) or integrated (over the mixed layer; see text for details). ‘BDL’ = below detection limit 

Station Area 
MLD (m) Class Max rate of NPP Max NO3

-
 uptake rate 

Average rate of 
NPP 

Average NO3
-
 uptake 

rate 
Integrated NPP by 

size class 

Integrated NO3
- 

uptake rate by size 

class 
Biomass 

C:N 
f-ratioNPP 

F-max (m) µm nmol C L-1 h-1 nmol NO3
- L-1 h-1 nmol C L-1 h-1 nmol NO3

- L-1 h-1 mg C m-2 h-1 mg NO3
- m-2 h-1 

H5D Upstream 

 110 
Bulk 9 0.45 6.82 ± 3.08 0.35 ± 0.00 6.38 ± 0.79 0.37 ± 0.05 10.9 0.38 ± 0.03 

0.3-2.7 0.9 0.15 0.79 ± 0.14 0.10 ± 0.07 0.75 ± 0.09 0.11 ± 0.06 7.2 0.83 ± 0.11 

70 
2.7-25 8.2 0.3 5.65 ± 3.61 0.25 ± 0.07 5.29 ± 0.65 0.27 ± 0.06 8.4 0.30 ± 0.14 

25-200 0.12 1.03 E-2 0.37 ± 0.56 6.31 E-3 ± 3.09 E-3 0.35 ± 0.04 6.89 E-3 ± 3.46 E-3 30.1 0.11 ± 0.09 

H7D Upstream 

 110 
Bulk 9.05 0.2 5.42 ± 5.13 0.16 ± 0.00 5.57 ± 1.45 0.17 ± 0.04 9.9 0.20 ± 0.06 

0.3-2.7 2.1 0.05 1.30 ± 1.13 0.03 ± 0.04 1.3 ± 0.25 0.03 ± 4.0 E-3 2.3 0.13 ± 0.04 

70 
2.7-25 6.95 0.15 4.13 ± 4.00 0.13 ± 0.04 4.24 ± 0.92 0.14 ± 0.01 13.1 0.20 ± 0.03 

25-200 BDL 1.01 E-3 BDL  6.83 E-3 ± 3.09 E-3 BDL 7.13 E-3 ± 3.20 E-3 - - 

C35D Inter-island 

100 
Bulk 61.95 1.4 55.27 ± 9.44 1.3 ± 0.07 43.55 ± 2.85 1.19 ± 0.04 8.5 0.18 ± 0.01 

0.3-2.7 26.05 0.45 22.2 ± 5.44 0.40 ± 0.07 17.49 ± 2.33 0.37 ± 0.05 6.9 0.12 ± 0.05 

50 
2.7-25 35.7 0.95 32.775 ± 4.14 0.90 ± 0.07 25.82 ± 0.04 0.83 ± 0.14 11.2 0.18 ± 0.04 

25-200 0.49 1.31 E-2 0.32 ± 0.14 6.52 E-3 ± 5.93 E-3 0.38 ± 0.21 7.01 E-3 ± 6.74 E-3 34.1 0.13 ± 0.08 

H18D Inter-island 

 100 
Bulk 17.7 0.6 13.8 ± 5.51 0.50 ± 0.02 12.18 ± 0.75 0.51 ± 0.03 12.1 0.23 ± 0.01 

0.3-2.7 3.6 0.1 2.55 ± 1.48 0.10 ± 0.00 2.25 ± 0.27 0.10 ± 0.02 6.6 0.26 ± 0.03 

50 
2.7-25 13.83 0.5 11.06 ± 3.91 0.40 ± 0.14 9.77 ± 1.46 0.41 ± 0.06 9.9 0.24 ± 0.01 

25-200 0.27 2.63 E-2 0.19 ± 0.11 1.38 E-2 ± 8.18 E-3 0.20 ± 1.29 1.88 E-2 ± 8.30 E-3 35.3 0.48 ± 0.19 

P10D Downstream 

 110 
Bulk 10.75 0.15 7.02 ± 5.27 0.13 ± 0.04 6.33 ± 1.44 0.13 ± 0.03 8.2 0.13 ± 0.04 

0.3-2.7 2.48 0.02 1.87 ± 0.87 0.01 ± 0.01 1.68 ± 0.35 0.01 ± 0.1 E-2 4.6 0.03 ± 0.01 

75 
2.7-25 8.12 0.13 5.08 ± 4.29 0.12 ± 0.02 4.58 ± 0.74 0.12 ± 0.016 8.5 0.15 ± 0.03 

25-200 0.18 0.02 0.14 ± 7.67 E-2 8.41 E-3 ± 5.36 E-3 0.14 ± 0.01 8.43 E-3 ± 6.01 E-3 27.4 0.41 ± 0.18 

P11D Downstream 

  Bulk 18.4 0.8 13.30 ± 7.21 0.55 ± 0.21 12.88 ± 0.95 0.63 ± 0.18 8.4 0.32 ± 0.04 

100 0.3-2.7 3.7 0.2 3.00 ± 0.99 0.15 ± 0.07 2.91 ± 0.50 0.17 ± 0.03 2.6 0.33 ± 0.05 

75 
2.7-25 14.4 0.6 10.08 ± 6.12 0.40 ± 0.28 9.76 ± 1.32 0.46 ± 0.05 10.4 0.26 ± 0.03 

