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The biological carbon pump (BCP) is crucial to the regulation of Earth’s climate. Through a suite 

of processes that convert inorganic carbon dioxide (CO2) into particulate organic carbon (POC) 

and subsequent transfer to depth, the BCP is estimated to reduce atmospheric CO2 

concentrations by 50 % of what they would otherwise be. Zooplankton are a key component of 

the BCP by grazing on phytoplankton, fragmenting and repackaging POC, and actively 

transporting carbon to depth through diel- and ontogenetic vertical migration. However, the role 

of zooplankton in POC transformation and vertical flux attenuation in the mesopelagic zone (100 

– 1000m), where most POC attenuation occurs, remains poorly understood. This thesis 

investigates how vertical changes in zooplankton ecology and physiology shape carbon cycling 

within the mesopelagic. In the Scotia Sea, lipid-storing copepods were found to be emerging 

from overwintering, metabolically inactive, and not feeding on the spring diatom bloom. This 

highlights how the physiology of lipid-storing copepods causes a decoupling between primary 

production and when this organic matter is remineralised by these animals. In the northern 

Benguela Upwelling System (nBUS), zooplankton biomass peaked within the oxygen minimum 

zone (OMZ), whereas the larger animals were distributed above and below this region. These 

results suggest that the OMZ provides zooplankton with a refuge from predation. The main 

contribution of zooplankton to carbon sequestration was via their respiration at depth during 

diel vertical migration. This highlights the role of these animals in the spatial decoupling 

between carbon fixation in surface waters and remineralisation at depth. Lastly, analysis of 

zooplankton community size spectra in the Scotia Sea revealed that large, lipid-storing 

copepods, which integrate energy over an entire season, skew the shape of the size spectra, 

favouring larger size classes. This can mislead interpretations of energy flow unless taxonomy 

and physiology are integrated into size-based approaches. Collectively, results from this thesis 

highlight the role of zooplankton ecology and physiology in decoupling carbon cycling in both 

time and space in the mesopelagic. 
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ABF.................................... Angola-Benguela front 

ACC ................................... Antarctic circumpolar current 
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APF .................................... Atlantic polar front 

AVISO ................................ Altimetry-derived geostrophic velocities 
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BUS ................................... Benguela Upwelling System 

C ....................................... Carbon 

COMICS ............................ Controls over Ocean Mesopelagic Interior Carbon Storage 

CPR ................................... Continuous plankton recorder 

CTD ................................... Conductivity, temperature, depth 

DCM .................................. Deep chlorophyll maxima 

DHA................................... Docosahexaenoic acid 

DIC .................................... Dissolved inorganic carbon 

DO ..................................... Dissolved oxygen 

DOC .................................. Dissolved organic carbon 

DVM .................................. Diel vertical migration 

DW .................................... Dry weight 

EBUEs ............................... Eastern boundary upwelling ecosystems 
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EPA.................................... Eicosapentaenoic acid 
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ETS .................................... Electron transport system 

FA ...................................... Fatty acid 

GC ..................................... Gas chromatography 

GEL ................................... Gelatine 

GF/F .................................. Glass fibre filter 

GLYGEL ............................. Glycine-gelatine 

GS-MS ............................... Gas chromatography-mass spectrometry 

HCl .................................... Hydrochloric 

HNLC ................................ High nutrient, low chlorophyll 

HOT ................................... Hawaii Ocean Time-Series 

ID ...................................... Identification 

INT..................................... 2-p-iodophenyl-3-p-nitrophenyl monotetrazolium chloride 

IPCC .................................. Intergovernmental Panel on Climate Change 

IUPAC................................ International Union of Pure and Applied Chemistry 

Mammoth.......................... Mammoth multi-net (Hydrobios) 

MEDUSA ............................ Model of Ecosystem Dynamics, nutrient Utilisation, Sequestration 

and Acidification 

MLD ................................... Mixed layer depth 

MOCNESS ......................... Multiple Opening and Closing Net and Environmental Sampling 

System 

MUFA ................................ Monounsaturated fatty acid 

MZ ..................................... Mesopelagic zone 

N ....................................... Nitrogen 

NADH ................................ Nicotinamide adenine dinucleotide 

NADPH .............................. Nicotinamide adenine dinucleotide phosphate 

NBSS ................................. Normalised biovolume size spectra 

nBUS ................................. Northern Benguela Upwelling System 
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NERC................................. Natural Environmental Research Council 

NMDS ................................ Non-metric multidimensional scaling 

NMFRI ............................... National Marine Facilities Research Institute 

OBIS .................................. Ocean Biogeographic Information System 

OMZ .................................. Oxygen minimum zone 

OVM .................................. Ontogenetic vertical migration 

PAC ................................... Particle associated copepods 

PERMANOVA ..................... Permutational multivariate analysis of variance 

PF ...................................... Polar front 

POC................................... Particulate organic carbon 

POETS-WCB ...................... Polar Ocean Ecosystem Time Series - Western Core Box 

POM .................................. Particulate organic matter 

PUFA ................................. Polyunsaturated fatty acid 

RDA ................................... Redundancy analysis 

RMT25 ............................... Rectangular Midwater Trawl, 25 m2 

RQ ..................................... Respiration quotient 

SACCF ............................... Southern Antarctic circumpolar current front 

SACW ................................ South Atlantic Central Water 

SAPs .................................. Standalone pumps 

SB-ACC ............................. Southern boundary of the Antarctic circumpolar current 

sBUS ................................. Southern Benguela Upwelling System 

SCOOBIES......................... Scotia Sea Open-Ocean Observatory 

sd ...................................... Standard deviation 

SFA .................................... Saturated fatty acid 

SIMPER.............................. similarity percentage 

SUERC............................... Scottish Universities Research Centre 

TAG ................................... Triacylglycerol 

TIC ..................................... Total ion current 
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TL ...................................... Trophic level 

TTE .................................... Trophic transfer efficiency 

UK ..................................... United Kingdom 

WE..................................... Wax esters 

WMD ................................. Weighted mean depth 

WoRMS ............................. World Register of Marine Species 

WW ................................... Wet weight 

ZCD ................................... Zooplankton carbon demand 
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Chapter 1 Introduction 

1.1 The biological carbon pump and global climate regulation 

The ocean has a major role in regulating Earth’s climate, influencing the rate of climate change 

by storing excess heat and carbon and slowly redistributing these over time. Ocean 

biogeochemical cycling of carbon is influenced by physical, chemical (solubility pump) and 

biological processes, with the later, being the focus herein. The biological carbon pump (BCP) 

describes a myriad of processes that cycle and export carbon from the euphotic, epipelagic 

zone to the mesopelagic zone and the deep ocean (Boyd et al., 2019). The BCP is crucial to the 

Earth’s climate and is estimated to lower atmospheric carbon dioxide (CO2) concentrations by 

up to 50 % of what it would otherwise be relative to pre-industrial climate (Parekh et al., 2006; 

Tjiputra et al., 2025). Inorganic CO2 from the atmosphere is drawn into the ocean where it 

dissolves into seawater, is fixed by phytoplankton during photosynthesis and converted into 

particulate organic carbon (POC) (Turner, 2015). This carbon forms the base of heterotrophic 

marine ecosystems and is subsequently grazed by zooplankton and cycled through the rest of 

the food web through predation. Because the BCP plays such an important role in carbon 

cycling, it is fundamental to understand what governs the fate of sinking carbon. The strength of 

the BCP is described as the magnitude of POC flux out of the euphotic zone and the efficiency of 

the BCP as the fraction of that POC that is transported to depth (Buesseler et al., 2020) – with 

the latter influencing the length of time this exported carbon is sequestered in the ocean before 

being released back into the atmosphere (Kwon et al., 2009). It is estimated that 10 – 25 % of the 

45 – 50 Gt of carbon produced by phytoplankton in the euphotic zone sinks down into the 

mesopelagic (Falkowski et al., 1998; Henson et al., 2011; Henson et al., 2012). However, ~90 % 

of POC is remineralised within the mesopelagic (100 – 1000 m), with this flux attenuation of POC 

with depth most widely quantified via a power-law relationship known as the “Martin curve” 

(Martin et al. (1987); Figure 1.1): 

𝐹𝑧 = 𝐹100 × (𝑧
100⁄ )

−𝑏
(𝑒𝑞 1.1) 

Where 𝐹𝑧 is the sinking flux of POC at depth 𝑧, 𝐹100  is the flux of POC at a fixed 100 m reference 

depth and exponent 𝑏 is the flux attenuation coefficient calculated from the slope of the log-log 

transformation of POC flux and depth. 
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Figure 1.1 The “Martin curve” from Martin et al. (1987) showing POC flux (mol C m-2 y-1) 

attenuation with depth in the North Pacific. Data (circles) were obtained from 

sediment traps and fitted with the power law function from equation 1.1 and a b-

value of 0.86. 

Within the BCP, carbon export is influenced by the reworking of POC by heterotrophic bacteria 

and zooplankton (Giering et al., 2014; McDonnell et al., 2015; Turner, 2015; Doherty et al., 2021; 

Nguyen et al., 2022), particle fragmentation by zooplankton (Mayor et al., 2014) and vertical 

migration of animals (Steinberg et al., 2000; Archibald et al., 2019) (Figure 1.2). It is well 

documented that animal breakdown, ingestion and repacking of organic material influences the 

rate of export of organic matter to the deep ocean (Turner, 2015). Due to the inefficiency of 

marine food webs, a majority of this carbon is released back into the water as dissolved organic 

matter (DOC), faecal pellets, or respired by animals into dissolved inorganic carbon (DIC). The 

mesopelagic or “twilight” zone (100 – 1000 m) describes the region of the ocean just below the 

base of the euphotic zone, where light is insufficient for photosynthesis to occur, but 

downwelling irradiance (less than 1 % surface light levels) still enables visual predation and 

diurnal/nocturnal cycles to occur (Robinson et al., 2010; Sutton, 2013). Due to the ‘transitional’ 

nature of the mesopelagic, communities display a multitude of trophic behaviours and 

strategies, including organisms feeding on microbes/bacteria (Pond and Ward, 2011), detritus 

(Steinberg et al., 1998; Yamaguchi et al., 2002), phytoplankton (Yang et al., 2016), zooplankton 
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(Lourenço et al., 2017), and nekton (Potier et al., 2007). Some organisms moreover undergo 

daily vertical migrations to feed in surface epipelagic waters at night before returning to deeper 

mesopelagic waters during the day (Klevjer et al., 2016). Ocean ecology therefore has a crucial 

role in the vertical coupling between the surface and deep ocean (Sutton, 2013). 

 

Figure 1.2 Schematic illustrating some of the processes involved in the biological carbon pump. 

Organic carbon is formed by phytoplankton in the epipelagic zone and is grazed by 

heterotrophs. Phytoplankton are repackaged into detritus and faecal pellets, 

passively sink and are further recycled by heterotrophs and microbes. Animals 

perform diel and ontogenetic vertical migration, actively transporting carbon to 

depth. As organisms respire, they convert organic carbon into dissolved inorganic 

carbon (DIC, carbon dioxide - CO2). 

1.2 Role of zooplankton in the biological carbon pump 

1.2.1 Zooplankton passive transport of POC 

Mortality of zooplankton in the epipelagic has been proposed as a contributor to the passive 

export of POC, however, quantifying this process remains difficult due to the challenge of 

distinguishing between carcasses that passively sink into sediment traps and live zooplankton 
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that swim into the trap and subsequently die due to formaldehyde preservatives (Buesseler et 

al., 2007a; Steinberg and Landry, 2017). Zooplankton passively export POC through grazing on 

phytoplankton and repacking this organic matter into faecal pellets, which may act as fast-

sinking agents of the downward flux of POC in the ocean (Turner, 2002). The contribution of 

faecal pellets to the total sinking POC flux is highly variable. The composition and size structure 

of zooplankton communities influence the rate of passive export, with larger zooplankton which 

produce large, dense faecal pellets, suggested to contribute more to passive flux of POC 

(Poulsen and Kiørboe, 2006). The robustness of faecal pellets mean they do not disaggregate as 

easily as other phytodetrital aggregates and have high volume-specific sinking velocities (Ploug 

et al., 2008). Gelatinous zooplankton such as Salpa and Appendicularia, which have high 

filtration rates and produce dense faecal pellets, are moreover observed to play a major role in 

the passive flux of POC during phytoplankton bloom events (Bruland and Silver, 1981; Lalande 

et al., 2011). While most estimates suggest faecal pellets contribute on average 40 % to total 

sinking POC flux (Turner, 2015), this can be as much as 94 % during spring bloom events and as 

little as 1.9 % in autumn (Stukel et al., 2013). Zooplankton also influence the passive export of 

POC by fragmenting larger particles into smaller ones. Small mesozooplankton (< 1 mm), such 

as Oithona spp. and Oncaeidae, are hypothesised to be the primary drivers of the attenuation of 

sinking particles in the upper ocean (Mayor et al., 2014). These animals are considered to be the 

most abundant and ubiquitous multicellular zooplankton in the global ocean (Gallienne and 

Robins, 2001) and the ‘gate-keepers’ of POC flux at the base of the euphotic zone (González and 

Smetacek, 1994; Jackson and Checkley, 2011; Koski et al., 2020). These small, particle-

associated copepods (PAC) are hypothesised to have a “search and destroy” mode of feeding 

as they scavenge for interstitial particle-attached microbes, and as a result inadvertently break 

down large, fast-sinking particles into smaller, suspended ones (Mayor et al., 2020). In turn, this 

makes small, suspended particles hotspots for microbial colonisation - a process called 

microbial gardening (Mayor et al., 2014). In experimental studies, fragmentation of aquaria-

reared Antarctic krill faecal pellets was observed to increase microbial POC turnover by 1.9 

times (Cavan et al., 2021). The breakdown of particles and colonisation by microbes results in 

an estimated 70 – 91 % of remineralisation being carried out by prokaryotes in the twilight zone 

(Giering et al., 2014). Zooplankton-mediated fragmentation contributed to a reduction in 

particle size with increasing depth at the Porcupine Abyssal Plain (PAP) site in the North 

Atlantic, an observation that contrasted with model predictions anticipating a decline in small 

particles with depth due to attenuation processes (Cavan et al., 2017). The discrepancy was 

suggested to partly arise from the models' failure to account for biological fragmentation by 

zooplankton (Cavan et al., 2017). The explicit inclusion of particle-associated copepods (PAC) 

and their effects on sinking POC into a biogeochemical model, such as MEDUSA (Model of 

Ecosystem Dynamics, nutrient Utilisation, Sequestration and Acidification), provided the first 
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mechanistic way of explaining particle flux attenuation and demonstrated that these 

zooplankton may be the main drivers for particle flux attenuation in the mesopelagic (Mayor et 

al., 2020). 

1.2.2 Zooplankton active transport of POC 

Zooplankton active transport describes the component of the BCP whereby POC is directly 

transported from surface waters to the mesopelagic by the vertical movement of zooplankton. 

This includes diel vertical migration (DVM), ontogenetic vertical migration, and mortality of 

migrating species at depth. 

 

Figure 1.3 Schematic of classic (nocturnal) diel vertical migration, whereby zooplankton migrate 

to food rich epipelagic waters at night and migrate to deeper waters during the day 

to reduce risks of visual predation. 

DVM is the daily synchronised movement of zooplankton and micronekton from their daytime 

residence in the mesopelagic zone to the euphotic zone (Figure 1.3), where they feed on 

phytoplankton at night (Steinberg and Landry, 2017). DVM is generally described as a trade-off 

between the need to feed in surface waters where food availability is high and the risks of being 

eaten due to visual predation (Zaret and Suffern, 1976; Hays et al., 1994; Hays, 2003). DVM is 

costly, as migration and residence at depth during the day means zooplankton cannot feed on 

high quality algal cells at this time, therefore counterbalancing this cost is the reduced risk of 
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predation in the mesopelagic from visually orienting animals compared with staying in surface 

waters during the day (Hays, 2003). However, DVM is complex, and is observed to be highly 

variable and dependent on environmental conditions, species composition and developmental 

stage. For example, in periods of extreme bloom events where high food concentrations 

penetrate deeper into the mesopelagic, DVM may be reduced, as deeper residing zooplankton 

do not have to risk going to surface waters to feed, and high food concentrations may offset the 

risk of visual predation for surface-dwelling species. The depth of the mixed layer or deep 

chlorophyll maxima (DCM) has been reported to influence the vertical distribution of 

zooplankton (Harris, 1988). Cook et al. (2023) found limited evidence of synchronised DVM in 

the upper 500 m in the Scotia Sea, with only Metridia spp. and Salpa thompsoni showing 

consistent DVM, and proposed this was due to abundant phytoplankton and excellent feeding 

conditions throughout the water column negating the need to DVM, as has previously been 

observed in the Southern Ocean (Cisewski et al., 2010; Cisewski and Strass, 2016). Smaller 

mesozooplankton may offset the risk of visual predation in surface waters with the advantage of 

increased growth rates due to continuous food availability in surface waters. Indeed, larger 

copepods have been observed to have larger DVM signals than smaller ones, with the former 

being more conspicuous and therefore spending less time in surface waters compared to 

smaller copepods (Barth et al., 2023). DVM by Metridia okhotensis has been observed to change 

with growth and developmental stage, with adult females staying below the permanent 

pycnocline in waters deeper than 300 m except for in April when DVM was relatively active, 

whilst copepodite stages C4 and C5 showed pronounced DVM throughout the year (Takahashi 

et al., 2009). Through DVM, zooplankton may enhance POC flux to the mesopelagic by 

consuming POC at the surface and releasing it at depth as faecal pellets, excreted DOC, and 

DIC, e.g. carbon dioxide, from respiration (Steinberg et al., 2000; Buesseler and Boyd, 2009). 

Respiration by vertically migrating species may be a good means to quantify carbon export by 

DVM, as DIC released at depth from respiration is likely centred around the maximum depth of 

residence, where zooplankton spend the most time during the day (Archibald et al., 2019). 

Unlike POC released as faecal pellets, respiration releases DIC, meaning this carbon is no 

longer bioavailable to use by other heterotrophs. Respiratory carbon flux from migrating 

zooplankton has been observed to range from 2.8 % to 88.3 % of passive POC flux (Longhurst et 

al., 1990; Dam et al., 1995; Zhang and Dam, 1997; Hernández-León et al., 2019b). Such large 

range in DVM respiratory carbon fluxes underscores the varying impact of DVM on carbon flux. 

Some species of zooplankton are also observed to undergo seasonal migration, known as 

ontogenetic vertical migration (OVM). During OVM, zooplankton migrate to deep waters of the 

mesopelagic (500 – 2500 m) at the end of summer and enter a state of diapause – a period of 

dormancy that allows them to conserve energy during food-scarce winter months (Hirche, 1996; 
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Baumgartner and Tarrant, 2017). OVM is most common in herbivorous calanoid copepods of 

mid and high latitudes (temperate/polar regions), such as Calanus finmarchicus (Hirche, 1996), 

C. hyperboreus (Hirche, 1997), C. glacialis (Freese et al., 2016) in the North Atlantic, and 

Calanoides acutus and Rhincalanus gigas in the South Atlantic sector of the Southern Ocean 

(Atkinson, 1991). It is also observed under certain oceanographic conditions such as upwelling 

areas (Arashkevich et al., 1996). The descent of lipid-rich calanoid copepods and metabolism of 

these lipids at depth, termed the ‘lipid pump’, represents an efficient route of active carbon 

transport and sequestration from epi- to mesopelagic waters (Jónasdóttir et al., 2015; Visser et 

al., 2017). Unlike the typical Redfield ratio of organic matter, which has elemental ratios of 

Carbon:Nitrogen:Phosphorus (C:N:P = 1.00:0.15:0.01), lipids have ratios of nutrients to carbon 

which are extremely low (C:N:P = 1:<0.0001:<0.0001) (Jónasdóttir et al., 2015). Because lipids 

are rich in carbon but contain low nutrients, and lipids are actively transported to the 

mesopelagic zone by OVM, the lipid pump results in a decoupling between surface nutrient and 

deep ocean carbon cycling – a process termed the lipid shunt (Jónasdóttir et al., 2015). The lipid 

shunt allows for enhanced carbon sequestration without depleting surface nutrients and 

therefore allows for continued surface productivity that is not dependent on nutrient availability 

for carbon export. In the Southern Ocean, seasonal migration is estimated to annually transport 

65 Mt of carbon to depths beyond 500 m, 80 % of which is transported by mesozooplankton 

(Yang et al., 2025). This equated to 38 – 56 % and 78 – 103 % of POC flux at 500 m and 1000 m 

respectively (Yang et al., 2025).  

Several studies have highlighted discrepancies between the change in sinking POC flux and 

metabolic requirements of resident bacteria and zooplankton in the mesopelagic zone. In the 

subarctic Pacific, bacterial carbon demand (BCD) and zooplankton carbon demand (ZCD) were 

measured to be 10-fold and 3- to 9-fold greater than the POC flux, respectively, while in the 

subtropical Pacific, BCD and ZCD were 3- to 4-fold and 1- to 2-fold greater than the sinking POC 

flux, respectively (Steinberg et al., 2008). These findings suggest alternative sources of POC, 

such as zooplankton vertical migration and carnivory, must be important means by which 

resident biota meet metabolic demands (Steinberg et al., 2008). Maynard (1975) estimated that 

around 57 % of micronekton in Hawaiian mesopelagic waters do not undergo DVM, implying 

reliance on local food sources, such as predation. In the North Pacific, distinct mesopelagic 

layers show peaks in carnivorous zooplankton, with these peaks linked to the presence of large 

populations of ontogenetic vertical migrators which carnivorous zooplankton may feed on 

(Steinberg et al., 2008). Indeed, Mackas and Tsuda (1999) estimated that 33 % of Neocalanus 

plumchrus mortality in the subarctic Pacific occurs between 400 m to 1000 m due to predation 

by small micronekton and chaetognaths. Around 50 % of predation on migrating zooplankton 

occurs in the mesopelagic, suggesting mortality of migrating zooplankton plays a substantial 
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role in the vertical transport of carbon to the mesopelagic. The extent and occurrence of both 

DVM and OVM therefore have important implications for the strength and efficiency of the 

biological carbon pump. Altogether, the mesopelagic migrant pump is estimated to lead to an 

exported carbon sequestration timescale of approximately 250 years (Boyd et al., 2019). 