25-200 0.37 8.88 E-3 0.21 ± 0.12 6.50 E-3 ± 2.63 E-3 0.22 ± 0.04 6.51 E-3 ± 3.34 E-3 21.1 0.20 ± 0.09 

P12D Downstream 

 110 
Bulk 10.5 0.35 9.40 ± 1.55 0.33 ± 0.04 8.65 ± 0.72 0.35 ± 0.05 8.4 0.27 ± 0.02 

0.3-2.7 2.2 0.05 2.20 ± 0.00 0.05 ± 0.00 2.02 ± 0.42 0.05 ± 0.01 1.9 0.15 ± 0.07 

60 
2.7-25 8.15 0.3 7.08 ± 1.52 0.28 ± 0.04 6.51 ± 0.82 0.30 ± 0.04  8.8 0.23 ± 0.02 

25-200 0.21 7.65 E-3 0.13 ± 0.06 4.80 E-3 ± 2.37 E-3 0.13 ± 0.10 5.33 E-3 ± 2.79 E-3 30.5 0.25 ± 0.21 
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Table C.4 Total abundance (cells L-1) of planktonic organisms (<200 µm) collected at the surface (~10 m) and F-max near the Prince Edward Islands in autumn 2017 

Station H5D H5N H7D H20D H18D H17N H13N P10D P10N P11D P11N P12D 

Level Surface Surface Surface Surface Surface Surface Surface Surface Surface Surface Surface Surface 

Nanoplankton 85.33 255.98 341.30 0.00 853.26 255.98 938.59 767.93 170.65 341.30 85.33 255.98 

Coccolitophores 853.26 341.30 2389.13 5802.17 0.00 3242.39 85.33 511.96 0.00 511.96 0.00 1535.87 

Nanoflagellates 4948.91 7252.72 11433.70 2133.15 31570.65 10580.43 13396.20 17833.15 6143.48 10523.55 4052.99 24915.22 

Microflagellates 0.00 0.00 85.33 0.00 511.96 0.00 0.00 0.00 0.00 56.88 0.00 255.98 

Cryptophytes 341.30 938.59 938.59 255.98 2559.78 2218.48 0.00 597.28 853.26 511.96 469.29 853.26 

Dinoflagellates 4692.93 5887.50 6655.43 4351.63 15700.00 11092.39 4180.98 7764.67 5034.24 6086.59 6826.09 5631.52 

Diatoms 255.98 170.65 170.65 170.65 511.96 341.30 1109.24 682.61 85.33 511.96 213.32 1109.24 

Pennate Diatoms 1109.24 1194.57 853.26 85.33 2389.13 1365.22 853.26 341.30 170.65 853.26 1279.89 1279.89 

Ciliates 1023.91 2133.15 2303.80 85.33 1194.57 341.30 1535.87 1621.20 1109.24 682.61 1066.58 1023.91 

Thalassiosira 341.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

other 0.00 0.00 170.65 85.33 341.30 255.98 85.33 0.00 0.00 56.88 42.66 0.00 

             
Level Fmax Fmax Fmax Fmax Fmax Fmax Fmax Fmax Fmax Fmax Fmax Fmax 

Nanoplankton 341.30 170.65 0.00 0.00 0.00 341.30 42.66 1080.80 85.33 42.66 682.61 1791.85 

Coccolitophores 511.96 0.00 1365.22 8617.93 341.30 341.30 42.66 1877.17 0.00 383.97 511.96 938.59 

Nanoflagellates 10523.55 6655.43 9385.87 1194.57 19625.00 10068.48 4138.32 10694.20 7167.39 4948.91 8959.24 12201.63 

Microflagellates 0.00 0.00 0.00 0.00 0.00 0.00 127.99 56.88 85.33 0.00 0.00 0.00 

Cryptophytes 511.96 938.59 767.93 85.33 1877.17 1194.57 85.33 398.19 511.96 938.59 1023.91 1194.57 

Dinoflagellates 6086.59 5716.85 5887.50 2559.78 7850.00 5972.83 2901.09 5802.17 4180.98 5460.87 7508.70 6655.43 

Diatoms 398.19 170.65 255.98 0.00 511.96 255.98 298.64 568.84 85.33 298.64 170.65 255.98 

Pennate Diatoms 853.26 767.93 170.65 170.65 2047.83 1109.24 1365.22 2047.83 170.65 554.62 1109.24 511.96 

Ciliates 682.61 1023.91 682.61 170.65 2730.43 682.61 426.63 967.03 1023.91 1194.57 1023.91 938.59 

Thalassiosira 0.00 0.00 0.00 0.00 170.65 0.00 0.00 56.88 0.00 0.00 85.33 0.00 

other 56.88 85.33 85.33 0.00 0.00 85.33 383.97 113.77 0.00 0.00 0.00 85.33 
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Table C.5 Total abundance (ind. m-3) of Copepoda sampled near the Prince Edward Islands in autumn 2017 

Copepods H5D H5N H5D* H6D H7D H21D H20D H18D H17N H13N P10D P10N P11D P11N P12D 

Aetideus armatus  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.88 

Calanidae 5.31 4.42 8.84 13.26 8.84 10.61 5.31 2.21 12.38 73.39 0.03 12.03 8.84 13.26 4.42 