1.3 Role of mesopelagic fish in the biological carbon pump 

Mesopelagic fish are considered one of the most abundant groups of marine vertebrates in the 

ocean. Although biomass estimates are complicated due to fish net avoidance (Kaartvedt et al., 

2012), estimates using acoustic backscatter and ecosystem-based modelling place estimates 

between 1.8 and 16 gigatons (Irigoien et al., 2014; Anderson et al., 2019; Proud et al., 2019). 

Mesopelagic fish hold an important trophic position in the food web, acting as the link between 

lower (zooplankton) and higher trophic levels (Cherel et al., 2010; Iglesias et al., 2023). Many 

mesopelagic fish have been observed to migrate vertically and perform DVM, residing in deeper 

mesopelagic waters during the day and travelling to shallower epipelagic waters during the night 

to forage (Klevjer et al., 2016; Olivar et al., 2017; Eduardo et al., 2020b). The representation of 

mesopelagic fish as carbon exporters is often over-looked, however studies suggest these 

animals may account for 10 % of primary production via respiration in deep waters (Irigoien et 

al., 2014). Localised studies found mesopelagic fish to contribute 15 – 17 % of carbon flux in the 

top 400m in the northeast Pacific (Davison et al., 2013) and myctophid fish to contribute ~8 % of 

gravitational carbon flux at the mid-Atlantic ridge (Hudson et al., 2014). Recent studies suggest 

mesopelagic fish may be equally as important in active carbon flux as migrating zooplankton 

(Pinti et al., 2023; Getzlaff and Kriest, 2024).  

1.4 Knowledge gaps in resolving zooplankton-mediated carbon 

cycling 

Despite the current understanding that zooplankton are fundamental contributors to the 

biological carbon pump and drivers of particle flux attenuation, they remain one the largest 

uncertainties in marine biogeochemical models used to describe how marine ecosystems will 

respond to climate change, and how this feeds back into the global climate context (Henson et 

al., 2022; Ratnarajah et al., 2023; Rohr et al., 2023; Henson et al., 2024). Uncertainties in 

zooplankton contribution to biogeochemical cycling result from lack of knowledge and 

quantitative data on mesopelagic zooplankton biomass and metabolic rates (Ratnarajah et al., 

2023; Rohr et al., 2023). Until recently, research activity on the mesopelagic zone has been 

comparatively sparse compared to the epipelagic, with studies mainly focussed on microbial 

processes and carbon flux (Hidalgo and Browman, 2019). For example, of the 31.3 million 
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records within Ocean Biogeographic Information System (OBIS), >50 % of marine species 

recorded came from the epipelagic zone, but <20 % from the mesopelagic (Egorova et al., 2025). 

A tenfold decrease in OBIS records has moreover been observed below 200 m (Webb et al., 

2010). These discrepancies are related to difficulties in quantifying zooplankton rate-based 

metabolic processes in-situ in the mesopelagic (Yebra et al., 2017; Menden-Deuer et al., 2021) 

as well as patchiness of biomass measurements (Buitenhuis et al., 2013; Moriarty and O'Brien, 

2013) and inconsistencies due to disparate sampling methodologies (Lombard et al., 2019). 

To resolve uncertainties regarding the role of zooplankton in carbon cycling, we need increased 

knowledge of how zooplankton community composition and trophic ecology changes 

throughout the mesopelagic - that is of who eats what and where – to map out the cycling of 

energy and carbon in the mesopelagic. Quantifying vertically resolved changes in zooplankton 

biomass, magnitude of DVM and metabolic rates (e.g., respiration and ingestion rates) 

throughout the mesopelagic can also help us gain a better understanding of the metabolic 

carbon budgets of these animals,  how this change with depth and hence how these relate to 

observed changes in the flux attenuation of POC. Altogether, resolving the above knowledge 

gaps should increase our understanding of the spatial controls of zooplankton-mediated carbon 

cycling. Improved knowledge of zooplankton physiology, for example copepod diapausing 

behaviour, and the extent that these animals do or do not interact with primary production 

depending on the time of year and developmental stage is important to understand the temporal 

controls of zooplankton-mediated carbon cycling. The mesopelagic is not a homogenous layer 

and can therefore experience strong gradients in environmental conditions such as temperature 

and oxygen (e.g., oxygen minimum zone). These gradients are moreover likely to influence the 

distribution of zooplankton and elicit strong physiological responses and behavioural 

adaptations (Robinson et al., 2010). For, example oxygen minimum zones (OMZ) may act as a 

barrier preventing extensive DVM or lead to variability of vertical distributions depending on 

species-specific behaviours and tolerances to hypoxic waters (Wishner et al., 2013; Tutasi and 

Escribano, 2020; Wishner et al., 2020; Färber Lorda and Färber Data, 2023). 

1.5 COMICS programme 

This thesis has analysed data collected as part of the Natural Environmental Research Council 

(NERC) COMICS programme (Controls over Ocean Mesopelagic Interior Carbon Storage). The 

programme aimed to gain a mechanistic understanding of the key processes controlling carbon 

remineralisation in the mesopelagic, to balance and close the budget of supply and 

consumption of organic matter at discrete layers within the mesopelagic and build new 

parameterisation for mesopelagic remineralisation within IPCC (Intergovernmental Panel on 
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Climate Change) class global biogeochemical models (Sanders et al., 2016). From a 

zooplankton perspective, quantifying the vertical distribution and movement, trophic ecologies, 

and physiological properties such as metabolic requirements and ontogenetic behaviours, is 

key to understanding how these animals influence carbon remineralisation in the mesopelagic. 

COMICS focused on investigating three potential controls over remineralisation depth: 

temperature, oxygen concentration and ecosystem structure. This was done through two 

cruises in contrasting oceanic regions, with the first cruise, DY086, sampling the high 

productivity region downstream of South Georgia in the Scotia Sea (Southern Ocean), and the 

second cruise, DY090, sampling in the northern Benguela Upwelling System, an area with strong 

vertical gradients in dissolved oxygen concentration.  

1.5.1 Scotia Sea 

 

Figure 1.4 (A) Location of South Georgia in the Scotia Sea and the P3 sampling site explored 

during the COMICS DY086 expedition. White lines represent the different water 

fronts in the Scotia Sea, including the Atlantic Polar Front (APF), the Southern 

Antarctic Circumpolar Current Front (SACCF) and the southern boundary of the 

Antarctic Circumpolar Current (SB-ACC). Figure obtained from BAS (2025) (B) Map 

showing the chlorophyll a concentrations (MODIS Aqua) averaged for the study 

period of the COMICS DY086 expedition. Grey arrows indicate altimetry-derived 

geostrophic velocities (AVISO), also averaged for the study period, and the thick 

black lines show the location of the Polar Front (PF) and Southern Antarctic 

Circumpolar Current Front (SACCF). Blue isobaths are the 1000 m and 2000 m 

isobaths (GEBCO). The map was created by L. Gerrish, Mapping and Geographic 

Information Centre, British Antarctic Survey (BAS). Figure obtained from Manno et 

al. (2022). 

(A) (B) 
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The Scotia Sea, in the south Atlantic sector of the Southern Ocean (Figure 1.4A), is bounded by 

the Drake Passage to the west, the South Atlantic Ocean to the north and east, and the Weddell 

Sea to the South. Topographically, it is bounded by the Scotia Arc, a system of island chains and 

submarine ridges including South Georgia and the South Sandwich Islands to the north and 

east, and the South Orkney Islands to the south. Oceanographically, it is dominated by the 

eastward flow of the Antarctic Circumpolar Current (ACC), especially the Southern Antarctic 

Circumpolar Current Front (SACCF) and the Polar Front (PF). The Scotia Sea lies between the PF 

and the SACCF, with the interactions of the currents with the Scotia Sea shelf creating regions 

with high mixing and nutrient upwelling/availability (Kahru et al., 2007). Together with iron input 

from the island shelf (Nielsdóttir et al., 2012), this results in an area of high productivity 

downstream from the northwestern end of the island (Figure 1.4B), supporting large and intense 

phytoplankton blooms and high zooplankton biomass (Korb et al., 2004; Ward et al., 2012b; 

Cook et al., 2023). This contrasts with other areas south of South Georgia and much of the 

Southern Ocean, which are characterised as HNLC zones (High Nutrient, Low Chlorophyll) (Korb 

and Whitehouse, 2004; Korb et al., 2010; Park et al., 2010). The productive area downstream of 

South Georgia has been extensively studied, with time series, such as the British Antarctic 

Survey’s (BAS) Polar Ocean Ecosystem Time Series - Western Core Box (POETS-WCB) running 

since 1996. Although epipelagic and to some extent mesopelagic zooplankton have been 

extensively studied in this area (Ward et al., 2004; Ward et al., 2006; Stowasser et al., 2012; 

Tarling et al., 2012; Ward et al., 2012b; Saunders et al., 2018; Ward et al., 2018), limited studies 

have done this from a vertically-resolved perspective from epi- to mesopelagic waters down to 

500 m.  
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1.5.2 Northern Benguela Upwelling System 

 

Figure 1.5 (A) Map the Benguela Upwelling System (BUS) off the eastern coast of Africa and 

location of the Angola-Benguela front (ABF). Figure obtained from (Ekau et al., 2010) 

(B) Satellite chlorophyll-a concentration (CMEMS GlobColour) as colour shading 

and regional pattern of surface circulation (CMEMS DUACS), both averaged across 

the duration of COMICS DY090 expedition in the northern BUS (nBUS) in June 2018. 

Depth isolines are overlaid in grey and the ship sampling location is marked by the 

yellow star. The red line represents the pathway of a glider deployed over the 

duration of the expedition. Figure obtained from (Lovecchio et al., 2025). 

 

The Benguela Upwelling System (BUS), located off the southwest coast of Africa (Figure 1.5), is 

among the most productive marine ecosystems globally, with an estimated annual primary 

production of 331 – 441 g C m2 y-1 (O'Reilly and Sherman, 2016). The BUS is one of the four major 

eastern boundary upwelling ecosystems (EBUEs) – alongside the California, Humbolt, and 

Canary systems – which play a disproportionately large role in global ocean productivity. 

Despite covering less than 1% of the ocean's surface, EBUEs contribute around 20 % of the 

world’s marine fish catch (Chavez and Messié, 2009). The BUS spans approximately 17 °S to 

34 °S and is bounded by the Benguela Current to the west, the Angola Current to the north, and 

the Agulhas Current to the south (Rae, 2005; Hutchings et al., 2009). It is subdivided into 

northern (nBUS) and southern (sBUS) sectors, separated by the Luderitz upwelling cell at 26 °S 

(Hutchings et al., 2009). The nBUS is furthermore bounded by the Angola-Benguela Front to the 
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north (Figure 1.5). The system is driven by the southeasterly trade wind, inducing Ekman 

transport and resulting in upwelling of cold, nutrient rich waters off the coast of Namibia . The 

nBUS is typified by coastal upwelling with cold waters, high plankton productivity, and moderate 

to high fish biomass (Hutchings et al., 2009). The nBUS is also characterized by periodic 

southward advection of hypoxic, nutrient rich South Atlantic Central Water (SACW) from the 

Angola Gyre, with local oxygen consumption during remineralisation further exacerbating these 

conditions and leading to the formation of a pronounced (semi-permanent) low oxygen zone in 

the mesopelagic zone between 100 – 500 m (Monteiro et al., 2006). The tightly coupled physical-

biogeochemical interactions make the nBUS an interesting site for understanding the effects of 

low oxygen zones on zooplankton vertical distribution, trophic ecology and physiology, and their 

influence on carbon export efficiency. 

1.6 Methods to investigate zooplankton ecology and their role in 

carbon cycling  

A variety of techniques have been used to investigate the trophic ecology and physiology of 

marine ecosystems (Nielsen et al., 2018). In the following section, I introduce the suite of 

complementary techniques used to investigate the knowledge gaps and research themes 

introduced in section 1.4. To understand what contributes to the attenuation of POC flux and 

how carbon is cycled through the mesopelagic, we must determine the trophic interactions 

between zooplankton and POC and among different zooplankton, and how physiology may 

influence the trophic ecology of zooplankton (section 1.6.1). A key factor in understanding the 

impact of zooplankton on the turnover and remineralisation of organic matter in the upper 

ocean is the quantification of their metabolic rates and biomass (section 1.6.2), which enables 

the estimation of metabolic carbon budgets. Lastly, I discuss how zooplankton size structure 

can be used to understand ecosystem functioning and the transfer of energy in an ecosystem 

(section 1.6.3). 

1.6.1 Exploring the trophic ecology and physiology of zooplankton 

A trophic marker is described as a compound which is transferred “metabolically untouched” to 

higher trophic levels and whose origin can be easily traced back to its source. Such markers 

provide vital information on the pathway of energy flow in an ecosystem and help qualitatively 

and quantitively characterise food-web structure. 
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1.6.1.1 Stable isotope analyses 

Trophic levels (TLs) refer to the position of individuals, species or groups of organisms in a food 

web. Bulk nitrogen stable isotope analysis is a widely used technique to describe the trophic 

structure of marine ecosystems (Hobson et al., 1994; Koppelmann et al., 2009; Kürten et al., 

2013; Kim et al., 2023). This technique employs bulk stable isotope ratios of nitrogen, expressed 

as δ15N due to the heavier isotope, 15N, being preferentially retained and accumulated in the 

tissues of organisms compared to the lighter isotope 14N (Miyake and Wada, 1967). This occurs 

during kinetic isotope fractionation whereby the lighter 14N isotope is preferentially used by 

enzymes during amino acid deamination and transamination, resulting in the remaining nitrogen 

pool being enriched in 15N relative to the source (dietary) nitrogen (Macko et al., 1986; Gannes et 

al., 1998). Greater δ15N ratios are therefore expected in consumers higher up the food web. 

Nitrogen is moreover described as having higher accuracy then methods such gut content 

analysis, due to tissue composition reflecting longer-term feeding habits, rather than short-term 

presence of prey in stomach. In marine organisms, the δ15N signatures in tissues of organisms is 

observed to increase in a predictable way at each successive trophic level (Fry, 2006), with 

mean fractionation values of 3-4 ‰ per trophic level (Minagawa and Wada, 1984; Post, 2002), 

although 2.5 ‰ is suggested as the mean fractionation value for herbivores (Zanden and 

Rasmussen, 2001). Fractionation is moreover influenced by diet, with lower trophic 

fractionation observed when consumers eat high-protein diets similar to their own (Mill et al., 

2007; McMahon et al., 2015). Temperature can also affect trophic fractionation, with higher 

temperatures resulting in lower trophic fractionations (Power et al., 2003; Barnes et al., 2007). 

Nitrogen stable isotopes can be used to estimate trophic levels of consumers: 

𝑇𝐿 =
(𝛿15𝑁𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟 − 𝛿15𝑁𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑟)

∆𝑛
+ 1.0 (𝑒𝑞 1.2) 

where 𝛿15𝑁𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟  is the δ15N signature of the consumer of interest, 𝛿15𝑁𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑟  is the 

δ15N of the baseline primary producer of the system, 1.0 is the trophic level of the primary 

producer (Post, 2002), ∆𝑛 is the δ15N enrichment factor per trophic level. However, assumptions 

around what isotopic baseline to use when calculating trophic levels introduces uncertainties 

into calculating trophic levels based on nitrogen stable isotope analysis. In open ocean 

ecosystems, this relates to issues with temporal and spatial variations in the isotopic baseline 

signature of primary producers compared to isotopic signatures of consumers which integrate 

δ15N over a longer time (Post, 2002). Using δ15N of a baseline consumer reduces the influence of 

short-term seasonal changes on baseline isotopic signatures as they have lower isotopic 

turnover rates compared to phytoplankton (Cabana and Rasmussen, 1996). In Southern Ocean 

studies, S. thompsoni is often used as the baseline consumer (Stowasser et al., 2012; 
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Pakhomov et al., 2019). If using a primary consumer as the baseline isotopic value in the above 

trophic level equation (eq 1.2), then the baseline trophic level is changed to 2 instead of 1.  

Bulk carbon stable isotope signatures, expressed as δ13C, are often used to evaluate the 

sources of primary production to the system, with different sources of carbon having different 

δ13C signatures (Hobson et al., 1994; Hobson, 1995). δ13C signatures vary a lot less than δ15N 

across trophic levels (0.5 – 1 ‰) (DeNiro and Epstein, 1978; Fry and Sherr, 1984) and are 

therefore more often used to describe different functional groups based on the source of the 

carbon (Rounick and Winterbourn, 1986). For example, inshore or bottom feeders have enriched 

δ13C signatures compared to offshore/planktonic/pelagic feeders (DeNiro and Epstein, 1978; 

Hobson et al., 1994; Quillfeldt et al., 2015). 

1.6.1.2 Lipid biomarker analyses 

Lipid biomarkers are commonly employed to investigate the feeding ecology and physiology of 

zooplankton (Dalsgaard et al., 2003; Wilson et al., 2010; Pond et al., 2012; Stevens et al., 2022). 

Lipids are vital to organisms and are some of the most important molecules transferred from 

plants to animals in marine food webs (Arts et al., 2001; Parrish, 2013). They play a fundamental 

role in the physiology of animals, notably in the structure and function of cell membranes, as 

precursors of hormones (eicosanoids) and in the storage of energy (Dalsgaard et al., 2003). The 

majority of lipids are composed of fatty acids esterified to another molecule such as a fatty 

alcohol, glycerol, or sphingosine, with this link determining the type of lipid class the fatty acid is 

a part of. 

1.6.1.2.1 Lipid classes 

Fatty acids consist of hydrocarbon chains of various lengths, with one end finishing in a methyl 

group (-CH3) and the opposite end finishing in a carboxyl group (-COOH) (Figure 1.6).  Fatty acids 

can be saturated (carbon atoms linked by single covalent bonds) or unsaturated (carbon atoms 

linked by double bonds). Fatty acids with only one double bond are referred to as 

monounsaturated fatty acids (MUFAs) and those with multiple double bonds as 

polyunsaturated fatty acids (PUFAs). Fatty acid nomenclature is based on the number of carbon 

atoms and number of double bonds. The position of the first double bond is denotated by (n-x), 

counting from the methyl end. For example, the fatty acid eicosapentaenoic acid (EPA) is 

identified as 20:5(n-3), meaning it has 20 carbon atoms and 5 double bonds, with the first 

double bond located after the third carbon atom from the methyl end (Figure 1.6).  
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Wax esters consist of a fatty acid esterified to a fatty alcohol (ALC). Fatty alcohols follow the 

same chemical structure as fatty acids but end with a hydroxyl group (-OH) instead of a carboxyl 

group. Wax esters are a major lipid class in high latitude copepods (Lee et al., 2006).  

Triacylglycerols (TAG) are composed of three fatty acids esterified to a glycerol backbone and 

are the most common form of lipid storage in animals (Lee et al., 2006).  

Phospholipids consist of two fatty acids attached to a glycerol containing a phosphate group. 

This group of lipids is a vital component of biological membranes.  

Sterols do not contain fatty acids, instead they consist of a fused four-ring hydrocarbon core 

structure, with a hydroxyl group at the 3-position of the A-ring and a branched hydrocarbon side 

chain attached at the 17-position on the D ring. The carbon skeleton of a sterols in known  as a 

cyclopentanoperhydrophenanthrene skeleton. 
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Figure 1.6 Chemical structure of key lipid groups. 
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1.6.1.2.2 Fatty acids and alcohol biomarkers 

Fatty acids can either be acquired from the consumer’s diet or internally through de novo 

biosynthesis. Certain fatty acids are biosynthesized by specific bacteria, algae and 

some zooplankton and, when accumulated without modification by consumers, 

can be useful trophic biomarkers (
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Table 1.1). 

Two fatty acids, EPA and docosahexaenoic acid (DHA, 22:6(n-3)), known to be a product of 

photosynthetic processes (although a few benthic deep-sea invertebrates may also 

biosynthesize them (Pond et al., 2002)), are predominantly biosynthesised de novo by diatoms 

and dinoflagellates, respectively, and are considered good biomarkers for sources of herbivory 

(Dalsgaard et al., 2003). The fatty acid 18:1(n-9) is often described as a biomarker of carnivorous 

zooplankton and is commonly used as a putative marker of carnivory due to it being a major 

fatty acid in marine organisms (Dalsgaard et al., 2003). I use the term ‘putative’ here, because 

this fatty acid can be biosynthesized de novo in animals (Dalsgaard et al., 2003), making it 

difficult to tell whether it derives from biosynthesis, is acquired through diet, or both (Mayor et 

al., 2013). Many species of herbivorous calanoid copepods (e.g. Calanoides acutus, Calanus 

hyperboreus, C. glacialis, C. propinquus) biosynthesize the fatty acids 20:1(n-9) and 22:1(n-11), 

which are referred to as herbivorous calanoid biomarkers (Hagen et al., 1993; Kattner and 

Hagen, 1995; Albers et al., 1996; Graeve et al., 2005). These long-chained MUFAs are thought to 

play an important role in the storage of lipids, i.e. energy, of diapausing species (Albers et al., 

1996). Similarly to the herbivorous calanoid fatty acid biomarkers, ALC-20:1(n-9) and ALC-

22:1(n-11) are herbivorous calanoid fatty alcohol biomarkers and together with their fatty acid 

counterparts, form wax ester lipids (Lee et al., 2006). When these fatty acids and alcohols are 

found in other mesozooplankton, it can be deduced that these animals have preyed upon these 

herbivorous calanoid copepods.  
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Table 1.1 Common fatty acids found in pelagic zooplankton and micronekton lipids.  

Lipid 

class 

Biomarker Biomarker source References 

Fatty acid 15:0, 15:1,  

iso- and anteiso C15 

Bacteria (Perry et al., 1979; Volkman et 

al., 1980) 

Fatty acid 16:1(n-7) Diatoms (Mayzaud et al., 1990; Viso and 

Marty, 1993) 

Fatty acid 17:0, 17:1,  

iso- and anteiso C17 

Bacteria (Perry et al., 1979; Volkman et 

al., 1980) 

Fatty acid 18:1(n-9) Zooplankton (Sargent and Falk-Petersen, 

1988; Falk-Petersen et al., 1990) 

Fatty acid 18:4(n-3) Dinoflagellates (Mayzaud et al., 1990) 

Fatty acid 20:1(n-9) Herbivorous calanoid 

copepods 

(Falk-Petersen et al., 1987; 

Kattner and Hagen, 1995; Albers 

et al., 1996; Scott et al., 2002) 

Fatty acid 20:5(n-3), EPA Diatoms (Mayzaud et al., 1990; Viso and 

Marty, 1993) 

Fatty acid 22:1(n-11) Herbivorous calanoid 

copepods 

(Falk-Petersen et al., 1987; 

Kattner and Hagen, 1995; Albers 

et al., 1996; Scott et al., 2002) 

Fatty acid 22:6(n-3), DHA Dinoflagellates (Mayzaud et al., 1990) 

Fatty 

alcohol 

ALC-20:1(n-9),  

ALC-22:1(n-11) 

Herbivorous calanoid 

copepods 

(Falk-Petersen et al., 1987; 

Kattner and Hagen, 1995; Albers 

et al., 1996; Scott et al., 2002) 

1.6.1.2.3 Lipids and physiology 

Although lipid biomarkers can aid in mapping out trophic interactions, mesozooplankton lipid 

signatures are not simply a reflection of what they eat. Instead, lipid signatures can be viewed 

as summation of metabolic processes that store, synthesize or catabolise various lipids to meet 

physiological requirements. Such a mindset of moving away from ‘you are what you eat’ 

towards ‘you are what you don’t respire, excrete or egest’ has been discussed in the context of 

stable isotopes (Mayor et al., 2011). Lipids can give valuable insight into key physiological 
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processes of zooplankton, such as energetic and physiological adaptation of diapausing 

species (Pond, 2012). DHA is essential for the functioning of biological cell membranes, helping 

to maintain membranes in a liquid-crystalline state, allowing transmembrane proteins to move 

and function correctly (Hulbert, 2003; Valentine and Valentine, 2004). In cold and high-pressure 

environments like those in the deep sea, lipids may undergo liquid to solid phase transitions, 

therefore DHA is especially important for migrating mesozooplankton to maintain membrane 

fluidity at depth (Pond et al., 2012). Pond et al. (2014) has indeed reported that the proportion of 

DHA in membrane phospholipids of Calanoides acutus increased with depth, particularly in 

colder waters. Polyunsaturated fatty acids (PUFAs) are also important in buoyancy control, with 

the liquid-solid phase transition of PUFAs at depths greater than 500 m helping buoyant, lipid-

rich copepods achieve neutral buoyancy at depth during diapause (Pond and Tarling, 2011). Due 

to thermal expansion and compressibility, and hence liquid-solid phase transition, solid lipids 

have a greater density than in a liquid state, reducing hydrostatic lift and countering the positive 

buoyancy of large lipid stores (Visser and Jónasdóttir, 1999; Pond, 2012). The Antarctic 

copepod, C. acutus, only initiates descent to depth when lipids have reached 50 % unsaturation 

(Pond and Tarling, 2011), mainly through the acquisition of EPA and long-chained moieties 20:1 

and 22:1. Because EPA and DHA are essential to zooplankton physiology, but cannot be 

biosynthesized at biologically significant rates (Bell et al., 2007), once obtained from dietary 

sources these fatty acids accumulate in the tissues and are conserved between trophic levels 

(Lee et al., 1971). Therefore, although these fatty acids are originally derived from 

dinoflagellates and diatoms, they do not necessarily indicate herbivorous feeding as 

carnivorous zooplankton, which also require fatty acids such as DHA, obtain them from feeding 

on herbivorous species. This highlights how fatty acids are not simply trophic biomarkers but 

may also reflect the life-history and physiological requirements of mesozooplankton. 

1.6.2 Quantifying zooplankton community carbon budgets 

1.6.2.1 Electron Transport System (ETS) activity 

Respiration is an important index of physiological activity and is an essential parameter in 

quantifying carbon fluxes in marine ecosystems. This is because respiratory rates (e.g., oxygen 

consumption) can be converted into carbon dioxide production via the respiratory quotient 

(RQ), which quantifies the volume of carbon dioxide that is released over the volume of oxygen 

taken up during respiration. In marine mesozooplankton, an RQ of 0.9 is often used (Ariza et al., 

2015), that is 0.9 mol of carbon dioxide is produced for every 1 mol of oxygen consumed. 

Respiration rates of mesozooplankton can therefore be used to quantify the respiratory carbon 

flux produced by zooplankton undertaking DVM during daytime residence at depth (Ariza et al., 

2015; Hernández-León et al., 2019a; Hernández-León et al., 2019b). Several methods have been 
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employed to determine respiration rates (oxygen consumption), including live incubation 

experiments measuring time-dependent changes in oxygen concentration (Mayzaud et al., 

2005; Lilley and Lombard, 2015). Although this can give us an understanding of species-specific 

respiration rates, these experiments are time consuming and cannot realistically cover the 

diversity of the ocean. Moreover, direct determination of oxygen consumption through live 

incubation is difficult for deeper-dwelling (e.g. mesopelagic) zooplankton due to damage and 

stress these animals sustain during capture and retrieval, as well as environmental conditions 

(e.g. pressure) in experimental setups not being representative of their natural habitat. All of this 

can therefore result in changes to the physiological state of the studied organisms.  

An alternate approach is to measure the activity of the enzyme system involved in oxygen 

utilisation within an animal. This indirect method of quantifying respiration measures maximal 

potential oxygen consumption by looking at the rate at which the mitochondrial and microsomal 

respiratory electron transport system (ETS) transfers electrons from physiological substrates 

(NADP, NADPH and succinate) to the terminal electron acceptor (Owens and King, 1975; Gómez 

et al., 1996). In a natural system, the terminal electron acceptor is oxygen (O2), however in the 

laboratory, an artificial electron acceptor, tetrazolium salt 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-

phenyltetrazolium chloride (INT), is used to register the electron transmission rate, where 1 

mole of oxygen consumption is equal to 2 moles of INT reduction (Gómez et al., 1996). Oxygen 

consumption can then be converted into carbon production through simple stoichiometry, 

where 22.4L O2 = 12.0 g C and the RQ=0.9. ETS measurements can be taken on samples that are 

immediately frozen upon collection, maintaining the integrity of in situ enzymatic activity and 

thus potential respiration rates of organisms in their natural habitat. ETS moreover has the 

advantage that it can be done for specific species of interests (Bode et al., 2013; Hernández-

León et al., 2019a; Herrera et al., 2019), at a community level, that is for an entire sample of 

zooplankton obtained from nets (Minutoli et al., 2017; Protopapa et al., 2019b), size-

fractionated zooplankton samples (Ariza et al., 2015; Herrera et al., 2017; Cook et al., 2023), 

and at depth discrete intervals (Yebra et al., 2018; Hernández-León et al., 2019a; Hernández‐

León et al., 2024). 

1.6.2.2 Grazing experiments 

Another important factor in understanding zooplankton mediated effects on carbon export, is 

zooplankton grazing rate. The rate at which zooplankton consume phytoplankton mediates the 

transfer of organic carbon to higher trophic levels as well as organic carbon export to deeper 

waters (Steinberg et al., 2008; Boyd et al., 2019). Because zooplankton exhibit considerable 

functional diversity and variable spatial distributions, parameterising grazing rates is incredibly 

difficult and remains the largest source of uncertainty in carbon cycling in marine 



Chapter 1 

57 

biogeochemical models (Rohr et al., 2023). Laboratory and field-based incubation experiments 

can help provide estimates of species-specific grazing rates of mesozooplankton, although 

these can be highly localised in space and time. Mesozooplankton grazing rates can be 

measured using particle-removal experiments (Båmstedt et al., 2000). These experiments 

involve incubating a pre-determined number of mesozooplankton (e.g. 3 Calanus) in 1 L bottles 

with seawater alongside control bottles with no zooplankton. Bottles are incubated for 24 hours 

on a plankton wheel at the in-situ temperature. After this, the microplanktonic community 

before incubation (initial community) is compared to the final community composition and 

abundance at the end of the incubation in both the animal and control bottles (details in 

Chapter 3.3.8.1). Clearance and ingestion rates can then be calculated using the equations of 

Frost (1972), using the initial and final microplankton counts, phytoplankton growth constants, 

and filtration rates of the grazer. 

1.6.2.3 Body size and biomass estimates from imaging technologies 

Quantifying the biomass of zooplankton in the ocean is integral to understanding the cycling of 

carbon as zooplankton biomass is a product of primary production. Moreover, understanding 

where this biomass is located throughout the mesopelagic can help better our understanding of 

where zooplankton are and are not interacting with POC and thus help elucidate the processes 

responsible for carbon cycling.  

The FlowCam Macro (Figure 1.7), manufactured by Yokogawa Fluid Imaging Technologies, is an 

automated bench-top particle size and shape analyser for particles/zooplankton between 150 

µm and 5 mm. It uses flow imaging microscopy to digitally image, count and produce 

morphological data outputs (e.g. length, area-based diameter, area area-based diameter, etc.) 

from the imaged particles. Preserved zooplankton samples, transferred into seawater (rinsed of 

formaldehyde), are pumped through the FlowCam Macro via a high-capacity industrial 

peristaltic pump and pass through a 2 mm or 5 mm flow cell placed in front a microscope lens 

coupled with a high resolution (1920 х 1200 pixel) monochrome digital camera.  
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Figure 1.7. FlowCam Macro set-up. 

The FlowCam VisualSpreadsheet software allows for semi-autonomous sorting and 

classification of collected images using image libraries built by the user and statistical pattern-

recognition algorithms, however, it still relies heavily on manual validation and classification by 

the user. The FlowCam Macro has the advantage over traditional microscopy of rapidly 

providing a digital record of physical samples and collecting a myriad of associated 

morphological data alongside the images used for taxonomical classification (Figure 1.8). Image 

data can then be used alongside count and size data to describe the zooplankton size structure 

of the community. The FlowCam Macro can also be used to calculate zooplankton biomass via 

conversion of image-based area data of zooplankton into dry weight (DW) using published 

regressions (Lehette and Hernández-León (2009); specific details of procedure in Chapter 

4.3.5). 
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Figure 1.8 Workflow summary for processing zooplankton sample through the FlowCam Macro. 

1.6.3 Understanding ecosystem functioning using zooplankton community size 

structure 

In marine ecosystems, body size is considered a “master” trait influencing an organism’s 

physiology (Kleiber, 1932), for instance, small organisms have a larger respiratory contribution 

per unit body mass compared to large organisms (Ikeda, 1966; Herrera et al., 2014). Size also 

influences community structure and predator-prey trophic interactions, as most zooplankton 

are constrained by gape-size, meaning bigger animals will eat smaller ones (Cohen et al., 1993; 

Hansen et al., 1994; Barnes et al., 2010; Andersen et al., 2016). There are some exceptions to 

this rule, with some gelatinous zooplankton such as jellyfish able to feed upon both small and 

large prey. Despite this caveat, size may be a better determinant of understanding trophic 

interactions than species identity, as food preference is observed to change with parameters 

such as life-stage of zooplankton or resource availability (Jonsson and Tiselius, 1990; Vega, 

1999; Holm et al., 2019). Organisms at specific developmental stages may have more in 

common with other species of the same size compared to conspecifics at a different 

developmental stage (Andersen et al., 2016). Size can moreover reflect key functional groups 

e.g., small particle feeders/detritovores (Turner, 2004; Svensen et al., 2011), medium sized 

herbivores (Ariffian et al., 2025), large carnivores (Pakhomov and Perissinotto, 1996; Froneman 

et al., 1998; Olsen et al., 2000). The one measure of size may therefore provide a comprehensive 

representation of ecosystem functioning, something potentially very useful to modelers when it  

comes to parameterising zooplankton in biogeochemical models in a ‘simplistic’ way . Indeed, 
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Andersen et al. (2016) suggest size to be one of the most important traits characterising pelagic 

organisms, and one by which many ecological/physiological traits (e.g. trophic interactions, 

metabolic rates) are controlled. 

1.6.3.1 Normalised biovolume size spectra 

Size spectra describe the size distribution of organisms in ecosystems. The theory predicts an 

inverse relationship between the size and total abundance of organisms on a log -log scale 

(Sheldon et al., 1972; Platt and Denman, 1977; Sprules and Barth, 2016). High abundances of 

small organisms are observed at the bottom of the food web with a progressively decreasing 

abundance of larger organisms up the food web (Figure 1.9A), equating to an equal biomass of 

organisms in each size bin scale (Sheldon et al., 1972; Platt and Denman, 1977). In marine 

ecosystems, this remarkable trend is observed from microscopic/planktonic organisms, all the 

way up to whales (Sheldon et al., 1972; Hatton et al., 2021).  

 

Figure 1.9 (A) Global ocean size spectrum "From bacteria to whales" (Heneghan et al., 2019) on 

a log-log scale. The spectrum is based on Sheldon’s theoretical -1 slope illustrating 

the inverse relationship between abundance and biomass. Each bin shows the total 

abundance of individuals per body mass size class. (B) Normalised biovolume size 

spectrum plot, where (𝑏∆𝑤 in mm3) is the normalised biovolume in each size bin 

(∆𝑤 in mm3) 

Normalised biovolume size spectrum (NBSS; Figure 1.9B), using abundance and biovolume (as 

the unit of size), is commonly used to represent the size structure of zooplankton communities 

(Dai et al., 2016; Dai et al., 2017; De Figueiredo et al., 2025). Parameters of the NBSS, such as 

the elevation of the intercept and the slope, can provide powerful means by which to explore the 

productivity and efficiency of an ecosystem or community. The gradient of the slope and the 

elevation of the intercept on the y-axis represent the overall productivity of the system, with a 
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higher intercept indicative of high system productivity, whereas a low intercept suggests less 

overall productivity of a system. The slope of the NBSS can be used as an index of trophic 

transfer efficiency (TTE) of a community, with a steeper slope indicative of low TTE, i.e. energy is 

lost to the system so supports fewer organisms higher up the food web. By contrast, a shallower 

slope is indicative of a high TTE, i.e. biomass stays high throughout the food web, often 

representing more internal recycling of energy and matter (Zhou, 2006). Size-spectrum theory 

furthermore predicts a slope of -1 in a stable planktonic marine environment, due to only 10% of 

energy/biomass being transferred between trophic levels, from small to large organism 

(Sheldon et al., 1972; Brown et al., 2004). However, empirical data suggest that the shape and 

slope may vary with environmental conditions or community structure (Heneghan et al., 2019; 

Atkinson et al., 2021; Atkinson et al., 2024).  

1.6.3.2 What drives changes in size spectrum shape? 

 

Figure 1.10 Different responses of a normalised biovolume size spectrum to perturbations. The 

dashed line represents the hypothetical NBSS under stable conditions, where the 

slope is approximately -1 on a log-log scale. (1) Changes in the elevation of the 

slope affecting all size classes equally (2) Changes in the slope due to changes in 

the trophic transfer efficiency between size classes (3) Changes in the regularity of 

the slope due to differences in responses to change between size classes. 

Changes to the overall productivity of a marine ecosystem, such as increases or decreases in 

net primary production are likely to result in proportional changes in elevation throughout the 

NBSS (Figure 1.10) as this would influence the baseline energy available to support the overall 

biomass in a community/ecosystem. Similarly, if the system shows universal temperature-

dependent responses of metabolism, then this would also be reflected in proportional changes 

to the elevation of the NBSS (warmer temperature = faster metabolism and energy consumption 

= overall decrease in the amount of biomass that can be supported) (Brown et al., 2004; Yvon-

Durocher and Allen, 2012; Yvon-Durocher et al., 2012; Schramski et al., 2015). In contrast, 
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changes to the slope of the NBSS are expected from factors that affect the interactions across 

size classes. For example, a decrease in the trophic transfer efficiency would result in less 

biomass in the larger size classes compared to the smaller ones. This effect, termed trophic 

amplification has been observed in response to warmer sea temperatures (Chust et al., 2014; 

Ullah et al., 2018; Kwiatkowski et al., 2019). At an ecosystem level, e.g., entire pelagic 

community, changes in the regularity of the slope, often termed as domes and troughs in the 

slope, can be representative of top-down control, with a trough being positioned to the left of a 

dome, i.e. a peak in biomass of the larger size class (Rossberg et al., 2019). On a smaller, scale, 

such as within zooplankton communities, domes are expected to result from factors that affect 

specific size classes or taxonomic or functional groups. For example, in zooplankton NBSS of 

high-latitude environments, high abundances of lipid-storing copepods result in accumulation 

of biomass in larger size classes compared to smaller size classes and hence a dome to form 

(Tarling et al., 2012). Understanding the causes of domes and troughs, their links to community 

function (such as feeding strategies or physiological life-history traits), and how the size 

structure of zooplankton communities change with depth can provide key insights into how 

carbon is acquired and transferred within these communities, and thus how zooplankton-

mediated carbon cycling varies with depth. 

1.7 Objectives of the thesis 

This thesis aims to better understand vertically resolved changes in zooplankton ecology and 

physiology, and how this influences the fate of carbon in the upper ocean using a combination 

of approaches, including lipid biomarkers, stable isotopes, grazing experiments, respiration 

measurements, and size-spectrum analysis.  

This thesis addresses the following key research questions: 

▪ How the physiological ecology of lipid storing copepods could influence carbon budgets 

at different stages of their ontogeny (Chapter 2). 

 

▪ How diel vertical migration (DVM), ontogenetic vertical migration (OVM) and oxygen 

minimum zones (OMZs) are thought to influence the distribution of animals throughout 

the mesopelagic, and the associated consequences for carbon budgets (Chapter 3).  

 

▪ How the relationships between zooplankton size and their trophic/functional ecology, 

and the necessary changes in trophic strategy with increasing depth, causes changes to 

the size structure of mesopelagic zooplankton and associated consequences on carbon 

cycling (Chapter 4). 
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Chapter 2 uses lipid biomarker and nitrogen stable isotope data to resolve the food web 

dynamics and physiological ecology of mesozooplankton in epi- and mesopelagic waters in the 

Scotia Sea (Southern Ocean) during an intense spring diatom bloom. This work specifically 

explored how the lipid-storing copepods interact with ambient particulate organic carbon (POC) 

during the diapausing stage of their ontogeny. This chapter found a decoupling between 

zooplankton feeding dynamics and ambient POC in the upper 500 m and highlights the need to 

account for ontogenetic changes in lipid-storing copepod physiology when quantifying 

zooplankton-mediated biogeochemical cycling. This chapter has been published in Deep Sea 

Research Part I (Savineau et al., 2024). Outputs from this chapter have also been used in a 

companion paper, focussing on POC (Preece et al., in prep), to which I contributed as a co-

author. 

Chapter 3 examines the trophic ecology, physiology, metabolic carbon budget and respiratory 

active carbon flux of mesopelagic zooplankton and micronekton in the northern Benguela 

Upwelling System using lipid biomarkers, stable isotopes, biomass data, grazing experiments 

and respiration measurements via ETS activity. Notably, our study found high biomass of 

mesozooplankton within the lower boundary of the OMZ, highlighting the importance of the OMZ 

as an ecological refuge for many temporary and permanent mesozooplankton residents. In 

contrast, micronekton showed extensive DVM throughout the water column, irrespective of the 

OMZ, but peak biomass distributions either above or below the OMZ. This chapter highlights 

how hypoxia tolerance, DVM behaviour and residence (or not) of animals in the OMZ is likely to 

have a significant influence on the flux of carbon throughout the mesopelagic in marine 

ecosystems with OMZs. 

Chapter 4 examines vertically resolved mesozooplankton size spectra throughout the upper 

500 m of the water column in the Scotia Sea (Southern Ocean) using flow imaging microscopic 

analysis (FlowCam Macro) of zooplankton net samples. This study highlights the influence of 

physiology, particularly copepod OVM and diapause, on the size structure and inferred energy 

flow in high latitude mesozooplankton communities. This chapter provides a new perspective 

on how size and taxonomy can be used to infer depth associated changes in zooplankton 

trophic ecology and demonstrates that high-throughput and semi-autonomous techniques can 

provide a cost-effective alternative to time- and labour-intensive microscopy.  

Chapter 5 discusses the findings of chapters 2 – 4 in the context of how they increase our 

understanding of zooplankton ecology in the mesopelagic and the implications with regards to 

zooplankton-mediated carbon cycling. I moreover identify further knowledge gaps and discuss 

future research priorities.
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2.1 Abstract 

The mesopelagic zooplankton community plays an important role in the cycling and 

sequestration of carbon via the biological pump. However, little is known about the physiology 

and ecology of key taxa found within this region, hindering our understanding of their influence 

on the pathways of energy and organic matter cycling. We sampled the eight most abundant 

zooplankton (Calanoides acutus, Rhincalanus gigas, Paraeuchaeta spp., Chaetognatha, 

Euphausia triacantha, Thysanoessa spp., Themisto gaudichaudii and Salpa thompsoni) from 

within the mesopelagic zone in the Scotia Sea during a sinking diatom bloom and investigated 

their physiological ecology using lipid biomarkers and stable isotopic signatures of nitrogen. 