Calanoides macrocarinatus s.l. 0 0 0 0 0.88 0 0 0 0 0 0 0 0 0 0 

Calanus propinquus 0 0 0 0 0 0 0 0 0 6.19 0 0 0 0 0 

Calanus simillimus 0 0 0 0 0 0 0 0 9.73 7.07 0 0 4.42 12.38 0 

Candacia varicans s.l. 0 0 0 0 0 0 0 0 0 0.88 0 0 0 0 0 

Clausocalanidae 2.65 0.00 17.68 8.84 38.02 6.19 4.42 4.86 9.73 76.92 2.84 53.05 21.22 46.86 14.15 

Clausocalanus brevipes 0 1.77 5.31 0.00 4.42 2.65 21.22 0 0 0 0.29 0 0 65.43 6.19 

Clausocalanus laticeps 0 0 0 0 0 0 0.88 0 0 0 0 0 0 0 0 

Clausocalanus spp. 0 0.00 12.38 6.19 0.88 3.54 0 0.88 0 7.07 0.00 2.83 1.77 0 0 

Ctenocalanus spp. 0 16.80 0 0.88 0 5.31 0 1.33 0 9.73 0.26 16.98 2.65 0 5.31 

Ctenocalanus vanus 0 0 0 0 0 0 0 0 0 0 0 0 0 25.64 0 

Euchaetidae  0 0 0 0 0 0 0 0 0 0 0 0 0 0.88 0 

Heterorhabdus austrinus 0 0 0 0 0 0 0 0 0 0.88 0 0 0 0 0.88 

Heterorhabdus spp. 0 6.19 0 0 2.65 0 0 0 0 2.65 0 0 0 0 0 

Metridia sp. 0 0.88 10.61 0 0.88 3.54 2.65 0.88 1.77 1.77 0 0.71 0 0 0 

Metridia gerlachei 0 0 0 0 0 0 0 0 0 0 0 0.71 0 0 0 

Metridia lucens  0.44 2.65 0 0 3.54 1.77 1.77 0.44 0 6.19 0.03 1.41 0 3.54 0 

Nauplii 0 0 1.77 1.77 2.65 0 1.77 0.44 0 0.00 0.06 3.54 0 6.19 0 

Oithona spp.  78.69 114.06 171.53 75.16 85.77 95.49 6.19 39.35 70.74 279.41 2.06 204.43 53.94 185.68 57.47 

Oncaea spp. 0 0 0 0 0 1.77 107.87 0 2.65 0.88 0.20 0 0 0 0 

Paraeuchaeta antarctica 0 0.88 0 0 0.88 0 0 0 0.88 0 0 0 0 0 0 

Pleuromamma robusta 0 11.49 0 0 7.07 7.96 4.42 0 0 7.96 0 0 0 1.77 0 

Rhincalanus gigas 0.44 0 0 0 0 0 0 0 0 5.31 0 0 0.88 0 0 

Sapphirina spp. 0 0 0.88 0 0 0 0 0 0 0 0 0 0 0 0 

Unidentified 0 0 0 0 0 0.88 0 0 0 0.88 0 0 0 0 0 
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Table C.6 Percent abundance of copepod species relative to total copepod abundance (total abundance = 2526 ind.) across the Prince Edward Islands in autumn 2017 

Taxa Stage H5D H5N H5D* H6D H7D H20D H20D H18D H17N H13N P10D P10N P11D P11N P12D 
Sum 

(%) 

Aetidaus armatus  Adult 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 

Calanidae Adult 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.21 0.42 0.00 0.00 0.11 0.49 0.00 1.26 

Calanidae Juvenile 0.21 0.18 0.35 0.53 0.35 0.42 0.21 0.09 0.67 3.01 0.00 0.48 0.42 0.53 0.18 7.61 

Clausocalanidae Adult 0.00 0.28 0.70 0.28 0.21 0.46 0.88 0.04 0.00 0.28 0.02 0.73 0.18 3.61 0.46 8.11 

Clausocalanidae Juvenile 0.11 0.46 0.70 0.35 1.51 0.25 0.18 0.25 0.39 3.43 0.11 2.16 0.84 1.86 0.56 13.13 

Euchaetidae Adult 0.00 0.04 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.11 

Euchaetidae Juvenile 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.04 

Metrinidae Adult 0.02 0.56 0.00 0.00 0.32 0.39 0.21 0.00 0.00 0.46 0.00 0.08 0.00 0.21 0.00 2.24 

Metrinidae Juvenile 0.00 0.04 0.42 0.00 0.14 0.14 0.14 0.05 0.07 0.18 0.00 0.03 0.00 0.00 0.00 1.20 

Cyclopoida Adult 0.77 4.52 2.21 2.98 1.05 3.78 0.25 1.56 2.80 7.85 0.00 0.22 2.14 1.93 0.21 32.26 

Cyclopoida Juvenile 2.35 0.00 4.59 0.00 2.35 0.00 3.40 0.00 0.00 3.22 0.08 7.87 0.00 5.43 2.07 31.35 

Poecilostomatoida Adult 0.00 0.00 0.00 0.00 0.00 0.07 0.88 0.00 0.11 0.04 0.01 0.00 0.00 0.00 0.00 1.09 