Data suggest that the large calanoid copepods, C. acutus and R. gigas, were in, or emerging 

from, a period of metabolic inactivity during the study period (November 15 th – December 15th 

2017). Abundant, but decreasing lipid reserves in the predominantly herbivorous calanoid 

copepods, suggest these animals may have been metabolising previously stored lipids at the 

time of sampling, rather than deriving energy solely from the diatom bloom. This highlights the 

importance of understanding the timing of diapause of overwintering species as their feeding is 

likely to have an impact on the turnover of particulate organic matter (POM) in the upper 

mesopelagic. The δ15N signatures of POM became enriched with increasing depth, whereas all 

species of zooplankton except T. gaudichaudii did not. This suggests that animals were feeding 

on fresher, surface-derived POM, rather than reworked particles at depth, likely influencing the 

quantity and quality of organic matter leaving the upper mesopelagic. Our study highlights the 

complexity of mesopelagic food webs and suggests that the application of broad trophic 

functional types may lead to an incorrect understanding of ecosystem dynamics. 

2.2 Introduction 

The biological carbon pump (BCP) refers to the myriad processes that export 

photosynthetically-fixed particulate organic matter (POM) from the ocean’s surface into deeper 

waters (Boyd et al., 2019) where it may subsequently be stored for tens or hundreds of years, 

depending on the depth of remineralisation (Kwon et al., 2009). Zooplankton are known to 

influence the strength of the BCP through numerous processes, including grazing on 

phytoplankton, repackaging POM into faecal pellets, active transport of carbon by diel and 

ontogenetic vertical migration, and fragmentation of sinking particles (Turner, 2015; Steinberg 

and Landry, 2017; Mayor et al., 2020; Anderson et al., 2022). 

Zooplankton in the mesopelagic zone, between ~100 – 1000 m, act as a trophic filter between 

surface productivity and the deep ocean (Giering et al., 2014; Mayor et al., 2014; Mayor et al., 

2020). However, relatively little is known about the physiology and trophic interactions of these 
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animals, hindering our understanding of the pathways of energy and organic matter processing 

in this environment. Zooplankton obtain their food in several ways, including feeding on 

phytoplankton, consuming detritus/sinking particles, or carnivory. Moreover, trophic 

interactions are rarely “black and white”, with zooplankton showing feeding plasticity due to 

both spatial and temporal variability in food availability (Søreide et al., 2008; Moura et al., 2016). 

Stable isotope ratios of nitrogen (δ15N) are commonly used to estimate trophic position as the 

heavier isotope, 15N, is retained and accumulated in the tissues of organisms preferentially over 

the lighter isotope, 14N, with increasing trophic level (Miyake and Wada, 1967). Stable isotope 

analysis allows for the calculation of trophic levels within a food web but does not provide 

information on the specificity of a consumer’s diet and is therefore often conducted in parallel 

with other complementary techniques, such as lipid biomarkers (Protopapa et al., 2019a). Lipid 

biomarkers have widely been used as a tool to investigate the feeding ecology and physiology of 

zooplankton (Dalsgaard et al., 2003; Wilson et al., 2010; Pond et al., 2012; Stevens et al., 2022). 

Fatty acids can be obtained either through the consumer’s diet or de novo biosynthesis. 

Bacteria, algae and some zooplankton biosynthesize specific fatty acids, which can then be 

transferred through the food web and accumulated in lipids of consumers, sometimes without 

modification, making them useful trophic biomarkers. Many species of calanoid copepods 

biosynthesize the fatty acids 20:1(n-9) and 22:1(n-11), which are referred to as calanoid 

biomarkers (Hagen et al., 1993; Kattner and Hagen, 1995). These fatty acids, and their fatty 

alcohol counterparts, are prominent moieties in the wax esters that many calanoid copepods 

use to store energy (Hagen et al., 1993; Lee et al., 2006). Two polyunsaturated fatty acids 

(PUFAs), 20:5(n-3) and 22:6(n-3) (commonly known as EPA and DHA, respectively), are 

predominantly biosynthesised de novo by diatoms and dinoflagellates, respectively, and are 

considered valuable biomarkers for sources of herbivory as they cannot be biosynthesized by 

zooplankton at biologically significant rates (Dalsgaard et al., 2003). Lipids can give insight into 

key physiological processes of zooplankton, such as energetic and physiological adaptation of 

diapausing species (Visser and Jónasdóttir, 1999; Pond, 2012). Vertically migrating zooplankton 

increase the proportion of 22:6(n-3) in their phospholipids in response to increasing pressure 

and decreasing temperature throughout the epi- to mesopelagic (Pond et al., 2014). Fatty acid 

signatures are therefore not simply biomarkers of diet, but rather a reflection of metabolic 

processes that store, synthesize, and catabolise lipids to meet physiological requirements 

(Mayor et al., 2011; Mayor et al., 2013).  

The Scotia Sea is considered to be one of the most productive areas of the Southwest 

Atlantic/Southern Ocean, with large phytoplankton blooms dominated by diatoms (Korb et al., 

2012) and high zooplankton biomass (Atkinson et al., 2004; Ward et al., 2012b). Here, we 

explore the trophic- and physiological ecology of zooplankton from within the mesopelagic 
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region of the Scotia Sea using δ15N and lipid signatures in the eight most abundant and biomass-

dominant taxa. We integrate these data and use them to examine how different diet- and life-

history-related physiologies influence the observed patterns in biomarkers in the different 

animals sampled. We moreover compare zooplankton lipid and stable isotope signatures to 

those of POM (see also Preece et al. (in prep)), to determine the fate of POM within the food web 

during a spring bloom and hence how zooplankton influence the cycling of POM within the epi- 

and upper mesopelagic. 

2.3 Methods 

2.3.1 Sample collection 

This study is part of the COMICS (Controls over Ocean Mesopelagic Interior Carbon Storage) 

programme, which aims to shed light on the processes controlling carbon remineralisation in 

the mesopelagic (Sanders et al., 2016). Samples were collected aboard the RRS Discovery 

during the research cruise DY086 to the Scotia Sea in the Southern Ocean (12 November – 19 

December 2017) in the vicinity of the British Antarctic Survey Scotia Sea open-ocean 

observatory site P3 (SCOOBIES, 52.40 S, 40.06 W)(Giering et al., 2019a). The same station was 

visited 3 times, defined as P3A (15 – 22nd November), P3B (29th November – 5th December) and 

P3C (9 – 15th December). 

Samples for stable isotope analyses of POM were collected in Niskin bottles via a CTD rosette 

deployed at depths approximately corresponding to the sampled net horizon depths (5, 25, 50, 

75, 125, 200, 450 m). Samples were filtered onto pre-combusted (450 °C; 12 hours) 47 mm GF/F 

filters (Whatman glass fibre filter, nominal pore size 0.7 µm) and stored frozen at -80 °C prior to 

analysis. Samples for lipid analyses of POM were obtained using standalone pumps (SAPs) 

deployed within the mixed layer (ML; 0 – 90 m), the upper mesopelagic, 150-170 m (i.e. ca. ML + 

100 m), 250-260 m (ca. ML + 200 m), and 440-460 m. Two size fractions were sampled. Large 

particles (>53 µm) were collected on nylon mesh screens (Nitex; pore size 53 µm; 10 % HCl acid 

cleaned). Small particles (0.7 – 53 µm, <53 µm hereafter) were collected on pre-combusted 

(400 °C; 4 hours) 293 mm GF/F filters (nominal pore size 0.7 µm) located under the nylon mesh 

(Full SAPs filtration protocol can be found in Preece et al. (in prep)). All visible 

zooplankton/organisms were removed from the filters. 

A range of nets were used to capture the vertical distribution of the epipelagic and upper 

mesopelagic (0 – 500 m) mesozooplankton, macrozooplankton and micronekton > 0.3 mm. 

Animals were collected with a combination of RMT 25 (Rectangular Midwater Trawl, 25 m2 net 

mouth, 4 mm cod-end mesh), MOCNESS (Multiple Opening and Closing Net and Environmental 
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Sampling System, 1 m2 rectangular opening, 330 µm (0.33 mm) mesh nets) and Mammoth Net 

(300 µm mesh, 1 m2 opening) (see Appendix A Table A 1 and Table A 2). The nets were deployed 

over a range of discrete depth intervals from 500 m to the surface, deployed either obliquely 

(RMT25 and MOCNESS), or vertically (MAMMOTH). Full net deployment protocols can be found 

in Cook et al. (2023). Once onboard, the net cod ends were immediately transferred into a 

temperature-controlled laboratory (2˚C) and specimens of the eight most abundant 

zooplankton taxa were subsequently picked: Calanoides acutus, Rhincalanus gigas and 

Paraeuchaeta spp. (Calanoida); Chaetognatha; Euphausia triacantha and Thysanoessa spp. 

(Euphausiacea); Themisto gaudichaudii (Amphipoda); and Salpa thompsoni (Salpida). 

Chaetognaths were not identified to species level. Insufficient T. gaudichaudii were collected at 

depths beyond 250 m for analysis. Samples for stable isotope and lipid analyses were stored in 

petri dishes and glass vials, respectively and frozen at -80°C.  

2.3.2 Stable isotope analysis 

Invertebrate specimens were weighed (wet weight), freeze-dried whole and then re-weighed (dry 

weight). Samples were homogenised using an oscillating mill (MM200, Retsch). Isotopic 

analyses were carried out at the Scottish Universities Research Centre (SUERC), East Kilbride, 

Glasgow, UK. Aliquots for nitrogen isotopes were weighed into tin capsules (0.6 – 1mg) and 

measured on a Thermo-Fisher-Scientific (Bremen, Germany) Delta XP Plus Isotope-Ratio Mass 

Spectrometer linked to an Elementar (Hanau, Germany) Pyrocube Elemental Analyser. The 

internal reference materials were GEL (gelatin solution, δ15N= 5.71 ± 0.15‰), ALAGEL (alanine-

gelatine solution, δ15N = 2.52 ± 0.08‰), and GLYGEL (glycine-gelatine solution spiked with 15N-

alanine, δ15N = 23.60 ± 0.12‰), each dried for two hours at 70 °C. The glutamic acid standard 

USGS40 was run four times as independent checks of precision and accuracy. Delta values 

were corrected for instrument drift and linearity. Delta (δ) values are used to express the relative 

difference between the ratios of two stable isotopes, 15N and 14N in organisms, expressed as 

δ15N, compared to the international reference standard for nitrogen isotopes (δ15N of 

atmospheric nitrogen gas). 

Trophic level (TL) was calculated from δ15N following equation 2.1: 

𝑇𝐿 =
(𝛿15𝑁𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟 − 𝛿15𝑁𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟)

∆𝑛
+ 2.0 (𝑒𝑞 2.1) 

where 𝛿15𝑁𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟  is the δ15N signature of the consumer of interest, 𝛿15𝑁𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟  is 

the δ15N of a primary consumer, here assumed to be the herbivorous copepod C. acutus, 2.0 is 

the trophic level of the primary consumer (Post, 2002), ∆𝑛 is the δ15N enrichment factor per 

trophic level (2.5 ‰ for herbivores; Zanden and Rasmussen (2001)). Using δ15N of a primary 



Chapter 2 

69 

consumer allows for reduced susceptibility of short-term phytoplankton seasonal changes 

influencing baseline isotopic signatures (Cabana and Rasmussen, 1996). The use of a 

herbivorous calanoid copepod as the baseline consumer has been suggested as a more 

appropriate method in high-chlorophyll α conditions dominated by diatoms, which often pass 

through other primary consumers, such as salps, undigested (von Harbou et al., 2011; Metfies 

et al., 2014; Pakhomov et al., 2019). 

2.3.3 Lipid analysis 

Zooplankton lipid extractions were carried out on each homogenised freeze-dried (-60°C; 10-2 

mBar) sample (1 – 60mg dry weight) (Cook et al., 2023). A known quantity of an internal standard 

(3 - 10 µgL of 5α(H)-cholestane) was added to each sample, followed by a mixture of 

dichloromethane (DCM) and methanol (9:1; 15 mL). The samples were then sonicated (15 min, 

x2) and the resulting extract was decanted into round bottom flasks. The solvent obtained was 

evaporated to dryness under vacuum using a rotary evaporator at ~30°C. Each sample was then 

passed through a Pasteur pipette filled with anhydrous sodium sulphate using DCM (3 mL). The 

solvent was blown down with nitrogen gas and the samples were stored (-20°C) before 

transmethylation and derivatisation with N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA). 

Lipids from the POM samples were extracted in a similar way (see also Kiriakoulakis et al. 

(2004)). 

Gas chromatography-mass spectrometry (GC-MS) analyses of the total lipid extracts were 

conducted using a GC Trace 1300 fitted with a split-splitless injector and column DB-5MS (60m 

x 0.25mm (i.d.), with film thickness 0.1 μm, non-polar stationary phase of 5 % phenyl and 95 % 

methyl silicone), using helium as a carrier gas (2 mL min-1). The GC oven was programmed after 

1 minute from 60°C to 170°C at 6°C min-1, then from 170°C to 315°C at 2.5 °C min-1 and held at 

315 °C for 15 min. The eluent from the GC was transferred directly via a transfer line (320°C) to 

the electron impact source of a Thermoquest ISQMS single quadrupole mass spectrometer. 

Typical operating conditions were: ionisation potential 70 eV; source temperature 215°C; trap 

current 300 μA. Mass data were collected at a resolution of 600, cycling every second from 50– 

600 Daltons and were processed using Xcalibur software. 

Compounds were identified either by comparison of their mass spectra and relative retention 

indices with those available in the literature, and/or by comparison with authentic standards. 

Shorthand notations of fatty acids and alcohols follows the IUPAC (International Union of Pure 

and Applied Chemistry, hhtp://www.iupac.org) systematic nomenclature ‘n-x’ notation. 

Quantitative data were calculated by comparison of peak areas of the internal standard with 

those of the compounds of interest, using the total ion current (TIC) chromatogram. The relative 
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response factors of the analytes were determined individually for 36 representative fatty acids 

and sterols using authentic standards. Response factors for analytes where standards were 

unavailable were assumed to be identical to those of available compounds of the same class.  

Total lipid concentrations were expressed relative to zooplankton dry weight and nitrogen 

biomass (mg g N-1). Nitrogen biomass was chosen over carbon biomass as amino 

acids/proteins are more representative of metabolically-active tissues than carbon, particularly 

in lipid-rich species (Ikeda, 1988; Ventura, 2006). 

2.3.4 Data analysis 

The relationships between δ15N and depth, δ15N of zooplankton and δ15N of POM and fatty 

acid/alcohol compositions with depth were investigated using linear regression. To deal with 

differences in individual compound concentrations between zooplankton taxa/POM samples, 

quantitative data (individual fatty acids/alcohols) were converted to relative abundances 

(mol%) of total identified lipid. Relative abundances for each lipid class were also calculated by 

summing the concentrations (nmol) of individual moieties into their respective classes and 

dividing each lipid class by the total lipid concentration of the individual zooplankton. The 

relationship between 18:1(n-9) and depth was investigated using linear regression. This fatty 

acid was of particular interest, as it is biosynthesized by animals (Dalsgaard et al., 2003), but 

not phytoplankton, and is therefore representative of zooplankton-sourced materials to the 

particle pool. The influence of POM size fraction (<53 µm vs. >53 µm), time of collection 

(P3A/P3B/P3C) and sampling depth on the composition (mol%) of the 13 most abundant fatty 

acids, which made up >80 % of total fatty acid composition, were examined using redundancy 

analysis (RDA). The influence of zooplankton taxa and time of collection (P3B and P3C; no P3A 

zooplankton lipid data available) on the composition (mol%) of fatty acids were also examined 

using RDA analysis.  The significance of individual model terms were determined using a 

permuted (n=9999) forward selection procedure (Mayor et al., 2013). Fatty acids that accounted 

for <3 % of total fatty acids and missing values for individual taxa were excluded from the RDA 

analysis as RDA sees zero values as similar (Zuur et al., 2007). Fatty acids with single missing 

values were imputed by taking a mean of all other values for the individual taxon and fatty acid. 

Additional RDA analyses were conducted to investigate whether the compositions of lipid 

classes were influenced by the different taxa. All statistical analyses were conducted in the R 

v4.1.3 programming environment (R Core Team, 2022) using the ‘Vegan’ package (Oksanen et 

al., 2020a). Data obtained at the P3 station during each visit is summarised in Table 2.1. 
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Table 2.1. Summary of particulate organic matter (POM) and zooplankton data available at each 

visit of the P3 station in the Scotia Sea, South Georgia. 

 P3A P3B P3C 

POM lipid data ✓ ✓ ✓ 

POM stable isotope data ✓ ✓ ✓ 

Zooplankton lipid data X ✓ ✓ 

Zooplankton stable isotope data X ✓ ✓ 

2.4 Results 

2.4.1 Stable isotope compositions 

The δ15N signatures of POM at P3 ranged between 1.24 ‰ and 8.22 ‰ and became 

progressively 15N-enriched with depth (ANOVA, F=25.1(1,18), p<0.001; Figure 2.1). POM δ15N 

values did not change significantly between the three visits to P3 (ANOVA, F=0.130 (2,17), 

p=0.879). 

The mean δ15N signatures of the zooplankton varied between 3.50 ‰ and 8.97 ‰, with the 

lowest being in the salp S. thompsoni and the copepod R. gigas, followed by the amphipod T. 

gaudichaudii and copepod C. acutus, increasing to euphausiids and chaetognaths and the 

copepod Paraeuchaeta spp. which was most enriched in 15N (Table 2.2; Appendix A Figure A 1). 

The δ15N values of T. gaudichaudii and R. gigas were both correlated with POM δ15N values (F ≥ 

12.76(1, ≥11), p<0.001 in both cases), and depth (F=14.26 (1,11), p=0.003 and F=11.76(1,17), p=0.003 

respectively) whereas all other species were not (p>0.05 in all cases). T. gaudichaudii δ15N 

values increased with depth (y = 45.7x - 199.5; R² = 0.56) whereas those for R. gigas decreased (y 

= -106.5x + 734.6; R2= 0.41) (Figure 2.2). Estimated trophic levels ranged from 3.61 to 5.46 

(Figure 2.3). The lowest trophic levels were found in S. thompsoni and R. gigas, followed by T. 

gaudichaudii, Thysanoessa spp., Chaetognatha, E. triacantha and lastly Paraeuchaeta spp.. 
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Figure 2.1. δ15N signatures of particulate organic matter (POM) in relation to sampling depth at 

station P3 (P3A + P3B + P3C) in the Scotia Sea. The regression line indicates a 

statistically significant (p<0.05) relationship between δ15N of POM and depth. y =-

90.55x (± 50.91) + 62.88 (± 12.55). R2 = 0.58. Standard errors are illustrated either 

side of the regression line and given in brackets next to the equation coefficients. 

Horizontal dotted lines indicate the boundaries of the mixed layer depth (0 – 95 m) 

and the upper mesopelagic zone (MZ) (96 – 200 m) (Giering et al., 2023). 
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Table 2.2. Dry weight (DW, mg), organic nitrogen content per DW (mg N), organic carbon content per DW (mg C), mg of  lipid to DW conte nt (mg lipid g DW-1), 

lipid to organic nitrogen content (mg g N-1) and lipid to organic carbon content (mg g C-1) and δ15N signatures of zooplankton (mean ± standard 

deviation) sampled at the P3 (P3B + P3C) station in the Scotia Sea. One outlier value in the lipids data was removed when cal culating the means for 

T. gaudichaudii due to the value being an order of magnitude larger than the rest of the data. The number of replicates (n) for lipid analyses are 

indicated for each taxa in the top row of each station visit. Replicate sizes for the stable isotope data are indicated withi n the δ15N row for each 

station visit. 

  

Calanoides 
acutus 

Chaetognatha Euphausia 
triacantha 

Paraeuchaeta 
spp. 

Rhincalanus 
gigas 

Salpa 
thompsoni 

Themisto 
gaudichaudii 

Thysanoessa 
spp. 

 n 3 3 3 0 4 1 0 2 

P3B 

 

mg DW 1.9 ± 1.1 7.4 ± 5.0 76.6 ± 43.7 - 3.1 ± 1.2 4.4 - 23.4 ± 6.2 

mg N 0.1 ± 0.06 0.4 ± 0.1 5.1 ± 3.2 - 0.2 ± 0.09 0.2 - 2.2 ± 0.4 

mg C 1.1 ± 0.7 1.6 ± 0.4 40.8 ± 23.6 - 1.7 ± 0.7 0.8 - 9.1 ± 2.9 

mg lipids g DW-1 516.9 ± 117.5 118.8 ± 52.3 100.0 ± 38.5 - 427.3 ± 28.6 43.2 - 154.0 ± 145.0 

mg lipids g N-1 30.6 ± 6.5 8.9 ± 5.8 6.4 ± 1.5 - 25.8 ± 4.7 1.70 - 14.1 ± 12.5 

mg lipids g C-1 289.8 ± 61.1 37.1 ± 25.9 54.9 ± 31.5 - 231.6 ± 25.0 8.0 - 60.9 ± 59.3 

δ15N (‰) 5.4 ± 1.4 
(n=3) 

6.2 ± 0.6 
(n=9) 

6.3 ± 0.9 
(n=12) 

7.3 
(n=1) 

4.9 ± 0.3 
(n=3) 

5.0 ± 1.1 
(n=10) 

5.4 ± 0.1 
(n=4) 

6.3 ± 0.7 
(n=16) 

 n 3 4 2 1 3 1 2 3 

P3C 
mg DW 3.0 ± 0.4 6.5 ± 9.6 45.6 ± 8.1 1.7 4.8 ± 1.4 12.8 6.4 ± 4.1 43.5 ± 52.5 

mg N 0.2 ± 0.02 0.6 ± 0.9 4.8 ± 0.1 0.2 0.3 ± 0.08 0.1 0.5 ± 0.3 4.8 ± 6.3 
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 Calanoides 
acutus 

Chaetognatha Euphausia 
triacantha 

Paraeuchaeta 
spp. 

Rhincalanus 
gigas 

Salpa 
thompsoni 

Themisto 
gaudichaudii 

Thysanoessa 
spp. 

mg C 1.7 ± 0.1 2.4 ± 3.5 19.6 ± 3.2 0.8 2.6 ± 0.9 0.7 2.5 ± 1.7 17.5 ± 21.9 

mg lipids g DW-1 438.7 ± 106.4 61.9 ± 15.3 155.5 ± 16.6 194.1 276.0 ± 42.8 28.3 122.4 ± 36.1 107.8 ± 66.5 

mg lipids g N-1 31.5 ± 5.9 5.8 ± 1.5 16.9 ± 4.4 18.4 18.5 ± 1.0 0.3 9.2 ± 2.4 11.1 ± 7.9 

mg lipids g C-1 245.8 ± 48.4 23.7 ± 7.1 67.2 ± 8.3 93.4 152.7 ± 31.4 1.5 46.4 ± 10.7 42.6 ± 29.1 

δ15N (‰) 7.0 ± 1.7 
(n=5) 

7.1 ± 0.4 
(n=6) 

7.2 ± 0.8 
(n=10) 

7.7 ± 1.5 
(n=2) 

5.1 ± 0.8 
(n=16) 

5.0 ± 0.8 
(n=9) 

6.2 ± 0.8 
(n=9) 

6.2 ± 0.7 
(n=14) 



Chapter 2 

75 

 

Figure 2.2. δ15N signatures of Rhincalanus gigas and Themisto gaudichaudii in relation to depth 

at station P3 (P3B + P3C) in the Scotia Sea. Depth values represent mean depth of 

the net from which specimens were collected from. T. gaudichaudii were collected 

in the upper 250 m, using either a RMT 25 net sampling between 10 – 250 m or a 

MOCNESS net sampling 10 – 62 m (see supplementary figure S2 for details). 

Insufficient T. gaudichaudii were collected at depths beyond 250 m for analysis. The 

regression lines indicate a statistically significant (p<0.05) relationship between the 

δ15N values of the zooplankton and depth (T. gaudichaudii = blue: y = 0.779x (± 

0.218) + 4.106 (± 0.536) (R2 = 0.54); R. gigas = red: y = -0.238x (± 0.066) + 6.268 (± 

0.364) (R2 = 0.44). Standard error values for the equation coefficients are given in 

brackets. Only taxa with significant linear relationships are plotted. Horizontal 

dotted lines indicate the boundaries of the mixed layer depth (0 – 95 m) and the 

upper mesopelagic zone (MZ) (96 – 200 m) (Giering et al., 2023). 
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Figure 2.3. Estimated trophic level for the 8 zooplankton taxa at station P3 (P3B + P3C) in the 

Scotia Sea. The boxplot represents the minimum, maximum, median, first quartile 

and third quartile values. Circles represent outliers. Trophic level was calculated 

from δ15N, assuming a trophic enrichment factor of 2.5 ‰ per trophic level. The 

baseline consumer δ15N signature used to calculate trophic levels was based on the 

mean δ15N of Calanoides acutus (δ15N = 6.38 ± 1.73; asterisk) and a baseline 

consumer trophic level = 2.0 (asterisk). C. acutus δ15N signatures were not affected 

by sampling depth (F=0.002(1,6), p=0.963). 
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2.4.2 Fatty acid signatures of particulate organic matter 

The lipid composition of POM is described in Preece et al. (submitted). Briefly, the fatty acid 

composition (mol%) of the <53 µm POM was dominated by 20:5(n-3), followed by 16:1(n-7) and 

22:6(n-3) (40.7 ± 6.4, 14.5 ± 5.1 and 11.6 ± 5.8 mol% respectively; Table 2.3). The fatty acid 

composition of the >53 µm POM was dominated by 16:1(n-7), 18:1(n-9) and 20:5(n-3) (26.8 ± 

9.3, 15.8 ± 10.7 and 11.2 ± 11.4 mol% respectively; Table 2.3). The percentage of the 18:1(n-9) 

fatty acid in POM increased with depth (Figure 2.4) in both <53 µm and >53 µm size fractions 

(F=8.20(1,20), p=0.009; F=23.6(1,20), p<0.001, respectively). Other fatty acids with percentage 

compositions that increased with depth included 18:2(tr-9) for both size fractions (<53 µm: 

F=7.77(1,20), p=0.011, R2=0.28; >53 µm: F=6.16(1,20), p=0.022, R2=0.24) and 18:0 for the <53 size 

fraction (F=42.6(1,20), p<0.001, R2=0.68; Figure A 2; Table A 3). The percentage composition of 

14:0 decreased with increasing depth in the >53 µm size fraction (F=7.54 (1,20), p=0.012, R2=0.27; 

Figure A 3; Table A 3). No other POM fatty acid changed with depth (Table A 3). 
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Figure 2.4. Relationships between depth and the relative abundance of the biomarker 18:1(n-9) 

(mol%) fatty acid in the <53 µm (filled squares) and >53 µm (filled triangles) size-

fractions of particulate organic matter (POM) sampled at station P3 (P3A + P3B + 

P3C) in the Scotia Sea. This fatty acid is biosynthesized by animals (Dalsgaard, 

2003), but not phytoplankton, and is therefore representative of zooplankton-

sourced materials to the particle pool and more reworked POM. The regression lines 

indicate statistically significant (p<0.05) linear relationships. POM <53 µm (solid 

line): y = 16.06x (± 5.61) + 59.44 (± 43.92) (R2 = 0.29); POM >53 µm (dashed line): y = 

11.08x (± 2.28) + 24.41 (± 43.19) (R2 = 0.54). Standard errors are illustrated either 

side of the regression line and given in brackets next to the equation coefficients. 

Horizontal dotted lines indicate the boundaries of the mixed layer depth (0 – 95 m) 

and the upper mesopelagic zone (MZ) (96 – 200 m) (Giering et al., 2023). 
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Figure 2.5. Fatty acid composition (mol%) of size-fractionated particulate organic matter (POM) 

from station P3 (P3A + P3B + P3C) in the Scotia Sea. Redundancy analysis distance 

triplot of the proportional abundance of each fatty acid for the two particle sizes and 

the continuous variable depth. Each single point refers to a single sample of POM. 

The effect of depth is plotted as a vector (solid black line). The primary and 

secondary sets of axes relate to the individual samples and fatty acid loadings, 

respectively. 

The fatty acid composition of the POM varied as a function of particle size (<53 µm or >53 µm) 

and sampling depth (RDA, F=13.67(1,42), p<0.001 and F=6.34(1,42), p<0.001 respectively; Figure 

2.5; see also Preece et al. (in prep)). Including time of collection (P3A/P3B/P3C) had no effect on 

the model fit (F=1.73(2,42), p=0.073) and was therefore excluded from the model. The final RDA 

model explained 35.4 % of the total variance in the data, with the first and second axes 

accounting for 28.1 % and 7.32 % of the overall variability, respectively. Particle size was 

ordinated across the first axis, with <53 µm and >53 µm POM generally having positive and 

negative values on this axis, respectively. The PUFAs 20:5(n-3), 22:6(n-3) and 16:4, were more 

closely associated with the <53 µm fraction. All other fatty acids were more closely associated 

to the >53 µm POM. 
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Table 2.3. Fatty acid composition (mol%, mean ± standard deviation) of <53 µm and >53 µm POM throughout epi- and mesopelagic waters at station P3 (P3A + 

P3B + P3C) in the Scotia Sea, focusing on the 13 most abundant fatty acids (making up > 80% of fatty acid composit ion). Fatty acid values were 

averaged across 5 depth bins. The number of replicates (n) is indicated for each depth bin. Data reproduced from Preece et al. (in prep). 

 
POM <53 µm POM >53 µm 

Depth bin 
(m) 

5 – 30 
n=5 

49 – 80 
n=5 

150 – 185 
n=6 

250 – 258 
n=3 

448 – 460 
n=3 

Mean 
n=22 

5 – 30 
n=4 

45 – 65 
n=4 

150 – 180 
n=5 

250 – 260 
n=4 

430 – 462 
n=5 

Mean 
n=22 

14:0 2.9 ± 1.6 3.1 ± 0.3 1.8 ± 0.5 1.3 ± 0.6 2.1 ± 0.7 2.2 ± 1.0 4.4 ± 3.3 6.3 ± 3.4 2.2 ± 2.1 2.3 ± 0.7 1.5 ± 1.2 3.2 ± 2.8 

16:0 2.6 ± 0.9 6.4 ± 8.2 3.9 ± 1.4 3.7 ± 0.8 8.4 ± 1.2 4.8 ± 4.2 7.8 ± 6.5 9.4 ± 4.7 4.9 ± 3.2 8.7 ± 3.0 8.7 ± 3.7 7.8 ± 4.2 

18:0 0.2 ± 0.0 0.3 ± 0.1 0.5 ± 0.3 0.8 ± 0.4 3.7 ± 1.9 0.9 ± 1.3 3.1 ± 4.2 1.4 ± 0.5 1.4 ± 0.6 3.1 ± 1.1 3.9 ± 2.1 2.6 ± 2.2 

16:1(n-7) 17.1 ± 
3.6 

13.1 ± 
7.1 

11.4 ± 
6.5 

15.1 ± 
1.9 

17.5 ± 
2.6 

14.5 ± 
5.1 

26.1 ± 
11.8 

36.7 ± 
7.0 

21.5 ± 
10.4 

22.8 ± 
6.2 

28.0 ± 
4.2 

26.8 ± 
9.3 

18:2(n-6) 1.9 ± 1.4 3.0 ± 0.3 2.8 ± 1.2 3.4 ± 1.3 3.5 ± 0.9 2.9 ± 1.1 2.4 ± 1.1 2.3 ± 1.4 2.6 ± 0.4 4.9 ± 5.0 4.1 ± 1.2 3.3 ± 2.3 

18:1(n-9) 2.8 ± 0.4 2.4 ± 0.9 6.0 ± 1.4 11.2 ± 
4.1 

8.8 ± 8.9 6.3 ± 4.8 4.2 ± 1.9 5.9 ± 2.0 18.9 ± 
5.6 

22.3 ± 
9.9 

24.7 ± 
10.1 

15.8 ± 
10.7 

18:2(tr-9) 1.9 ± 0.8 2.7 ± 0.8 3.2 ± 0.4 4.8 ± 1.5 4.1 ± 1.1 3.3 ± 1.4 4.2 ± 3.7 5.5 ± 2.4 4.6 ± 2.1 6.8 ± 1.4 8.0 ± 3.2 5.9 ± 2.9 

20:5(n-3) 
41.0 ± 

5.2 
40.4 ± 

3.1 
47.7 ± 

4.6 
37.3 ± 

5.7 
34.5 ± 

7.0 
40.7 ± 

6.4 
11.7 ± 
12.6 5.3 ± 6.2 

19.1 ± 
16.0 

13.9 ± 
9.6 5.6 ± 6.9 

11.2 ± 
11.4 

20:1(n-9) 2.4 ± 2.8 0.2 ± 0.1 0.3 ± 0.2 2.2 ± 3.2 0.7 ± 0.3 1.2 ± 2.0 0.2 ± 0.4 5.5 ± 6.5 6.9 ± 3.9 5.8 ± 2.5 3.1 ± 1.7 4.4 ± 4.0 

22:6(n-3) 9.1 ± 6.4 11.7 ± 
6.6 

13.3 ± 
7.9 

13.9 ± 
3.8 

10.3 ± 
3.1 

11.9 ± 
5.8 

2.5 ± 4.1 0.6 ± 0.6 5.2 ± 7.5 2.2 ± 
4.40 

1.1 ± 1.7 2.4 ± 4.4 

22:1 2.8 ± 3.4 0.6 ± 0.2 0.9 ± 0.9 0.6 ± 0.6 3.6 ± 3.1 1.6 ± 2.2 6.5 ± 9.9 5.1 ± 5.5 8.1 ± 6.8 3.7 ± 2.5 3.3 ± 2.6 5.4 ± 5.7 
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Table 2.4. Fatty alcohol composition (mol%, mean ± standard deviation) of <53 µm and >53 µm POM throughout epi- and mesopelagic waters at station P3 (P3A 

+ P3B +P3C) in the Scotia Sea, focusing on the 4 most abundant fatty alcohols. Fatty alcohol values were averag ed across 5 depth bins. The number 

of replicates (n) is indicated for each depth bin. Data reproduced from (Preece et al., in prep). 

  POM <53 µm POM >53 µm 

Depth bin 
(m) 

5 – 30 
n=5 

49 – 80 
n=5 

150 – 185 
n=6 

250 – 258 
n=3 

448 – 460 
n=3 

Mean  
=22 

5 – 30 
n=4 

45 – 65 
n=4 

150 – 180 
n=5 

250 – 260 
n=4 

430 – 462 
n=5 

Mean 
=22 

ALC-14:0 1.1 ± 0.9 2.6 ± 
3.0 

1.5 ± 1.1 2.5 ± 3.0 1.0 ± 0.9 1.7 ± 1.9 1.3 ± 1.8 1.1 ± 0.8 6.9 ± 5.4 4.1 ± 2.7 4.2 ± 3.6 3.7 ± 3.8 

ALC-16:0 1.1 ± 1.1 2.8 ± 
3.4 2.8 ± 3.2 4.5 ± 4.1 2.1 ± 1.2 2.5 ± 2.8 1.3 ± 2.1 1.1 ± 1.2 10.4 ± 

4.9 7.0 ± 4.3 10.3 ± 
8.7 6.4 ± 6.3 

ALC-20:1 3.7 ± 4.8 
0.6 ± 
0.7 1.6 ± 2.7 0.9 ± 1.2 0.3 ± 0.5 1.6 ± 2.8 - 1.1 ± 0.8 9.9 ± 7.4 7.6 ± 5.0 4.2 ± 1.7 4.8 ± 5.4 

ALC-22:1 1.7 ± 2.4 0.3 ± 
0.3 

0.1 ± 0.1 0.1 ± 0.2 - 0.5 ± 1.3 2.1 ± 4.1 0.1 ± 0.2 3.9 ± 2.8 1.6 ± 1.9 0.1 ± 0.2 1.6 ± 2.6 
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2.4.3 Fatty acid and alcohol signatures of zooplankton 

Fatty acids made up >60 mol% of the total lipids within each taxa sampled (Table 2.5). The 

relative abundances of monosaturated fatty acids (MUFAs) and PUFAs were similar across taxa, 

with higher amounts of PUFAs compared to MUFAs, apart from Paraeuchaeta spp., which 

contained a greater amount of MUFAs (49.4 mol%) and less PUFAs (9.2 mol%; note only one 

Paraeuchaeta specimen was sampled; Table 2.5). The dominant MUFAs in all taxa were 16:1(n-

7) and 18:1(n-9) (as well as 20:1(n-9) in C. acutus). 20:5(n-3) and/or 22:6(n-3) were the most 

abundant PUFA(s) in all taxa (Table 2.6). Other PUFAs included 16:4, 18:2(n-6) and 18:3(n-5). 

Saturated fatty acids (SFAs), mainly 14:0 and 16:0, made up between 15 - 27 mol% of total lipids 

for all except the three copepod species (C. acutus, R. gigas and Paraeucheta spp.), where total 

SFAs accounted for <8 mol% (Table 2.5). All non-copepod zooplankton taxa had low or 

moderate contributions of fatty alcohols (<12 %; Table 2.5). By contrast, fatty alcohols in the 

three copepod species represented >25 % of the total lipid pool. C. acutus alcohols were 

dominated by unsaturated compounds, specifically ALC-20:1 and ALC-22:1, whereas R. gigas 

alcohols were dominated by saturated alcohols, predominately ALC-14:0 and ALC-16:0 (Table 

2.7). Paraeuchaeta spp. had a more equal distribution of saturated and unsaturated alcohols. 



Chapter 2 

83 

Table 2.5. Lipid class composition (mol%, mean ± standard deviation) of each zooplankton taxa sampled at station P3 (P3B + P3C) in the Scotia Sea. Saturated-, 

monounsaturated- and polyunsaturated-fatty acids are abbreviated as SFA, MUFA and PUFA respectively. The number of replicate samples (n) is 

indicated for each taxon. Replicate samples of C. acutus each contained 5 individuals. Replicate samples of R. gigas each contained 2 individuals. 

All other taxa replicates contained 1 individual per replicate. 

 
Calanoides 

acutus 
Chaetognatha   Euphausia 

triacantha 
Paraeuchaeta 

spp. 
Rhincalanus 

gigas 
Salpa 

thompsoni 
Themisto 

gaudichaudii 
Thysanoessa 

spp. 
 n=6 n=7 n=5 n=1 n=7 n=2 n=3 n=5 

SFA 7.4 ± 0.5 15.5 ± 4.3 20.5 ± 3.5 2.2 2.5 ± 0.7 21.0 ± 4.1 20.1 ± 3.4 26.9 ± 5.5 

Branched Acids 0.2 ± 0.2 0.5 ± 0.2 1.9 ± 0.7 0.6 0.0 ± 0.0 1.4 ± 0.4 0.9 ± 0.5 0.6 ± 0.4 

MUFA 23.7 ± 2.6 26.4 ± 2.9 22.5 ± 4.8 49.4 21.9 ± 1.8 13.6 ± 5.3 25.6 ± 2.7 17.1 ± 2.6 

PUFA 32.4 ± 6.6 45.4 ± 7.4 43.0 ± 10.9 9.2 49.9 ± 3.8 46.7 ± 11.8 42.1 ± 3.5 40.2 ± 11.1 

Saturated 
Alcohols 8.4 ± 0.7 1.5 ± 1.7 5.1 ± 1.4 21.6 20.7 ± 1.8 2.3 ± 3.0 2.0 ± 1.3 0.4 ± 0.3 

Unsaturated 
Alcohols 

27.5 ± 3.3 3.2 ± 6.2 4.4 ± 1.2 16.5 4.6 ± 0.7 9.5 ± 8.7 7.0 ± 3.6 11.6 ± 6.4 

Sterols 0.3 ± 0.2 7.4 ± 3.4 2.3 ± 0.3 0.5 0.6 ± 0.2 5.5 ± 0.7 2.4 ± 1.2 3.2 ± 2.5 

Phytadienes 0.00 0.00 0.4 ± 0.8 0.00 0.00 0.00 0.00 0.00 

Total fatty acids 63.6 ± 7.1 87.3 ± 90.4 86.0 ± 12.4 60.7 74.2 ± 4.2 81.4 ± 13.5 87.8 ± 5.6 84.2 ± 12.7 

Total alcohols 36.0 ± 3.3 4.8 ± 6.5 9.5 ± 1.8 38.1 25.2 ± 1.8 11.8 ± 9.2 8.9 ± 3.8 12.0 ± 6.5 
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Table 2.6. Fatty acid composition (mol% mean ± standard deviation) of the 8 studied zooplankton taxa sampled at station P3 (P3B + P3C) in the Scotia Sea, 

focusing on the 15 most abundant fatty acids included in the RDA model. *The fatty acid 22:1 was tentatively as signed hereafter as 22:1(n-11) based 

on the knowledge of 22:1(n-11) being a fatty acid only biosynthesised by herbivorous calanoid copepods such as C. acutus (Hagen et al., 1993; 

Dalsgaard et al., 2003). The number of replicate samples (n) is indicated for each taxon. Replicate samples of C. acutus each contained 5 

individuals. Replicate samples of R. gigas each contained 2 individuals. All other taxa replicates contained 1 individual per replicate. 

 Calanoides 
acutus 

Chaetognatha Euphausia 
triacantha 

Paraeuchaeta 
spp. 

Rhincalanus 
gigas 

Salpa 
thompsoni 

Themisto 
gaudichaudii 

Thysanoessa 
spp. 

 n=6 n=7 n=5 n=1 n=7 n=2 n=3 n=5 
14:0 7.8 ± 1.3 5.2 ± 4.1 12.7 ± 2.6 1.1 0.9 ± 0.5 12.3 ± 0.4 10.0 ± 2.5 17.9 ± 8.4 
16:0 3.6 ± 0.6 10.7 ± 1.8 9.1 ± 1.7 2.3 2.2 ± 0.5 11.2 ± 0.9 10.8 ± 1.6 12.1 ± 0.5 
16:4 4.5 ± 3.5 1.0 ± 1.2 0.8 ± 1.3 0.2 9.8 ± 0.9 2.0 ± 1.5 1.5 ± 1.0 0.3 ± 0.1 
16:1(n-7) 10.6 ± 0.7 8.9 ± 1.8 6.9 ± 3.8 40.0 14.4 ± 1.7 7.7 ± 0.7 10.4 ± 1.4 4.4 ± 1.0 
18:3(n-6) 2.8 ± 0.6 0.3 ± 0.2 0.8 ± 0.5 0.3 1.7 ± 0.4 1.2 ± 0.5 1.9 ± 0.6 1.4 ± 0.6 
18:4 4.2 ± 2.7 0.6 ± 0.6 0.9 ± 0.4 0.0 4.9 ± 0.5 2.8 ± 0.5 3.4 ± 1.3 0.7 ± 0.3 
18:2(n-6) 2.3 ± 0.4 5.2 ± 4.4 6.5 ± 1.1 3.2 5.6 ± 4.3 2.6 ± 0.3 3.1 ± 0.5 3.3 ± 0.4 
18:1(n-9) 3.3 ± 0.8 8.0 ± 3.4 8.4 ± 3.0 34.1 12.9 ± 1.2 2.2 ± 0.8 6.6 ± 2.8 7.0 ± 0.3 
18:1(tr-9) 0.8 ± 0.3 2.9 ± 1.6 3.8 ± 2.0 1.3 2.1 ± 1.0 2.9 ± 0.8 2.5 ± 0.9 4.5 ± 0.4 
20:5(n-3) 17.9 ± 14.0 16.9 ± 2.1 12.8 ± 1.7 4.2 25.3 ± 3.0 22.1 ± 1.4 18.4 ± 2.2 16.8 ± 3.6 
20:1(n-9) 12.5 ± 2.3 3.1 ± 1.9 2.6 ± 0.6 2.0 0.3 ± 0.1 3.3 ± 3.8 5.4 ± 0.9 2.5 ± 0.6 
22:6(n-3) 8.9 ± 1.6 21.8 ± 5.8 11.5 ± 1.7 4.5 5.2 ± 0.6 18.4 ± 5.9 9.2 ± 6.5 14.2 ± 7.0 
22:1(n-9) 1.9 ± 0.5 2.0 ± 2.3 0.8 ± 0.4 0.1 0.0 ± 0.0 0.9 ± 0.5 0.9 ± 0.1 0.7 ± 0.2 
20:4 2.3 ± 1.2 1.0 ± 1.0 1.0 ± 0.2 0.1 1.0 ± 0.2 0.8 ± 0.4 3.3 ± 3.0 1.2 ± 0.4 
22:1(n-11)* 6.4 ± 1.5 2.7 ± 3.9 1.1 ± 0.6 0.8 0.1 ± 0.1 1.5 ± 2.1 2.0 ± 0.7 1.2 ± 0.3 
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Table 2.7. Fatty alcohol composition (mol% mean ± standard deviation) of the 8 studied zooplankton taxa sampled at station P3 (P3B + P3C)  

in the Scotia Sea, focusing on the 8 most abundant fatty alcohols included in the RDA model. The number of replicate samples (n) is indicated for 

each taxon. Replicate samples of C. acutus each contained 5 individuals. Replicate samples of R. gigas each contained 2 individuals. All other taxa 

replicates contained 1 individual per replicate. 