Candaciidae Adult 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.04 

Eucalanidae Adult 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.04 0.00 0.00 0.12 

Eucalanidae Juvenile 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.00 0.14 

Heterorhabdidae Adult 0.00 0.25 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.04 0.53 

Sapphirinidae Juvenile 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 

Nauplii Juvenile 0.00 0.00 0.07 0.07 0.11 0.00 0.07 0.02 0.00 0.00 0.00 0.14 0.00 0.25 0.00 0.72 

                  100 

Sum (%)   2.00 6.30 5.50 0.23 14.33 3.54 6.20 9.07 6.20 19.26 3.47 4.27 11.71 3.71 4.20 100 
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Table C.7 Total abundance (ind. m-3) of non-copepod mesozooplankton collected near the Prince Edward Islands during autumn 2017 

Non copepod Taxa H5D H5N H5D* H6D H7D H21D H20D H18D H17N H13N P10D P10N P11D P11N P12D 

Amphipoda (large) 0.05 0.04 0 0.04 0 0 0 0 0 0 0 0 0 0 0 

Amphipoda (small) 0.11 0 0.50 0.46 0.39 0.39 0.32 0.71 0.39 1.70 0.58 1.53 0.50 1.63 0.18 

Appendicularia. 0 0.04 2.02 0 0 0 0 0 0 0 0 0 0 0 0 

Cryptoniscus 0.05 0.07 0.04 0.04 0.21 0.21 0.18 0.18 0.21 0.21 0 0.06 0.04 0 0.25 

Ostracoda indet. 0.07 0 0 0 0 0.07 0.04 0 0 0.07 0 0.06 0 0 0.04 

Ostracoda indet. 0.64 1.49 1.31 2.72 5.69 2.76 1.84 3.93 8.21 33.39 0.26 1.75 5.62 8.98 8.70 

Chaetognatha  0 0 0 0 0 0 0 0 0 0 0.09 0.06 0.04 0 0 

Cnidaria 0 0 0 0 0 0 0 0 0 0 0 0 0.11 0 0 

Creseis spp. 0 0 0 0 0 0 0 0 0 0.07 0 0 0 0 0 

Enteropneusta 0 0 0 0 0 1.03 0 0 0 0 0 0 0 0 0 

Euphausiacea 0 0 0 0.11 0 0 0 0 0 0 0 0 0 0 0 

Euphausiacea (0-5 mm) 0.02 0.85 0.18 0 0.32 0 0.35 0 0 0.07 0 0.06 0 5.66 0.07 

Euphausiacea (10-20 mm) 0.23 1.10 0.46 0.00 0.74 0.00 0.39 1.27 0.11 0.35 0.06 1.92 0.04 2.12 0.04 

Euphausiacea (5-10 mm) 0.02 0 0.07 0.07 0.07 0.14 0 0.04 0 0.71 0 0.06 0.14 0 0 

Euphausiacea (>20 mm) 0.07 0.07 0.25 0.04 0.28 0 0.35 0 0.14 0.85 0.12 0.23 0.04 0 0 

Euphausiacea (calyptopis) 0 0 0.04 0 0 0 0 0 0 0 0 0 0 0.07 0 

Euphausiacea (furcilia) 0 0 0 0 0 0 0 5.38 0 0 1.97 0 0 0 0 

Faecal pellet 0.07 0.04 0.21 0.07 0.07 0.25 0.28 0.07 0.14 0.28 0.06 0.23 0.11 0.35 0.04 

Fish larvae 4.90 5.20 10.43 17.75 3.75 3.36 1.63 0.21 5.48 3.54 2.09 0.11 4.24 15.92 5.34 

Foraminifera 0 0 0 0 0 0 0 0.04 0 0 0 0 0.07 0 0 

Fritillaria spp. 0.25 8.56 0.35 0.85 0.71 0.18 0.21 0.25 3.22 13.44 2.46 0.45 2.62 13.72 0.21 

Limacina spp. 0 0.04 0.07 0.39 0.04 0 0.04 0 0 0 0 0 0.14 0 0 

Medusae  0 0.11 0 0.07 0 0 0 0 0 0 0 0.23 0 0 0 

Nematoda 0.02 0 0 0.04 0 0.14 0 0.07 0.04 0.35 0 0.28 0.14 0.35 0.04 

Oikopleura spp. 4.39 7.32 6.26 7.71 9.69 5.80 4.77 3.71 13.23 22.28 1.28 2.26 7.75 21.43 9.62 

Polychaeta (benthic) 0 0 0 0.04 0 0 0.04 0 0 0 0 0.06 0.07 0 0.11 

Polychaeta (holoplanktonic) 0 0 0 0.07 0 0 0 0 0.04 0.64 0 0 0 0 0 

Salpae  0 0 0 0 0 0 0 0.04 0 0 0 1.53 0 0 0.21 

Siphonophora  0 0 0.14 0.18 0.21 0 0 0 0 0.07 0.03 0 0.11 0 0 

Phaeodaria 1.77 0 2.69 0 1.70 1.03 3.54 3.54 0 0.07 0.06 1.70 3.54 0.28 3.54 

Trochophora 0 0 0 0 0 0 0 0 0 0.28 0 0 0 0 0 
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Figure C.4 Relationship between total mesozooplankton abundance (ind. m-3) and grazing rate (µg Chl-a m-2 h-1). The 

dashed grey line indicates a linear relationship between the two parameters. Dark blue = upstream, green = inter-island, 

and red = downstream stations. Open circles and N = night, filled circles and D = day. Vertical error bars ( ± 1 SE of 

duplicate experiments) are shown for the grazing rates only. 