 Calanoides 
acutus 

Chaetognatha Euphausia 
triacantha 

Paraeuchaeta 
spp. 

Rhincalanus 
gigas 

Salpa 
thompsoni 

Themisto 
gaudichaudii 

Thysanoessa spp. 

 n=6 n=7 n=5 n=1 n=7 n=2 n=3 n=5 

ALC-14:0 11.3 ± 1.0 24.3 ± 16.3 23.0 ± 0.9 30.0 35.2 ± 1.0 5.3 ± 6.2 8.8 ± 3.3 1.3 ± 1.3 

ALC-16:0 11.1 ± 0.6 23.7 ± 16.7 25.1 ± 0.7 23.5 37.4 ± 1.9 6.6 ± 6.1 9.6 ± 2.3 1.7 ± 1.5 

ALC-18:0 0.5 ± 0.3 5.1 ± 6.2 3.8 ± 0.3 0.8 8.0 ± 1.3 1.3 ± 0.6 0.7 ± 0.0 0.6 ± 0.4 

ALC-16:1 6.5 ± 0.8 2.1 ± 2.1 3.9 ± 0.3 8.4 8.5 ± 2.6 2.2 ± 3.0 4.5 ± 2.3 0.9 ± 0.4 

ALC-18:1 2.8 ± 0.9 7.7 ± 10.8 8.0 ± 1.7 13.3 7.3 ± 0.6 3.3 ± 1.2 2.2 ± 0.8 36.7 ± 8.9 

ALC-20:1 41.6 ± 2.4 24.2 ± 19.8 21.4 ± 0.9 6.1 0.7 ± 0.2 58.1 ± 12.9 39.5 ± 2.6 39.9 ± 7.3 

ALC-22:1 24.9 ± 2.2 11.4 ± 9.0 11.5 ± 3.5 6.3 0.5 ± 0.1 12.1 ± 13.6 32.7 ± 4.6 17.8 ± 6.6 

ALC-24:1 0.6 ± 0.3 0.3 ± 0.2 1.4 ± 0.8 6.8 0.8 ± 0.3 10.8 ± 14.4 1.1 ± 0.7 0.2 ± 0.2 
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2.4.4 RDA analysis of zooplankton lipid data 

Taxon identity explained 77.2 % of the total variance in the zooplankton lipid class composition 

data (RDA, F =13.55(7,28), p<0.001; Figure 2.6), with the first and second axes accounting for 

36.0 % and 18.1 % of the variability, respectively. Including time of collection (P3B/P3C) did not 

improve the model fit (F =0.599(1,34), p=0.670) and was therefore omitted. There was a distinct 

separation of the three copepods from the rest of the zooplankton. Copepods had strong 

negative loadings on the first axis and associations with alcohols, unsaturated alcohols and 

MUFAs, while all other species had positive loadings on the first axis and associations with 

sterols and SFAs. R. gigas was strongly associated with saturated alcohols, whereas C. acutus 

and Paraeuchaeta spp. were associated with unsaturated alcohols and MUFAs.  

 

Figure 2.6. Lipid class composition (mol%) of the zooplankton taxa from station P3 (P3B + P3C) 

in the Scotia Sea. Redundancy analysis distance triplot of the proportional 

abundance of each lipid class in each sampled zooplankton taxa and 6 different 

lipid classes. The primary and secondary sets of axes relate to the individual 

zooplankton samples and lipid class loadings, respectively. Each single point refers 

to an individual taxon replicate. 
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Figure 2.7 Fatty acid composition (mol%) of the zooplankton taxa from station P3 (P3B + P3C) in 

the Scotia Sea. Redundancy analysis distance triplot of the proportional abundance 

of fatty acids in each sampled zooplankton taxa and 16 fatty acids. The primary and 

secondary sets of axes relate to the individual zooplankton samples and fatty acid 

loadings, respectively. Each single point refers to an individual taxon replicate. 

Taxon identity explained 73.0 % of the total variance in the zooplankton fatty acid compositional 

data (RDA, F =10.8(7,28), p<0.001), with the first and second axes accounting for 32.7 % and 

21.9 % of the variability, respectively (Figure 2.7). Including time of collection (P3B and P3C) did 

not improve the model fit (F =0.467(1,34), p=0.856) and was therefore omitted. E. triacantha, 

Chaetognatha, Thysanoessa spp., S. thompsoni and T. gaudichaudii grouped together and were 

positively associated with the fatty acids 14:0, 18:1(tr-9), 16:0 and 22:6(n-3), 14:0 and 22:1(n-9). 

Chaetognatha demonstrated a range of both strong positive and negative loadings on the 

second axis, with some individuals being closely associated to 22:1(n-9) and others to 18:1(tr-

9). 

The three copepod species were ordinated away from the other taxa and each other, with C. 

acutus having strong negative loadings on the first axis and positive loadings on the second axis. 

R. gigas had strong negative loadings on both the first and second axes. Paraeuchaeta spp. had 

a strong negative loading on the second axis. C. acutus was particularly associated with 20:1(n-

9), with the composition of this MUFA being higher in C. acutus (12.5 mol%) compared to all 
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other species (<6 mol%; Table 2.6). C. acutus was also closely associated with the PUFAs 

20:5(n-3) and 18:3(n-6), and to a lesser extent 22:1(n-11) and 20:4. R. gigas was particularly 

associated with the short-chained fatty acids 16:4 and 16:1(n-7). Paraeuchaeta spp. was 

strongly associated with 18:1(n-9) and 16:1(n-7).  

2.5 Discussion 

2.5.1 Lipid content of particulate organic matter 

The occupation of station P3 was characterised by a phytoplankton bloom dominated by large 

diatoms, with live, intact cells at depths within and below the epipelagic zone (Manno et al., 

2022; Ainsworth et al., 2023). Lipid composition data of POM are originally presented and 

discussed in detail in Preece et al. (in prep) and reiterated here to facilitate the interpretation of 

the zooplankton data. The dominance of diatom markers 20:5(n-3) and 16:1(n-7) in both POM 

size fractions throughout the water column down to 500 m (Table 2.3) is entirely consistent with 

the occurrence of diatoms at depth. The differences in the fatty acid compositions of the two 

particles size classes (Figure 2.5) were driven by the increased relative abundances of the 

PUFAs, 20:5(n-3) and 22:6(n-3), in the <53 µm samples, and increased relative abundances of 

18:1(n-9), 18:2(tr-9), and 20:1(n-9) in the >53 µm samples. The MUFA 18:1(n-9), which is 

biosynthesized by zooplankton (Dalsgaard et al., 2003), contributed on average 15.8 mol% to 

the >53 µm POM fatty acids, compared to 6.3 % in the <53 µm size fraction (Table 2.3) and 

increased in relative concentration with increasing depth (Figure 2.4). Similar contributions of 

18:1(n-9) in POM have previously been observed (Richoux, 2010), and its increased relative 

abundance with depth suggests that zooplankton-sourced materials become increasingly more 

important in midwater particle pools (Sheridan et al., 2002). The presence of 18:1(n-9) within the 

large POM fraction may moreover be attributed to live particle associated copepods (PAC) too 

small to be removed from the SAPs filters, such as Oithonidae and Oncaeidae (<1 mm). These 

copepods produce large lipid stores that are dominated by 18:1(n-9) as well as the fatty 

alcohols ALC-14:0 and ALC-16:0 and to a lesser extent ALC-20:1(n-9) and ALC-22:1(n-11) 

(Kattner et al., 2003). Indeed, there was an increased contribution of copepod lipids, largely 

unsaturated alcohols, to the >53 µm POM size fraction in the upper mesopelagic possibly 

derived from Oithona (Figure A 3; up to 35 %, Preece et al. (in prep)). This is consistent with the 

idea that small PACs are important in reworking and attenuating sinking POM in the upper 

mesopelagic (Mayor et al., 2014; Koski et al., 2020; Mayor et al., 2020). 
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2.5.2 Trophic ecology of the zooplankton 

The calculated zooplankton trophic levels ranged between 3.6 and 5.5 (Figure 2.3), suggesting a 

degree of trophic overlap within the zooplankton food web. We observed a subtle continuous, 

rather than stepwise, increase in trophic level, with S. thompsoni being at the lowest- and the 

carnivorous copepod Paraeuchaeta spp. at the highest trophic level, respectively. The isotopic 

signatures of copepods were broadly aligned with their trophic ecology inferred from the fatty 

acid analysis. Indeed, the high contributions of 16:1(n-7) and 20:5(n-3) in C. acutus and R. gigas 

suggest diatoms to be a dominant source of food and supports the idea that these species are 

broadly herbivorous (Kates and Volcani, 1966; Kattner et al., 1994; Ward et al., 1996; Falk-

Petersen et al., 1999). The top trophic position of Paraeuchaeta spp. aligns with previous 

studies describing this species as predatory (Øresland, 1991; Øresland and Ward, 1993). 

Isotopic and fatty acid data for the euphausiids were broadly consistent with these species 

being omnivores (Falk-Petersen et al., 1999; Richoux, 2010), as suggested by the presence of 

both phytoplankton and calanoid biomarkers. The high percent contributions of ALC-20:1 and 

ALC-22:1 in both species moreover suggests their feeding on C. acutus (Table 2.7), the most 

abundant copepod. Other Southern Ocean calanoid species such as Calanus propinquus and 

Calanus simillimus also biosynthesize the calanoid biomarkers 20:1(n-9) and 22:1(n-11) (Hagen 

et al., 1993; Ward et al., 1996), however, these species were present in negligible amounts in 

nets during the study period (Cook et al., 2023).  

The δ15N and trophic position of Chaetognatha were similar to those of the omnivorous 

euphausiids, despite them being considered active predators (Pakhomov et al., 1999). 

Chaetognatha fatty acid composition was consistent with other studies; 22:6(n-3) and 20:5(n-3), 

and to a lesser extent 16:0, 16:1(n-7) and 18:1(n-9), dominate the composition of Antarctic 

chaetognaths (Kruse et al., 2010). The calanoid biomarker 20:1(n-9) was observed in high 

proportions in one of the seven individuals sampled and was also abundant in alcohol form 

(Table 2.7), suggesting feeding on C. acutus. The wide array of fatty acids present in 

Chaetognatha may reflect their known behaviour as opportunistic feeders (Froneman and 

Pakhomov, 1998; Froneman et al., 1998).  

The fatty acids of T. gaudichaudii were dominated by 20:5(n-3), 16:0, 16:1(n-7), 14:0 and 22:6(n-

3), in agreement with other studies (Fricke and Oehlenschläger, 1988; Nelson et al., 2001; 

Mayzaud and Boutoute, 2015). The presence of the calanoid biomarker 20:1(n-9), both in fatty 

acid and alcohol forms, indicates feeding on C. acutus or other calanoid copepods. The δ15N 

and estimated trophic level of the amphipod T. gaudichaudii was much lower than expected 

given the species’ known behaviour as a raptorial predator (Pakhomov and Perissinotto, 1996; 

Froneman et al., 2000; Watts and Tarling, 2012). However, other studies have also reported 
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relatively low δ15N signatures in T. gaudichaudii, and together with herbivorous fatty acid 

biomarkers, suggests that this species is likely more omnivorous than previously thought, 

especially in juvenile stages (Stowasser et al., 2012). Interestingly, the δ15N values of T. 

gaudichaudii increased with corresponding increases in δ15N of POM with depth (Figure 2.1, 

Figure 2.2), suggesting that this species may be tightly linked to the ambient food supply at the 

depth of its capture. The increased δ15N signatures with depth may reflect differences in the 

developmental-stage due to vertical ontogenetic partitioning, with younger stages in surface 

waters and older stages (with heavier δ15N) at depth, which is commonly observed in pelagic 

amphipods (Bowman et al., 1982).  

The δ15N signatures of R. gigas decreased relative to increasing δ15N of POM with depth (Figure 

2.1, Figure 2.2), suggesting that this species may not have been feeding directly on ambient 

POM at the depth at which they were captured, but in surface waters. R. gigas has been 

observed to undergo shallow diel vertical migration (DVM) (Atkinson et al., 1992a;b; Conroy et 

al., 2020). However, no pronounced synchronised DVM of zooplankton was observed at the time 

of the study (Cook et al., 2023), suggesting that R. gigas in deep waters may not be feeding in 

surface waters at night. The negative relationship between δ15N signatures of R. gigas and POM 

may be due to the deeper-dwelling individuals being metabolically inactive and therefore not 

feeding on ambient POM. Deeper-dwelling R. gigas collected concurrently with the present 

study had lower specific respiration rates than animals from shallower depths (Cook et al., 

2023), supporting this suggestion. This interpretation is further supported by high, but 

decreasing, lipid levels from visit P3B to P3C (Table 2.2), suggesting the use of internal energy 

reserves (see section 2.5.3). 

2.5.3 Physiological ecology of copepod species 

Differences in lipid and δ15N signatures may reflect important, species-specific aspects of 

zooplankton life cycles and physiological requirements. The lipid class and fatty acid RDA 

analyses revealed a separation between C. acutus, R. gigas and Paraeuchaeta spp. and the rest 

of the zooplankton, with each copepod species forming a distinct cluster (Figure 2.6; Figure 2.7). 

The lipid class RDA (Figure 2.6) and compositional data (Table 2.5) demonstrate that fatty 

alcohols were important for discriminating these copepods from the rest of the species. Fatty 

alcohols are essential in the production of wax esters (WE), which are a major lipid class in 

these animals (Hagen et al., 1993; Graeve et al., 1994; Hagen et al., 1995; Kattner and Hagen, 

1995; Falk-Petersen et al., 1999; Lee et al., 2006; Ward et al., 2012b). The copepods C. acutus 

and R. gigas had higher body lipid content (Table 2.2) compared to the other species, consistent 

with the seasonal production of large lipid reserves in polar non-carnivorous calanoid copepods 

(Hagen et al., 1993; Graeve et al., 1994; Kattner et al., 1994; Falk-Petersen et al., 1999). Large 
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lipid reserves are important in the ontogenetic behaviour of diapausing copepods, which 

migrate to deeper waters to overwinter and use stored lipids to fuel reproductive processes 

(sexual maturation, gonad development, and egg production/spawning) (Hagen and Schnack-

Schiel, 1996) and regulate buoyancy (Pond and Tarling, 2011). C. acutus has a 1-year life cycle 

with intense grazing in spring/summer followed by a descent into deep waters where they 

undergo diapause and become inactive (Marin, 1988; Marin and Schnack-Schiel, 1993). C. 

acutus fatty acids were dominated by the PUFA 20:5(n-3) and the MUFAs 20:1(n-9), 16:1(n-7) 

and 22:1(n-11), in agreement with our understanding of the importance of long-chained 

moieties for diapausing species (Hagen et al., 1993; Kattner and Hagen, 1995; Falk-Petersen et 

al., 1999; Dalsgaard et al., 2003). 

R. gigas did not contain the calanoid copepod markers, 20:1(n-9) and 22:1(n-11), but instead 

was dominated by 20:5(n-3) and short-chained fatty acid and alcohol moieties, in agreement 

with the understanding that fatty acid biosynthesis in R. gigas likely ends with the elongation to 

18:0 and conversion to 18:1 (Kattner et al., 1994; Ward et al., 1996). This contrasts with the wax 

ester composition of C. acutus, which is dominated by esters of 20:1(n-9) or 20:5(n-3) acids 

paired to ALC-20:1(n-9) (Pond and Tarling, 2011; Pond, 2012). R. gigas has been observed to 

have both 1- and 2- year life cycles, and various levels of diapause, with trophic inactivity, semi-

activity and active feeding in winter (Marin, 1988; Hopkins et al., 1993; Marin and Schnack-

Schiel, 1993; Ward et al., 1997; Pasternak and Schnack-Schiel, 2001; Tarling et al., 2007). 

Intraspecific differences in life-strategies are likely related to environmental conditions, with R. 

gigas populations at the southern end of their geographical extent having 2-year life cycles due 

to slow growth rates and harsher environmental conditions (Ward et al., 1997). Given its large, 

but decreasing lipid reserves and low δ15N values, we suggest R. gigas, particularly deeper-

dwelling individuals, at the P3 site in the Scotia Sea were metabolically inactive and using 

internal energy stores – indicative of some form of diapause. This highlights the need to 

understand how animal physiologies influence lipid and δ15N signatures, rather than signatures 

being a reflection of just ecological and feeding dynamics. If overwinter behaviour was not 

considered, the low δ15N signatures and dominance of diatom fatty acid biomarkers in R. gigas 

could be interpreted as their feeding on fresh diatoms from the surface.  

The fate of primary production within the food webs of the epipelagic and upper mesopelagic is 

a major determinant of subsequent carbon sequestration in deeper waters. The different 

physiological ecologies elucidated from the lipid and stable isotope data highlight the 

importance of considering physiology when tracing carbon cycling. Determining the extent to 

which large herbivorous copepod species such as R. gigas and C. acutus undergo overwintering 

and hence do or do not always interact with the spring phytoplankton bloom will influence how 

we represent their role in attenuating the flux of sinking POM in the epi- and upper mesopelagic. 
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Similarly, determining where and on what zooplankton are feeding will increase our 

understanding of how these animals interact with and cycle organic matter. For instance, the 

preferential feeding on fresh, surface-derived POM rather than re-worked particles may modify 

the quality and quantity of organic matter leaving the upper mesopelagic. 

2.6 Conclusion 

The δ15N signatures of particulate organic matter (POM) sampled at the P3 site in the Scotia Sea 

increased with depth, whereas the δ15N signatures of zooplankton species generally did not. 

This suggests a decoupling between the feeding dynamics of zooplankton and ambient POM 

throughout the upper mesopelagic (>500m) at this location. We propose that non-carnivorous 

zooplankton in this region typically prefer to feed on surface-derived POM and not reworked 

particles found in deeper waters. The diatom fatty acid biomarkers, 16:1(n-7) and 20:5(n-3), 

were abundant in POM sampled at all depths, supporting the idea that fresh, surface-derived 

sinking POM was available throughout the epi- and upper mesopelagic, negating the need for 

migration to surface waters to access this material. R. gigas was the only non-carnivorous 

species not to conform to the consumption of diatom-based material throughout the water 

column; its δ15N signature decreased with depth, suggesting that it was not feeding on ambient 

POM at their depth of capture. We suggest that the deeper-dwelling R. gigas and C. acutus were 

likely in the process of emerging from their overwintering physiology and still using stored energy 

reserves, as indicated by their large but decreasing lipid reserves between sampling visit P3B 

and P3C. Fatty acid and alcohol profiles of the non-copepod species were similar and 

characterised by both herbivorous and carnivorous biomarkers, suggesting generalist feeding 

strategies, in agreement with their life-strategies of active year-round feeding. T. gaudichaudii 

showed signs of potential vertical ontogenetic partitioning, with juvenile stages being more 

herbivorous than expected given the predatory nature of this species. Our study highlights the 

complexity of mesopelagic food webs and the importance of taking into account zooplankton 

physiology and suggests that the application of broad trophic functional types may lead to an 

incorrect understanding of ecosystem dynamics.
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3.1 Abstract 

The biological carbon pump (BCP) plays a critical role in sequestering atmospheric carbon 

dioxide (CO₂) by exporting particulate organic carbon (POC) from surface to deep ocean layers. 

However, the mesopelagic zone, where most POC attenuation occurs, remains poorly 

understood, particularly regarding the roles of mesozooplankton and micronekton in POC 

transformation and vertical carbon flux. This study characterized the trophic and physiological 

ecology, vertical distribution, diel vertical migration (DVM), and metabolic rates of 

mesozooplankton and micronekton from 0 – 750 m in the northern Benguela Upwelling System 

(nBUS), with a focus on interactions with the oxygen minimum zone (OMZ, <60 µmol/kg, ~200 – 

450 m). Mesozooplankton biomass showed a bimodal distribution with peaks in biomass in the 

top 60 m of the water column and again within the OMZ between 250 – 500 m and showed no 

consistent synchronised DVM of biomass. The OMZ notably played an important role as a refuge 

from predation for both mesozooplankton temporary residents and permanently residing 

diapausing copepods. Micronekton performed extensive DVM, inhabiting surface waters at 

night and retreating below the OMZ during the day. While micronekton generally performed 

extensive DVM across the OMZ, OMZ expansion hindered DVM in Decapoda spp., highlighting 

the impacts of OMZs as a barrier to the vertical movement of some taxa. Our results moreover 

show that mesozooplankton and micronekton play a central role in the processing of carbon in 

the mesopelagic and within the OMZ, with elevated C:N ratios and animal-derived lipid 

signatures indicating significant heterotrophic reworking of POM.  