 

 

Figure C.5 Grazing rate (ng Chl-a ind-1 h-1) for single individuals of Euphausiacea collected from the waters 

surrounding the Prince Edward Islands, with the numbers above the points indicating the length of each specimen in 

mm. With respect to data-point colour, dark blue = upstream, green = inter-island, and red = downstream. The x-axis 

shows station numbers, with N = night and D = day. 
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Figure C.6 Time-series of monthly MODIS Aqua satellite level-3 Chl-a product at 4 km spatial resolution 

(https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Monthly/4km/chlor_a/) averaged over the region 

surrounding the Prince Edward Islands (between 46.40°S and 47.40°S, 37.40°E and 38.20°E) from October 2016 to 

January 2018. The black dashed lines indicate the expedition sampling period (April-May 2017) while the thin grey 

vertical lines indicate the start of each calendar year. 
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Figure C.7 Monthly average surface Chl-a concentrations in the Indian sector of the Subantarctic Ocean derived from 

the MODIS Aqua satellite level-3 Chl-a product at 4 km spatial resolution, for the period 2002-2019. A-F) September to 

February and G-L) March to August. The Prince Edward Islands (PEIs), Crozet Island, and Kerguelen Island are 

labelled on panels A and G. White region = no data available because of cloud cover. 
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Table C.8 Historical minimum and maximum total surface Chl-a concentrations (‘Phytoplankton biomass’) and rates of 

primary production measured around the Prince Edward Islands archipelago, along with our new measurements (‘This 

study’). ‘Cell carbon’ = carbon biomass estimated from summed individual cellular carbon contents. ND = not 

determined. Table modified from McQuaid and Froneman (2008) and Ansorge et al. (2012). 

Source Season/Year Region 
Phytoplankton biomass  

(mg Chl-a m-3) 

Primary production  

(mg C m-2 d-1) 

El-Sayed et al. 

(1979) 
Autumn 1976 Inter-island 0.09-1.88 211 

Allanson et al. 

(1985) 
Autumn 1983 Inter-island 0.10 –2.30 84-2100 

Perissinotto and 

Duncombe Rae 

(1990) 

Autumn 1985 Inter-island 0.10-2.80 70-3000 

Van Ballegooyen et 

al. (1989) 
Autumn 1987 Inter-island 0.05-0.45 47-312 

Froneman and 

Balarin (1998) 
Autumn 1997 Open ocean 0.29-0.52 ND 

Balarin (1999) Autumn 1998 Inter-island 0.20-0.81 119-353 

Bernard and 

Froneman (2005) 
Autumn 2003 Open ocean 0.15-0.28 ND 

Bernard (2006) Autumn 2005 Inter-island 0.24-0.71 ND 

Allan (2011) Autumn 2009 Inter-island 0.13-0.29 ND 

      

Phytoplankton 

biomass  

 (mg Chl-a m-3) 

Cell carbon* 

(mg C m-3) 
  

This study Autumn 2017 

Upstream 0.08-0.15 0.72-1.64 133-151 

Inter-island 0.18-0.33 0.96-2.78 292-1045 

Downstream 0.09-0.15 0.92-2.29 151-307 

*mixotrophic and heterotrophic organisms <200 µm not included; see main text for details. 
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Table C.9 Historical estimates of mesozooplankton abundance and biomass in the waters surrounding the Prince 

Edward Islands archipelago, along with our new measurements (‘This study’). ‘vPEI’ = in the vicinity of the Prince 

Edward Islands. PFZ = Polar Frontal Zone (between the SAF and APF). ‘DW’ = dry weight. We note that the ‘summed 

carbon content’ (i.e., sum of carbon contained in each zooplankton organism) is lower than the dry weight estimates – 

bulk zooplankton carbon content is expected to be ~40% of dry weight, although the percentage varies among taxa 

(Omori, 1969). Table modified from McQuaid and Froneman (2008) and Ansorge et al. (2012). 

 

Source Season Region 
Abundance  

(ind. m-3) 

Dry weight biomass  

(mg DW m-3) 
Net type 

Grindley and Lane 

(1979) 

Autumn 1976 vPEI 400 - 4850 8.70 - 28.40 
WP-2 

Spring 1976 vPEI 1575 - 1854 14.60 - 34.90 

Boden and Parker (1986) 

Autumn 1982 

and  

Autumn 1983 

vPEI 22 - 594 12.90 - 53 N70V 

Allanson et al. (1985) Autumn 1983 vPEI ND 23.85 ± 10.3 WP-2 

Perissinotto (1992) Autumn 1985 Inter-island 150-229 17.4 – 30.0 Bongo 

Perissinotto (1992) Autumn 1989 Interisland 130-191 32.3 – 56.8 Bongo 

Ansorge et al. (1999) Autumn 1989 vPEI 10 - 312 2.47 - 62.70 Bongo 

Froneman et al. (1998) Autumn 1997 vPEI 5 - 263 0.60 - 15.70 Bongo 

Bernard and Froneman 

(2002) 
Autumn 2001 

PFZ  

Open ocean 
49 - 1512 0.70 – 25.0 Bongo 

(Bernard and Froneman, 

2003) 
Autumn 2002 

PFZ  

Open ocean 
78 - 1034 9.80 - 27.90 Bongo 

Bernard and Froneman 

(2009) 