3.2 Introduction 

The ocean’s biological carbon pump (BCP) plays a central role in regulating atmospheric  carbon 

dioxide (CO2) concentrations (Parekh et al., 2006) by exporting organic carbon from surface to 

deep waters. The BCP is mainly driven by the production of particulate organic carbon (POC) in 

surface waters and subsequent transformation and remineralisation back into CO2 by biological 

processes throughout the water column. The depth to which organic carbon reaches before 

being remineralised by organisms is key to determining the strength of the BCP, with deeper 

depths resulting in longer sequestration of carbon (Kwon et al., 2009; Stukel et al., 2023). 

However, POC flux is observed to attenuate most rapidly in the mesopelagic zone, that is, 

between the bottom of epipelagic productive waters and 1000 m (Buesseler et al., 2007b). 

Mechanistically understanding the processes responsible for POC flux attenuation remains a 

major challenge in oceanography.  
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Metazoans such as zooplankton and micronekton are key contributors to the BCP. Zooplankton 

particle fragmentation, whereby zooplankton breakdown large particles into small suspended 

ones is thought to be the primary driver of POC attenuation and subsequent colonisation and 

remineralisation by microbes (Giering et al., 2014; Mayor et al., 2014; Mayor et al., 2020). 

Zooplankton may act passively via repackaging of slow sinking POC into dense, fast sinking 

faecal pellets, and actively via grazing on POC and vertical migration, which transports carbon 

from surface waters to deeper waters (Steinberg and Landry, 2017). Diel vertical migration 

(DVM), whereby animals reside in deeper waters during the day and migrate to surface waters at 

night to feed, can enhance carbon export by transporting surface-derived carbon to depth, 

where a fraction of it is excreted, egested as faecal pellets or respired back into CO2 (Jónasdóttir 

et al., 2015; Steinberg and Landry, 2017). Carbon flux from migrating zooplankton respiration 

alone has been quantified to account for 2.8 % to 88.3 % of passive POC flux (Longhurst et al., 

1990; Dam et al., 1995; Zhang and Dam, 1997; Hernández-León et al., 2019b), and DVM is 

estimated to increase global carbon flux by 14 % (Archibald et al., 2019). DVM is widely 

observed across trophic levels of zooplankton, micronekton and mesopelagic fish (Bandara et 

al., 2021; Marohn et al., 2021) and provides a link between epi- and mesopelagic zones and 

higher trophic levels (Davison et al., 2013; Anderson et al., 2019; Iglesias et al., 2023). 

Understanding the vertical trophic ecology and physiology of mesozooplankton and 

micronekton, e.g., where they eat, what they eat, how much they eat, the depth at which they 

reside, how much they respire, and whether they perform DVM is therefore vital to 

understanding controls of carbon remineralisation in the ocean. 

Despite clear consensus that mesopelagic zooplankton and micronekton are important to the 

BCP, the magnitude of contribution that these animals make to downward carbon flux is still 

uncertain. These uncertainties arise due to variability in sampling techniques for biomass 

estimates (Irigoien et al., 2014; Underwood et al., 2020), inter-taxa variability in DVM (Antezana, 

2009; Barth et al., 2023), intra-taxa variability in vertical distribution due to ontogeny (Hidalgo et 

al., 2005), difficulties in measuring in-situ metabolic rates in the mesopelagic (McMonagle et al., 

2023), and the influence of hydrography and seasonality on their abundance, composition, 

physiology and DVM behaviour (Cisewski et al., 2010; Bode et al., 2014; Tutasi and Escribano, 

2020; Cotté et al., 2022; Liu et al., 2022; Wiebe et al., 2023; Baker et al., 2025). The lack of a 

mechanistic understanding of these processes makes it difficult to accurately parametrise and 

represent POC remineralisation in biogeochemical models – which further affects our ability to 

reliably predict future ocean carbon storage and concomitant effects on climate.  

The COMICS (Controls over Ocean Mesopelagic Interior Carbon Storage) programme aimed to 

shed light on the processes controlling mesopelagic zone remineralisation (Sanders et al., 

2016). Part of this programme focussed on exploring the role of dissolved oxygen (DO) 
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concentration in carbon export via the effects of low DO on metazoan physiological rates and 

DVM behaviour. DO concentration is thought to be an important control of interior ocean POC 

remineralisation, with Henson et al. (2012) demonstrating a reduction in mesopelagic 

remineralisation in low DO concentrations. Oxygen minimum zones (OMZs) have moreover 

been observed to experience high POC export (Van Mooy et al., 2002; Roullier et al., 2014; Keil et 

al., 2016). The Benguela Upwelling System (BUS), located off the southwest coast of Africa, is 

among the most productive marine ecosystems globally, with an estimated annual primary 

production of 331 – 441 g C m2 y-1 (O'Reilly and Sherman, 2016). The northern BUS (nBUS) is 

typified by coastal upwelling with cold waters, high plankton productivity, and oxygen depleted 

waters (Hutchings et al., 2009).  

Hypoxic waters (<60 µmol O₂/kg, OMZ) constitute stressors for marine organisms, inducing 

physiological stress affecting metabolism, growth, and reproduction (reviewed by Roman et al. 

(2019)). Calanoid copepods have been observed to change their vertical distribution, depth of 

maximum occurrence, extent of DVM, and depth of diapause in response to the depth and 

intensity of the OMZ (Wishner et al., 2020). Within the Eastern Tropical North Pacific OMZ, 

anoxic waters resulted in trophic partitioning of the pelagic food web, with zooplankton and fish 

below the anoxic core having greater δ15N signatures, suggesting these animals were positioned 

higher up the food web (Gutiérrez-Bravo et al., 2025). Tao et al. (2022) found the OMZ to act as a 

barrier to most species, preventing DVM through the entire water column, but also acting as a 

refuge and ecological niche for certain species adapted to low oxygen levels. In the Humboldt 

current, up to 60 % of krill have been observed to migrate into the OMZ during the day 

(Riquelme-Bugueño et al., 2020). Seasonal ontogenetic vertical migrators, such as Eucalanus 

inermis have been observed to remain in constant low-oxygen habitats during diapause, likely 

as a predator avoidance mechanism (Wishner et al., 2020). DVM behaviour is moreover 

suggested to exert control upon OMZs, with respiration by migrating animals intensifying 

oxygen-depletion in the upper layer of OMZs (Bianchi et al., 2013). In the context of vertically 

expanding oxygen minimum zones (OMZs) (Stramma et al., 2010), as observed in the nBUS over 

the past decades (Stramma et al., 2008), quantifying the vertical distribution, DVM behaviour, 

trophic ecology and metabolic rates of mesozooplankton and micronekton in OMZ waters is 

integral to understanding how ocean biology and DO influences mesopelagic biogeochemistry.  

Here, we address the effects of DO on the trophic ecology and physiology of mesozooplankton 

and micronekton inhabiting epi- and mesopelagic waters of the nBUS and subsequent effects 

on carbon cycling. Vertically stratified day and night depth profiles of mesozooplankton and 

micronekton biomass were collected down to 750 m to determine the extent of DVM and effects 

of DO on vertical biomass distributions. The trophic and physiological ecology of 

mesozooplankton and micronekton was investigated using stable isotope analyses of carbon 
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and nitrogen and lipid biomarkers to determine the movement of carbon within the ecosystems. 

The respiration rates of mesozooplankton and micronekton were measured using Electron 

Transport System (ETS) activity to determine metabolic respiratory carbon demands. Grazing 

experiments were conducted for the most common Copepoda species covering a range of 

different functional types. Biomass, grazing and respiration data were used to generate a carbon 

budget for mesopelagic zooplankton and micronekton communities and quantify active carbon 

export.  

3.3 Methods 

This study is part of the COMICS programme, which aims to shed light on the processes 

controlling carbon remineralisation in the mesopelagic (Sanders et al., 2016). Samples were 

collected aboard the RRS Discovery during the DY090 research cruise, which targeted the low 

oxygen region offshore Namibia (23rd May – 28th June 2018) in the northern Benguela Upwelling 

System region in austral autumn (Henson et al., 2018). Sampling was focused at station BN 

(Benguela North, 18S, 11E), where three station cycles, defined as BN1 (1 st – 7th June), BN2 (8 – 

13th June) and BN3 (14 – 19th June) were completed. 

3.3.1 Environmental data 

Vertical profiles of temperature were obtained from Conductivity-Temperature-Depth (CTD) unit 

(SBE 9 plus) deployments. Oxygen data were collected using an SBE 43 dissolved oxygen sensor 

mounted on the ship’s CTD frame. Oxygen sensor data were calibrated against dissolved oxygen 

concentration in water samples obtained from the CTD Niskin bottles and measured using the 

Winkler titration method (Henson et al, 2018). Temperature was measured using an SBE 3P 

temperature sensor. Fluorescence, used as a proxy for chlorophyll-a, was measured using a 

CTG Aquatracka MKIII fluorometer. CTD fluorescence was calibrated against Niskin bottle 

chlorophyll-a concentration samples collected concurrently with the CTD. 

3.3.2 Particulate organic matter (POM) sample collection 

Water samples for stable isotope analyses of POM were obtained via Niskin bottles attached to 

a CTD rosette. Samples were collected in surface waters and depths covering the net horizons 

(5, 25, 50, 75, 100, 200, 450, 750 m). Samples were filtered onto pre-combusted (450 °C; 12 h) 

47 mm GF/F filters (Whatman glass fibre filter, nominal pore size 0.7 μm) and stored at -80 °C 

prior to analysis. 
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Samples for lipid analyses of POM were obtained using standalone pumps (SAPs) deployed 

within the mixed layer (ML; top 35 – 50 m), the base of the ML (35 – 50 m), 100 m, 250m, and 500 

m. Two size fractions were sampled. Large particles (>53 µm) were collected on nylon mesh 

screens (Nitex; pore size 53 µm; 10 % HCl acid cleaned). Small particles (0.7 – 53 µm, <53 µm 

hereafter) were collected on pre-combusted (400 °C; 4 hours) 293 mm GF/F filters (nominal 

pore size 0.7 µm) located under the nylon mesh. All visible zooplankton/organisms were 

removed from the filters. After filtering, samples were folded, wrapped in foil and frozen at -

80 °C for later analysis. 

3.3.3 Mesozooplankton and micronekton 

3.3.3.1 Net sampling 

A range of nets were used to capture the vertical distribution of epipelagic and mesopelagic (0 – 

750 m) mesozooplankton and micronekton communities. Animals were collected with a 

combination of RMT25 (Rectangular Midwater Trawl, 25 m2 net mouth, 4 mm mesh), a Multiple 

Opening-Closing Net and Environmental Sampling System (MOCNESS) net (330 µm, 1m2 

rectangular opening), a Hydrobios Mammoth MultiNet (fitted with either nine 300 µm mesh nets 

(Mammoth-300 hereafter) or four 100 µm mesh nets (Mammoth-100 hereafter), and a Bongo net 

(100 µm, 53 cm diameter ring openings). The nets were deployed over a range of discrete depth 

intervals from 750 m to the surface, deployed either obliquely (RMT25 and MOCNESS), or 

vertically (Mammoth-300, Mammoth-100 and Bongo). The RMT25 had two nets with 

independent opening/closing mechanisms. Throughout the expedition, two RMT25 

deployments were made per station, with the first deploying from 750 – 500 m and 500 – 250 m, 

sampling for 40 minutes per net. The second deployment was made from 250 – 125 m and 125 – 

10 m, sampling for 20 minutes per net. The MOCNESS opening/closing mechanisms failed 

during DY090, therefore for all deployments only one net was towed open from 0 – 125 m and 

back to the surface. The Mammoth-300 was consistently deployed at preset opening/closing 

depths dividing the water column into the following intervals: 750 – 625, 625 – 500, 500 – 375, 

375 – 250, 250 – 187, 187 – 125, 125 – 62, 62 – 31, 31 – 5 m. The Mammoth-100 was consistently 

deployed at preset opening/closing depths dividing the water columns in the following intervals: 

750 – 500, 500 – 250, 250 – 125, 125 – 5 m. Bongo nets were deployed to 120 m. All nets were 

deployed during both the day and night. An infographic of how all the nets were deployed, and at 

which depths, is illustrated in Figure 3.1. Full net sampling protocol can be found in the DY090 

cruise report (Henson et al, 2018). Once onboard, the net cod ends were immediately 

transferred into a temperature-controlled laboratory (8 °C) for sample handling. A summary of 

the animals caught in the different nets can be found in Appendix B Table B 1. 
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Figure 3.1 Schematic of zooplankton and micronekton nets used during this study and their 

respective depth profiles. Mean oxygen concentration (µmol/kg) depth profiles 

during each station visit (BN1-BN3) in the northern Benguela Upwelling System. 

Vertical red line represents the cut-off for hypoxic waters defined as oxygen 

concentrations < 60 µmol/kg. 

3.3.3.2 Sample handling 

MOCNESS catches were split into two aliquots, with one half of the catch being retained in 4 % 

borax buffered formaldehyde for biomass analysis and the remaining half being used to pick 

animals for stable isotope, lipid and ETS analyses. Mammoth-300 catches were split into two 

aliquots, using a Folsom plankton splitter, with one half being preserved in 4 % borax buffered 

formaldehyde for biomass analysis and the second aliquot being filtered onto pre-ashed 47 mm 

GF/F filters for Electron Transfer System (ETS) activity analysis and frozen at -80 °C. Mammoth-

100 catches were split into four aliquots and preserved for ETS analysis (1/4, liquid nitrogen, -

80 °C), stable isotope analysis (1/4, -80 °C), biomass (1/4, 4 % borax buffered formaldehyde). 

Bongo catches were divided in two, with the entire content of one of the Bongo cod-ends being 

preserved in 4 % borax buffered formaldehyde, and the other cod-end catch being size 

fractionated (100 µm, 200 µm, 500 µm, 1000 µm, 2000 µm), filtered onto a GF/F and frozen at -

80 °C for subsequent ETS activity analysis. RMT25 catches were processed to record total wet 

weight (WW) in each net haul. The most common individual macrozooplankton, squid, and fish 

were identified to species level where possible, and number of animals taken for ETS and stable 
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isotope analysis were weighed and recorded. Specimens for stable isotope analysis and lipid 

analysis were frozen at -80 °C and samples for ETS were flash-frozen in liquid nitrogen and 

stored at -80 °C. The mean individual WW of micronekton species were calculated using the 

total WW and total abundance for each species. The remainder of the catches were preserved 

in 4 % borax buffered formaldehyde.  

3.3.4 Stable isotopes analyses 

Animal specimens were weighed (wet weight), freeze-dried whole and then re-weighed (dry 

weight). Samples were homogenised using an oscillating mill (MM200, Retsch). To prevent lipid 

associated bias in δ13C measurements (Post et al., 2007) tissue samples were split and the 

aliquot used for carbon isotope measurement was delipidated. Lipid was extracted using a 

solvent mixture of chloroform:methanol (2:1) (several washes until the solution appeared clear). 

Samples were then rinsed with distilled water and oven-dried for 24 hours at 50 °C prior to 

isotope analysis. 

Filters containing particulate organic matter (POM) were freeze-dried and split into two halves. 

To remove inorganic carbon, the filter halves intended for carbon isotope measurements were 

fumed for 24 hours with 37 % HCL in a desiccator and then oven-dried at 50 °C for 24 h. 

Isotopic analyses were carried out at the Scottish Universities Research Centre (SUERC), East 

Kilbride, Glasgow, UK. Aliquots for nitrogen isotopes were weighed into tin capsules (0.6 – 1 mg) 

and measured on a Thermo-Fisher-Scientific (Bremen, Germany) Delta XP Plus Isotope-Ratio 

Mass Spectrometer linked to an Elementar (Hanau, Germany) Pyrocube Elemental Analyser. 

The internal reference materials were GEL (gelatin solution, δ15N= 5.71 ± 0.15 ‰), ALAGEL 

(alanine-gelatine solution, δ15N = 2.52 ± 0.08 ‰), and GLYGEL (glycine-gelatine solution spiked 

with 15N-alanine, δ15N = 23.60 ± 0.12 ‰), each dried for two hours at 70 °C. The glutamic acid 

standard USGS40 was run four times as independent checks of precision and accuracy. Delta 

(δ) values were corrected for instrument drift and linearity. δ values are used to express the 

relative difference between the ratios of two stable isotopes, e.g., 15N and 14N in organisms, 

expressed as δ15N, compared to the international reference standard for nitrogen isotopes (δ15N 

of atmospheric nitrogen gas). 

3.3.5 Lipid analyses 

Zooplankton and micronekton lipid extractions were carried out on each homogenised freeze -

dried (-60 °C; 10-2 mBar) sample (1 – 60 mg dry weight). A known quantity of an internal standard 

(3 - 10 µgL of 5α(H)-cholestane) was added to each sample, followed by a mixture of 

dichloromethane and methanol (9:1; 15 mL). The samples were then sonicated (15 min, x2) and 
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the resulting extract was decanted into round bottom flasks. The solvent obtained was 

evaporated to dryness under vacuum using a rotary evaporator at ~30 °C. Each sample was then 

passed through a Pasteur pipette filled with anhydrous sodium sulphate using dichloromethane 

(3 mL). The solvent was blown down with nitrogen gas and the samples were stored (-20 °C) 

before transmethylation and derivatisation with N,O-bis-(trimethylsilyl)trifluoroacetamide 

(BSTFA). Lipids from the POM samples were extracted in a similar way (Kiriakoulakis et al., 

2004). 

Gas chromatography-mass spectrometry (GC-MS) analyses of the total lipid extracts were 

conducted using a GC Trace 1300 fitted with a split-splitless injector and column DB-5MS (60 m 

x 0.25 mm (i.d.), with film thickness 0.1 μm, non-polar stationary phase of 5 % phenyl and 95 % 

methyl silicone), using helium as a carrier gas (2 mL min-1). The GC oven was programmed after 

1 minute from 60 °C to 170 °C at 6 °C min-1, then from 170 °C to 315 °C at 2.5 °C min-1 and held 

at 315 °C for 15 min. The eluent from the GC was transferred directly via a transfer line (320 °C) 

to the electron impact source of a Thermoquest ISQMS single quadrupole mass spectrometer. 

Typical operating conditions were: ionisation potential 70 eV; source temperature 215 °C; trap 

current 300 μA. Mass data were collected at a resolution of 600, cycling every second from 50 – 

600 Daltons and were processed using Xcalibur software. 

Compounds were identified either by comparison of their mass spectra and relative retention 

indices with those available in the literature, and/or by comparison with authentic standards. 

Shorthand notations of fatty acids and alcohols follows the IUPAC (International Union of Pure 

and Applied Chemistry, hhtp://www.iupac.org) systematic nomenclature ‘n-x’ notation. 

Quantitative data were calculated by comparison of peak areas of the internal standard with 

those of the compounds of interest, using the total ion current (TIC) chromatogram. The relative 

response factors of the analytes were determined individually for fatty acids and sterols using 

authentic standards. Response factors for analytes where standards were unavailable were 

assumed to be identical to those of available compounds of the same class.  

3.3.6 Biomass 

3.3.6.1 Mesozooplankton 

The preserved Bongo, Mammoth-100 and Mammoth-300 samples were sub-sampled, where 

necessary, using a folsom splitter, and diluted to 1L using filtered seawater. The number of 

splits (Fracsplit, e.g., ½, ¼) for each sample was recorded. Samples were pumped through and 

imaged using a FlowCam Macro (Yokogawa Fluid Imaging Technologies Inc.), fitted with a 5 mm 

flow cell, a flow rate of 700 ml min-1 and an auto-image mode rate of 10 frames per second. 
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Images were classified into broad taxonomic groups (Table B 1) using Visual Spreadsheet 

(v4.19.5 and v5.6.14) to determine abundance.  

Biomass was calculated using area data from the images, via the FlowCam’s  area area-based 

diameter algorithm (areaABD). Firstly, dry weight (DW, µg ind -1) was calculated following the 

regression between body area of an individual taxa and its DW (Lehetter and Hernandez-Leon, 

2009): 

𝐷𝑊𝑖𝑛𝑑 = 𝑎 × 𝑎𝑟𝑒𝑎𝐴𝐵𝐷𝑖𝑛𝑑
𝑏 ×

1

1000
(𝑒𝑞 3.1) 

Where 𝑎 and 𝑏 are coefficients. Different coefficients were used for each species/taxa where 

available (see Table B 2). If no species or taxa specific coefficients were found, ‘general 

mesozooplankton’ coefficients were used (Table B 2).    

Integrated DW (DWint, µg m-3) was calculated by summing all individual DW for a taxa, dividing by 

the split fraction (𝐹𝑟𝑎𝑐𝑠𝑝𝑙𝑖𝑡 ) and the volume of water sampled (𝑉𝑛𝑒𝑡, m3): 

𝐷𝑊𝑖𝑛𝑡 =
∑ 𝐷𝑊𝑖𝑛𝑑

𝐹𝑟𝑎𝑐𝑠𝑝𝑙𝑖𝑡 × 𝑉𝑛𝑒𝑡
 (𝑒𝑞 3.2) 

Biomass, in molar carbon content (C, µmol m-3) was calculated using C:DW ratios of individual 

taxa obtained from literature (Table B 2) and dividing by the molar mass of carbon (12.011). 

3.3.6.2 Micronekton 

Micronekton biomass was calculated based on WW, converted to DW using the regression: 

log(𝐷𝑊) = 𝑎 + 𝑏 × log(𝑊𝑊) (𝑒𝑞 3.3) 

Where 𝑎 and 𝑏 are regression coefficients for different taxa, either from our own measurements 

of DW/WW or from literature (Table B 3), or using the equation: 

𝐷𝑊 = 𝑊𝑊 × 𝑐 (𝑒𝑞 3.4) 

Where 𝑐 is the conversion factor for specific taxa (Table B 4). 