Autumn 2002 

PFZ  

Open ocean 

19.06 - 657.53 1.31 - 33.22 WP-2 

Autumn 2004 51.07 - 870.83 2.61 - 38.42 Bongo 

Autumn 2005 16.75 - 605.27 0.76 - 32.26 WP-2 

  
Summed carbon 

content (mg C m-3) 

This study Autumn 2017 

Upstream 104 - 254 1.71 - 13.36 Bongo 

Inter-island 71 - 156 3.88 - 13.36 Bongo 

Downstream 15 - 570 0.37 - 31.82 Bongo 
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Appendix D - Short-term variations in plankton biomass δ13C 

and δ15N and trophic structure near the Subantarctic 

Prince Edward Islands archipelago 

Table D.1. Surface averages (mean ± 1SD) of particulate organic carbon and nitrogen concentrations (POC and PON 

[µM]), POC to PON ratio (C:N) and carbon and nitrogen isotope ratios of the suspended particulate matter (δ13CSPM 

δ15NSPM [‰]) for observations collected in the open ocean and in the vicinity of the Prince Edward Islands archipelago, 

during the five periods, July-August 2015, April-May 2016, December 2016, April-May 2017, and June-July 2017, at 

two hydrographic zones of the Southern Ocean: Subantarctic Zone (SAZ) and Polar Frontal Zone (PFZ). 

Sampling period Hydrographic zone 
POC 

(µM) 

PON 

(µM) 
C:N δ13C (‰) δ15N (‰) 

July-August 2015 
SAZ 5.4 ± 1.5 0.7 ± 0.2 7.7 ± 0.5 -21.8 ± 1.5 0.8 ± 0.2 

PFZ 5.5 ± 2.2 0.7 ± 0.2 7.5 ± 0.8 -23.7 ± 7.7 3.9 ± 1.8 

April-May 2016 
SAZ 7.2 ± 0.7 1.1 ± 0.1 6.4 ± 0.2 -23.0 ± 0.5 -2.2 ± 0.3 

PFZ 6.1 ± 1.0 1.0 ± 0.2 6.1 ± 0.4 -23.7 ± 1.1 -3.1 ± 1.0 

December 2016 
SAZ 5.7 ± 0.3 0.9 ± 0.1 6.0 ± 0.0 -26.3 ± 0.3 -0.5 ± 0.1 

PFZ 6.5 ± 2.8 1.1 ± 0.5 6.1 ± 0.5 -25.7 ± 2.0 0.9 ± 1.9 

April-May 2017 
SAZ 5.7 ± 0.2 0.9 ± 0.2 6.6 ± 1.1 -22.2 ± 0.0 0.9 ± 1.5 

PFZ 6.6 ± 0.2 1.0 ± 0.3 6.6 ± 0.2 -21.6 ± 0.1 -2.0 ± 1.0 

June-July 2017 
SAZ 3.4 ± 4.1 0.5 ± 0.7 7.2 ± 1.2 -24.3 ± 1.5 1.9 ± 12.8 

PFZ 3.2 ± 1.0 0.4 ± 0.3 7.4 ± 0.6 -25.4 ± 1.9 1.3 ± 2.4 
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Table D.2 Surface averages (mean ± 1SD) of particulate organic carbon and nitrogen concentrations (POC and PON 

[µM]), POC to PON ratio (C:N) and carbon and nitrogen isotope ratios of the suspended particulate matter (δ13CSPM 

δ15NSPM [‰]) for observations collected in the open ocean and three areas in the vicinity of the Prince Edward Islands 

archipelago, according to the main ACC stream flow: upstream, inter-island, and downstream, during the five periods, 

July-August 2015, April-May 2016, December 2016, April-May 2017, and June-July 2017. 

Sampling period Area 
POC 

(µM) 

PON 

(µM) 
C:N δ13C (‰) δ15N (‰) 

July-August 2015 Open ocean 5.5 ± 3.6 0.7 ± 0.4 7.5 ± 0.7 -23.3 ± 9.2 3.2 ± 2.3 

April-May 2016 

Downstream 6.3 ± 0.2 1.0 ± 0.1 6.3 ± 0.0 -23.8 ± 0.5 -2.7 ± 0.2 

Inter-island 7.1 ± 0.3 1.2 ± 0.0 6.0 ± 0.0 -23.4 ± 0.1 -3.1 ± 0.5 

Upstream 6.4 ± 1.2 1.0 ± 0.2 6.3 ± 0.4 -23.4 ± 1.0 -2.6 ± 0.6 

December 2016 

Downstream 4.8 ± 0.2 0.9 ± 0.1 5.3 ± 0.0 -24.7 ± 0.0 0.4 ± 0.7 

Inter-island 7.4 ± 2.6 1.2 ± 0.3 6.4 ± 0.4 -25.0 ± 1.1 1.4 ± 1.7 

Upstream 5.8 ± 0.6 1.0 ± 0.1 6 ± 0.1 -26.9 ± 1.1 0.0 ± 0.2 

April-May 2017 

Downstream 5.6 ± 0.1 0.9 ± 0.2 6.5 ± 0.2 -21.2 ± 0.0 -2.6 ± 0.3 

Inter-island 8.5 ± 0.1 1.3 ± 0.1 6.8 ± 0.0  -22.1 ± 0.0 -1.2 ± 0.5 

Upstream 5.7 ± 0.2 0.9 ± 0.2 6.6 ± 1.1 -22.2 ± 0.0 0.9 ± 1.5 

June-July 2017 Open ocean 3.3 ± 5.0 0.5 ± 0.9 7.2 ± 1.0 -24.7 ± 3.3 1.7 ± 14.5 
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Figure D.1(a) carbon and nitrogen isotope ratios of particulate suspended matter (δ13CSPM and δ15NSPM [‰]) averaged 

within each of the five periods (shapes): July-August 2015 (circle), April-May 2016 (square), December 2016 

(diamond), April-May 2017 (up-side triangle), and June-July 2017 (down-side triangle). colours = period of 

investigation and tonality refers to the seasons: cold colours (light and dark blue) = winter (July-August 2015 and June-

July 2017, respectively) and warm colours (orange, red and yellow) = summer to autumn (April-May 2016, December 

2016, and April-May 2017, respectively). (b) Carbon and nitrogen isotope ratios of particulate suspended matter 

(δ13CSPM and δ15NSPM [‰]) collected at surface at each period (shapes) and grouped by hydrographic zones (colours): 

Subantarctic Zone (SAZ; orange) and Polar Frontal Zone (PFZ; Red). (c) Carbon and nitrogen isotope ratios of 

particulate suspended matter (δ13CSPM and δ15NSPM) collected at surface at each period (shapes) and grouped by areas 

(colours): within the open ocean (purple) or within the three areas in the vicinity of the Prince Edward Islands 

archipelago, according to the main ACC stream flow: upstream (blue), inter-island (green) and downstream (red).
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Table D.3 Median [ ± interquartile range] of carbon to nitrogen ratio (C:N), and carbon and nitrogen isotope ratios ( δ13C and δ15N [‰]) of zooplankton taxa collected in the 

vicinity of the Prince Edward Islands archipelago (PEIs) during April-May 2016, December 2016 and April-May 2017. 

Taxa 
April-May 2016 December 2016 April-May 2017 

C:N δ13C (‰) δ15N (‰) N C:N δ13C (‰) δ15N (‰) N C:N δ13C (‰) δ15N (‰) N 

Amphipoda         3.5 -23.9 2.6 1 4.4 ± 0.4 -23 ± 2.5 2.8 ± 2.8 6 

Appendicularia         4.3 -25.1 3 .0 1         

Chaetognatha 4 ± 0.2 -21.9 ± 1.5 3.2 ± 0.9 2 3.2 -22.9 6.5 1 3.7 ± 0.1 -23.4 ± 0.0 5.0 ± 2.0 2 

Copepoda 3.8 -21.3 6.6 1 4.4 ± 0.0 -23.4 ± 0.2 4.7 ± 1.7 2 3.8 ± 0.2 -24.5 ± 0.6 4.7 ± 1.2 14 

Euphausiacea 4.1 ± 0.3 -23.7 ± 1.7 1.8 ± 2.0 3         3.7 ± 0.1 -22.8 ± 0.9 1.5 ± 4.0 13 

Foraminifera         11.0 -15.5 4.8 1         

Lepadiformes                 11.8 ± 0.8 -24.4 ± 1.2 5.0 ± 1.4 2 

Ostracoda                 4.2 -23.2 L29 4.4 1 

Phaeodaria                 4.3 ± 0.4 -23 ± 0.5 4.1 ± 1.2 2 

Pisces 4.6 -23.1 0.8 1                 

Pteropoda                 7.2 -12.6 -2.3 1 
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Figure D.2 Carbon and nitrogen isotope ratios of zooplankton specimens (δ13C and δ15N [‰]) observed at three periods 

(shapes): (a) April-May (squares), (b) December 2016 (diamond), and (c) April-May 2017 (up-side triangle) and 

grouped by hydrographic zones (colours): Subantarctic Zone (SAZ; orange) and Polar Frontal Zone (PFZ; Red). 
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Table D.4 Average [ ± 1SD] of carbon to nitrogen ratio (C:N), and carbon and nitrogen isotope ratios (δ13C and δ15N 

[‰]) of zooplankton taxa collected in the vicinity of the Prince Edward Islands archipelago (PEIs) during April-May 

2016, December 2016 and April-May 2017 at different hydrographic zones: Subantarctic Zone (SAZ) and Polar Frontal 

Zone (PFZ). 

Period Family/Order Hydrographic zone C:N δ13C (‰) δ15N (‰) N 

April-May 2016 

Euphausiacea PFZ 4.3 -24.9 -0.3 1 

Chaetognatha PFZ 3.8 -23.5 4.1 1 

Chaetognatha SAZ 4.2 -20.4 2.4 1 

Euphausiacea SAZ 3.9 ± 0.2 -22.6 ± 1.1 2.7 ± 1.0 2 

Pisces SAZ 4.6 -23.1 0.8 1 

Copepoda SAZ 3.8 -21.3 6.6 1 

December 2016 

Appendicularia PFZ 4.3 -25.1 3.0 1 

Amphipoda PFZ 3.5 -23.9 2.6 1 

Copepoda PFZ 4.4 ± 0.0 -23.4 ± 0.2 4.7 ± 1.7 2 

Chaetognatha PFZ 3.2 -22.9 6.5 1 

Foraminifera PFZ 11.0 -15.5 4.8 1 

April-May 2017 

Copepoda PFZ 3.9 ± 0.1 -24.7 ± 0.6 5.0 ± 1.5 11 

Amphipoda PFZ 4.2 ± 0.5 -24.0 ± 1.9 1.9 ± 3.4 4 

Euphausiacea PFZ 3.7 ± 0.1 -23.4 ± 1.0 0.6 ± 1.3 9 

Lepadiformes PFZ 12.6 -23.2 6.4 1 

Euphausiacea SAZ 3.7 ± 0.1 -22.3 ± 0.3 4.4 ± 0.8 4 

Phaeodaria SAZ 4.3 ± 0.4 -23 ± 0.5 4.1 ± 1.2 2 

Copepoda SAZ 3.7 ± 0.0 -24.3 ± 0.3 3.9 ± 0.4 3 

Amphipoda SAZ 4.4 ± 0.0 -22.0 ± 0.7 4 ± 1.6 2 

Lepadiformes SAZ 11 -25.6 3.6 1 

Ostracoda PFZ 4.2 -23.2 4.4 1 

Chaetognatha PFZ 3.7 ± 0.1 -23.2 ± 0.1 5.0 ± 2.0 2 

Pteropoda PFZ 7.2 -23.2 ± 0.2 -2.3 1 
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Figure D.3 Carbon and nitrogen isotope ratios of zooplankton specimens (δ13C and δ15N [‰]) observed at three periods 

(shapes): (a) April-May (squares), (b) December 2016 (diamond), and (c) April-May 2017 (up-side triangle) and 

grouped by areas in the vicinity of the Prince Edward Islands archipelago (colours): within the open ocean (purple) or 

within the three areas in the vicinity of the Prince Edward Islands archipelago, according to the main ACC stream flow: 

upstream (blue), inter-island (green) and downstream (red). 
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Table D.5 Average [ ± 1SD] of carbon to nitrogen ratio (C:N), and carbon and nitrogen isotope ratios (δ13C and δ15N 

[‰]) of zooplankton taxa collected in the vicinity of the Prince Edward Islands archipelago (PEIs) during April-May 

2016, December 2016 and April-May 2017 at the open ocean and at three areas in the vicinity of the Prince Edward 

Islands archipelago, according to the main ACC stream flow: upstream, inter-island and downstream. 

Sampling period Family/Order Area C:N δ13C (‰) δ15N (‰) N 

April-May 2016 

Euphausiacea Upstream 4.1 ± 0.3 -23.7 ± 1.7 1.8 ± 2.0 3 

Chaetognatha Upstream 4.0 ± 0.2 -21.9 ± 1.5 3.2 ± 0.9 2 

Pisces Upstream 4.6 -23.1 0.8 1 

Copepoda Upstream 3.8 -21.3 6.6 1 

December 2016 

Appendicularia Downstream 4.3 -25.1 3.0 1 

Amphipoda Downstream 3.5 -23.9 2.6 1 

Copepoda Downstream 4.4 -23.4 ± 0.2 4.7 ± 1.7 2 

Chaetognatha Downstream 3.2 -22.9 6.5 1 

Foraminifera Downstream 11.0 -15.5 4.8 1 

April-May 2017 

Copepoda Downstream 3.8 ± 0.1 -24.7 ± 0.6 4.7 ± 2.8 8 

Amphipoda Downstream 4.4 ± 0.4 -24.7 ± 1.0 0.5 ± 2.3 3 

Euphausiacea Downstream 3.7 ± 0.1 -23.4 ± 0.8 0.6 ± 0.9 6 

Lepadiformes Downstream 12.6 -23.2 6.4 1 

Euphausiacea Inter-island 3.6 ± 0.0 -22.7 ± 0.1 2.5 ± 2.6 2 

Amphipoda Inter-island 4.0 -21.5 3.9 1 

Phaeodaria Inter-island 4.7 -23.5 5.3 1 

Euphausiacea Upstream 3.7 ± 0.1 -22.3 ± 0.5 2.0 ± 2.7 5 

Copepoda Upstream 3.8 ± 0.2 -24.4 ± 0.3 4.8 ± 1.0 6 

Amphipoda Upstream 4.4 ± 0.0 -22.0 ± 0.7 4.0 ± 1.6 2 

Phaeodaria Upstream 4.0 -22.6 2.9 1 

Lepadiformes Upstream 11.0 -25.6 3.6 1 

Ostracoda Upstream 4.2 -23.2 4.4 1 

Chaetognatha Downstream 3.7 ± 0.1 -23.4 ± 0.0 5.0 ± 2.0 2 

Pteropoda Downstream 7.2 -12.6 -2.3 1 

 