Biomass, in molar carbon content (C, µmol m-3) was calculated using C:DW ratios of individual 

taxa obtained from literature (Table B 3 and Table B 4) and dividing by the molar mass of carbon 

(12.011). 
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3.3.6.3 Weighted Mean Depth 

To analyse the vertical distribution of the total biomass and selected taxa of interest, the 

Weighted Mean Depth (WMD) during the day and night were calculated according to the 

following equation: 

𝑊𝑀𝐷 (𝑚) =
Σ(𝑏𝑖 × 𝑑𝑖 )

𝐵⁄ (𝑒𝑞 3.5) 

Where 𝑏𝑖  is the biomass (µmolC m-3) in the net 𝑖, 𝑑𝑖  is the mid-depth (m) of the net 𝑖, and 𝐵 is the 

biomass in all the nets, for an event. Day WMD was subtracted from night WMD to determine 

the depth change due to diel vertical migration (ΔWMD). 

3.3.7 Respiration 

3.3.7.1 Electron transport system (ETS) activity 

Mesozooplankton and micronekton respiration was estimated via ETS activity. ETS activity 

assays were carried out following the method of Owens and King (1975) with modifications from 

Gómez et al. (1996). Frozen specimens were reweighed in the laboratory. For mesozooplankton 

measurements, the whole net sub-sample (split or size fractionated) were used for the assays. 

For micronekton species, whole individuals were used. For fish, we used a weighed sub-sample 

of tissue collected from just behind the head. Each sample was homogenised in a phosphate 

buffer, using either an electric homogeniser or a sonicator, for 30 – 60 s, before being 

centrifuged at 4000 rpm for 10 min at 0 °C. 100 μL of the homogenate supernatant and 300 μL of 

reaction buffer (0.1 M, pH 8.5) containing substrates nicotinamide adenine dinucleotide (NADH) 

and nicotinamide adenine dinucleotide phosphate (NADPH) (saturating concentrations of 1.7 

and 0.25 mM, respectively) were added to a semi-micro quartz cuvette. 100 μL 2-p-iodophenyl-

3-p-nitrophenyl monotetrazolium chloride (INT, 4 mM) was added to each cuvette to commence 

the reaction. All procedures were carried out on ice. The reaction was measured continuously 

for 8 min at a wavelength of 490 nm in a Cary 60 UV–Vis spectrophotometer (Packard and 

Christensen, 2004). The temperature of the reaction was controlled at 12 °C. A blank assay was 

also performed without ETS substrates for each sample to account for the non-enzymatic 

reduction of INT (Maldonado et al., 2012). Reagent blanks were taken daily. 

Formazan is produced during the kinetic assay as INT is reduced. INT takes the place of oxygen 

as the electron acceptor in the ETS and accepts two electrons (oxygen would accept four). 

Therefore, the rate of formazan produced is related to oxygen consumption by a factor of two. 

Using the formazan production rate and our measured INT extinction coefficient (measured at 

490 nm for each batch of INT; 13.3–16.4 mM-1 cm-1) we calculated the potential respiration rate 
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(Φ, μmol O2 h-1) following Packard and Christensen (2004). Using a conservative respiration to 

ETS (R:ETS) ratio of 0.5 (Ikeda, 1985; Hernández-León and Gómez, 1996), we then estimated the 

respiration at the experimental temperature of 12 °C. Where a subsample was taken (i.e. for 

fish), the total respiration rate per individual was calculated based on the ratio between the 

subsample and the total weight of the fish. To estimate the respiration rate at in situ 

temperatures, defined as the temperature from the CTD averaged over the net depth horizon, 

we used the Arrhenius equation and an activation energy of 62.8 kJ mol -1 (15 kcal mol-1) (Packard 

et al., 1975; Ariza et al., 2015; Hernández-León et al., 2019a). Respiration rates per hour were 

multiplied by 24 to give respiration rates per day and converted from oxygen to carbon using the 

stoichiometric relationship between carbon and oxygen (22.4 µL O2 = 12.01 µg C) and 

respiratory quotient of 0.9 (Ariza et al., 2015). 

3.3.7.2 Mesozooplankton respiration 

Carbon specific respiration rates (µmol C µmol C-1 d-1, expressed as d-1) were calculated from 

ETS measurements and applied to the biomass estimates from the Mammoth-100 and 

Mammoth-300 samples. WW of the ETS samples were converted to DW using a conversion 

factor of 0.25 (Kiørboe, 2013) and then to C using a conversion factor of 0.45 (Giering et al., 

2019b).  

3.3.7.3 Micronekton respiration 

For the species where we measured ETS activity, we calculated allometric regressions relating 

WW (mg) to ETS-derived respiration (μL O2 Ind-1 h-1), with the following equation: 

ln(𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛) = 𝑎0 + 𝑎1 × ln(𝑊𝑊) (𝑒𝑞 3.6)

Where 𝑎0 and 𝑎1  are constants for the different taxa for which ETS-assays were run (Table B 5). It 

was not feasible to sample and conduct ETS assays on all species, therefore we used allometric 

relationships from the literature to estimate respiration rates (μL O2 Ind-1 h-1) for species we did 

not measure (Belcher et al., 2020). The respiration rate of taxa not sampled for ETS were 

calculated taking the data from, and following the form of the regressions given in, Ikeda (2014): 

ln(𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛) = 𝑎0 + 𝑎1 × ln(𝐷𝑊) + 𝑎2 × 1000 𝑇⁄ + 𝑎3 × ln(𝑧) (𝑒𝑞 3.7) 

Where 𝐷𝑊 is dry weight (mg), 𝑇 is temperature (K) and 𝑧 is habitat depth (m) and 𝑎0, 𝑎1, 𝑎2 and 

𝑎3 are constants for specific taxa (Table B 6). For cephalopods, we used the data from Ikeda 

(2016) and carried out the same procedure as above but using body mass as WW. Where 

allometric equations required DW, we made appropriate conversions using a combination of 

our own measurements and conversions from the literature (Table B 3 and Table B 4). Once 

individual respiration rates were calculated, these were then divided by the tow volume and 
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multiplied by 24 to give respiration rates in units of μL O2 m-3 d-1. We converted from oxygen to 

carbon using the stoichiometric relationship between carbon and oxygen (22.4 µL O 2 = 12.01 µg 

C) and respiratory quotient of 0.9 (Ariza et al., 2015).  

3.3.7.4 Total community respiration 

Total community respiration was summed over the depth ranges that samples were taken from 

for each net. 

3.3.8 Ingestion 

3.3.8.1 Copepod grazing experiments 

Experiments were conducted to quantify copepod grazing rates in surface waters. Experimental 

animals were collected using the Bongo net deployed in the upper 120 m and sorted using a 

dissection microscope. All experiments were conducted in a refrigerated container at 12 °C. 

Experimental water was collected via the CTD or using the Marine Snow Catcher. Grazing rates 

were examined using particle-removal experiments (Mayor et al., 2006). In brief, glass 

incubation bottles were filled with un-screened seawater a little at a time to maximise 

homogeneity. Visibly discernible copepods were removed from the incubation bottle via a dip-

tube. Experimental animals were carefully introduced into bottles and incubated in triplicate 

alongside triplicate control bottles in the dark on a plankton wheel rotating at 1 rpm for 24 h. 

Microplankton samples (200 mL) from the start of the experiment and from each of the 

incubated bottles were collected and preserved with acidified Lugol’s iodine (1%). 

Experiments were conducted for the dominant copepod species that represented different 

functional feeding types in the copepod community: small particle associated copepods 

(Oithona spp.), small (Nannocalanus minor, Pleuromamma spp., Centropages brachiatus), 

intermediate (Calanoides natalis, formerly identified as Calanoides carinatus) and large 

(Eucalanus hyalinus) filter-feeding copepods, and strongly migrating copepods (Metridia spp.). 

The concentration of different cell types from the preserved microplankton samples were 

counted using a FlowCam 8400 (Yokogawa Fluid Imaging Technologies Inc.) fitted with a 10х 

objective and a FOV100 flow cell, at a flow rate of 0.25 ml min -1. Images were collected using 

auto-image mode at a rate of 37 frames per second. Libraries of dominant cell types were 

created and used in conjunction with size filters to classify particles automatically into broad 

taxonomic groups (flagellates, small dinoflagellates, large athecate dinoflagellates, large 

thecate dinoflagellates, ciliates, pennate diatoms, centric diatoms and unidentified cells) using 

VisualSpreadsheet software (Version 4.3.55). Automatic classifications were checked manually 
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and corrected when necessary (~50 % of particles). Biomass (μg C) was calculated using 

particle volume (μm3) and published carbon to volume relationships (Alldredge, 1998; Menden-

Deuer and Lessard, 2000). Ingestion rates were calculated using the equations of Frost (1972) 

and converted to carbon specific ingestion rates using published estimates of copepod 

biomass (Schukat et al., 2013b; Bode-Dalby et al., 2022). 

3.3.8.2 Total community ingestion 

Carbon specific ingestion rates (amount of carbon ingested per carbon biomass of the animal 

per day, µg C µg C-1 d-1) were applied to the biomass of taxa from the net samples to calculate 

total daily ingestion rates (µmol C m-3 d-1). Specific ingestion rates obtained from the grazing 

experiments were applied to other copepod taxa sharing similar body size and feeding 

strategies. Where available, published values for specific ingestion rates were used for other 

taxa and micronekton (Table B 7). Where no published data was available, mean specific 

ingestion rates of the compiled data was used.  

3.3.8.3 Community ingestion from respiration 

Community ingestion was also estimated from community respiration using the following 

equation from (Ikeda and Motoda, 1978): 

𝐼𝑠 = 100 × 𝑅𝑠 (70 − 30)⁄ = 2.5𝑅𝑠 (𝑒𝑞 3.8) 

Where 𝐼𝑠 is ingestion for a sample, 𝑅𝑠 is the community respiration for that sample, 70 is the 

value for absorption efficiency of zooplankton and 30 is the mean value for gross growth 

efficiency (K1) of zooplankton (Ikeda and Motoda, 1978; Straile, 1997). For micronekton an 

absorption efficiency of 75 % and K1 of 18 % was used (Ikeda, 1996).  

3.3.9 Migrant biomass and active flux 

Migrant biomass was obtained as the difference between the integrated values of night and day 

biomass in the upper 125 m of the water column. This depth was chosen to allow for 

consistency across all sampling gear due to coarser resolution of the Mammoth-100 and RMT25 

nets, which had surface layers down to 125 m. This choice of depth is likely to result in 

conservative estimates of migrant biomass and active flux by zooplankton as the mixed layer 

depth was consistently < 50 m, therefore it can be assumed that any migration beyond 50 m 

would be quantified as active migration beyond the mixed layer.  

For mesozooplankton, the active respiratory flux was obtained from whole community ETS 

assay derived average carbon specific respiration rates (d-1) in the 125 – 750 m layer during the 

day when normal DVM was observed or during the night when reversed DVM was observed. The 
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average carbon specific respiration rate (d-1) was divided by 24 to get the average carbon 

specific respiration rates (h-1) and then multiplied by 11 h of zooplankton residence at depth 

during the day (or 13 h at night for reverse DVM). This respiration at depth was then multiplied by 

the migrant biomass to assess the respiratory flux of zooplankton DVM in µmol C m -3 11 h-1 (13 h-

1 for reverse DVM). Total active flux was estimated considering respiration, excretion and 

mortality at depth. Dissolved organic carbon (DOC) excretion flux by zooplankton was assumed 

to be equal 31 % of respiratory carbon flux (Steinberg et al., 2000). Growth was assumed to be 

equal to mortality, therefore mortality was calculated to be equal 75 % of respiratory carbon flux 

(Ikeda and Motoda, 1978). 

For micronekton from the RMT net, active respiratory flux for the migrating biomass (μL O2 m-3 h-

1) was calculated based on the allometric regressions relating WW (mg) to ETS-derived 

respiration (section 3.3.7.3), using the mean depth of daytime residence (here described as the 

mean depth between 125 – 750 m) and the mean temperature at depths of 125 – 750 m. Finally, 

this was multiplied by 11 h (daytime length) to give respiration and converted from oxygen to 

carbon using the stoichiometric relationship between carbon and oxygen (22.4 µL O2 = 12.01 µg 

C) and respiratory quotient of 0.9 (Ariza et al., 2015). We then converted respiration rates back 

into µmol C m-3 11 h-1. DOC excretion data for micronekton and fishes are lacking, therefore the 

same excretory quotient as zooplankton (31 % of respiratory flux) was used for micronekton 

(Hudson et al., 2014). Mortality was calculated to be equal to 66 % of respiratory flux (Brett and 

Groves, 1979; Kwong et al., 2020). 

3.3.10 Data analysis 

Wilcoxon rank sum tests were used to test whether the biomass of zooplankton and 

micronekton and stable isotope signatures of POM changed between station visits. The 

relationships between δ15N, δ13C, depth and station visit for POM, zooplankton and micronekton 

were investigated using linear regressions. To deal with differences in individual compound 

concentrations between zooplankton/micronekton/POM samples, quantitative lipid data 

(individual fatty acids/alcohols) were converted to relative abundances (mol%) of total 

identified lipid. The relationships between individual lipids and depth were investigated using 

linear regression. The influence of POM size fraction (<53 µm vs. >53 µm), station visit (BN1, 

BN2, BN3) and environmental variables on the composition (mol%) of fatty acids were examined 

using redundancy analysis (RDA). The influence of animal taxa, station visit and environmental 

variables on the composition (mol%) of fatty acids were also examined using RDA analysis. 

Fatty acids that accounted for <3 % of total fatty acids and had missing values for individual taxa 

were excluded from the RDA analysis as RDA sees zero values as similar (Zuur et al., 2007). 

Collinearity between variables was examined using pairwise correlation matrices with 
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correlations above 0.7 or below -0.7 suggesting strong collinearity. Temperature and salinity 

were removed due to strong collinearities with depth (see correlation matrix in Appendix B 

Figure B 1). The significance of individual model terms were determined using a permuted 

(n=9999) stepwise procedure to assess how the addition of each explanatory variable increased 

or decreased the adjusted R2. Additional RDA analyses were conducted to investigate whether 

the compositions of lipid classes were influenced by the different taxa. All statistical analyses 

were conducted in the R v4.2.3 programming environment (R Core Team, 2023) using the 

‘Vegan’ package (Oksanen et al., 2020b). Data obtained at the BN station during each visit is 

summarised in Table 3.1. 

Table 3.1 Summary of particulate organic matter (POM), zooplankton and micronekton data 

available at each visit of the BN station in the northern Benguela Upwelling System. 

 BN1 BN2 BN3 

POM stable isotopes ✓ ✓ ✓ 

Zooplankton/micronekton stable 

isotopes 
✓ ✓ ✓ 

POM lipids ✓ ✓ ✓ 

Zooplankton/micronekton lipids ✓ ✓ ✓ 

Bongo size-fractionation ✓ ✓ ✓ 

Mammoth-100 biomass (>100 µm) ✓ ✓  

Mammoth-300 biomass (>300 µm) ✓ ✓  

RMT25 biomass (>4 mm) ✓ ✓ ✓ 

ETS  ✓ ✓ ✓ 

Grazing experiments ✓ ✓ ✓ 

3.4 Results 

3.4.1 Physical properties 

Hypoxic waters at depths between ~200 and 450 m were observed during all 3 visits to the 

northern Benguela station (BN1- BN3, Figure B 2). Chlorophyll-a concentrations were highest in 

the top 50 m of the water column (Figure B 2) and the mean mixed layer depth (MLD) rarely 

exceeded 50 m (Lovecchio et al., 2022). Temperature ranged between 20.8 °C in surface waters 
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and decreased down to 4.7 °C at 750 m (Figure B 2). Detailed description of the sampling 

environment and water masses movements at the nBUS during this cruise can be found in 

(Lovecchio et al., 2022; Lovecchio et al., 2025). 

3.4.2 Ecosystem biomarkers 

3.4.2.1 Stable isotope signatures of POM 

 

Figure 3.2 (A) δ13C and (B) δ15N stable isotope signatures (‰) of particulate organic matter 

(POM) at station BN in the northern Benguela Upwelling System. The regression 

lines indicate statistically significant (p< 0.05) relationships between δ13C and depth 

and δ15N and depth. Limited δ15N measurements were available beyond 200 m due 

to insufficient nitrogen being present on the filters to get reliable values, with only 

one measurement > 200 m (δ15N of 6.80 ‰ at 750 m) being recorded. This datum 

was omitted from the linear regression of δ15N. Standard errors are illustrated either 

side of the regression line. δ13C: y = 2011.6 (±465.7) – 90.2 (±18.9) x ; δ15N: y = 12.5 

(±24.4) – 16.6 (±4.1) x 
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Figure 3.3 Molar POC:PN (particulate organic carbon/particulate nitrogen, C:N) for POM 

collected at station BN in the northern Benguela Upwelling System. The red dashed 

line represents a Redfield ratio of C:N = 106:16. The regression line indicates a 

statistically significant (p< 0.05) relationship between C:N ratios of POM and depth. 

Standard errors are illustrated either side of the regression line, y = 305 (±141) -49.6 

(±16.3) x. 

The δ15N signatures of POM ranged between 0.47 – 9.53 ‰ and became isotopically enriched 

with depth down to 200 m (F=16.431,14, p=0.001, R2=0.54; Figure 3.2). δ13C signatures of POM 

ranged between -28.1 and -20.2 ‰ and became isotopically depleted with depth (F=22.811,22, 

p<0.001, R2=0.51; Figure 3.2). No change in δ13C or δ15N signatures of POM with station visit 

(BN1-BN3) were observed (p>0.05). C:N ratios of POM ranged between 6.2 – 12.2 and increased 

with depth down to 200 m (F=9.291,15, p=0.008, R2=0.38; Figure 3.3). Station visit had no effect 

(F=0.411,14, p=0.42, R2=0.12). 

3.4.2.2 Stable isotope signature of animals 

The δ15N signatures of the animals ranged between 4.86 ‰ and 14.70 ‰, with lowest values 

observed in Rhincalanus nasutus (Figure 3.4). All mesozooplankton species, except for 

Chaetognatha spp., had lower δ15N values compared to the mesopelagic fish. Nemichthyidae 

spp. and Gymnoscopelus sp. were on average less δ15N enriched compared to Chaetognatha 

spp.. Cyclothone spp. had the greatest δ15N values. The δ13C signatures of the animals ranged 

between -14.5 ‰ and -19.2 ‰ (Figure 3.4) and were more enriched than that of POM.  
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Figure 3.4 (A) δ15N and (B) δ13C stable isotope signatures (‰) of mesozooplankton and 

micronekton at station BN in the northern Benguela Upwelling System. The boxplot 

represents the minimum, maximum, median, first quartile and third quartile values. 

Circles represent outliers. Green denotes mesozooplankton taxa, blue denotes 

macrozooplankton and orange denotes mesopelagic fish taxa. No δ13C signatures 

were available for Eucalanus hyalinus, Nannocalanus minor, Rhincalanus nasutus 

and Platyscelus spp. because the lipids from within these species were not 

successfully extracted prior to carbon isotope measurements and resulted in these 

samples not being reliable for δ13C analyses. Rhincalanus nasutus analysed were all 

stage C6 females. Nannocalanus spp. were all C6 females. Eucalanus spp. were all 

C6 females.  
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Figure 3.5 Vertically resolved (A) δ13C and (B) δ15N stable isotope signatures (‰) of animals at 

station BN in the northern Benguela Upwelling System. No δ13C signatures were 

available for Eucalanus hyalinus, Nannocalanus minor, Rhincalanus nasutus and 

Platyscelus spp. because the lipids from within these species were not successfully 

extracted prior to carbon isotope measurements and resulted in these samples not 

being reliable for δ13C analyses. Rhincalanus nasutus analysed were all stage C6 

females. Nannocalanus spp. were all C6 females. Eucalanus spp. were all C6 

females. 

The δ13C signatures of zooplankton and micronekton did not change with depth nor station visit 

(F=2.731,193, p=0.1, R2=0.01; F=1.242,192, p=0.29, R2=0.003 respectively; Figure 3.5). There was a 

weak overall trend of increasing δ15N values with depth, driven by Bathylagidae spp., 

Acanthephyra pelagica and Euphausia hanseni (F=5.36(1,13), p=0.038, R2=0.29; F=6.03(1,9), 

p=0.036, R2=0.40; F=5.62(1,23), p=0.026, R2=0.20 respectively; Figure B 3). Station visit had no 

effect (p>0.05). All other species showed no relation between δ15N and depth (p>0.05). C:N 

ratios of zooplankton and micronekton ranged between 3.11 – 9.85 (Figure 3.6) and did not 

change with depth (F=0.4381,217, p=0.51, R2=0.002), nor station visit (F=2.462,216, p=0.09). C:N 

ratios were greatest in Rhincalanus nasutus. 
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Figure 3.6 Molar carbon:nitrogen (C:N) ratio of zooplankton and micronekton collected at 

station BN in the northern Benguela Upwelling System. The boxplot represents the 

minimum, maximum, median, first quartile and third quartile values. Circles 

represent outliers. The red dashed line represents a Redfield ratio of C:N = 106:16. 

Asterisks (*) denote mesozooplankton taxa, triangles (△) macrozooplankton and 

obelus (†) mesopelagic fish taxa. Rhincalanus nasutus analysed were all stage C6 

females. Nannocalanus spp. were all C6 females. Eucalanus spp. were all C6 

females. 

3.4.2.3 Lipid biomarker signatures of POM 

The lipid class composition of POM varied as a function of particle size (<53 µm or >53 µm), 

station visit, water oxygen concentration and depth (RDA, F=10.141,42, p<0.001; F=4.652,42, 

p<0.001; F=3.871,42, p=0.002; F=3.211,42, p=0.005 respectively; Figure 3.7). The final model 

explained 38.7 % of the total variance in the data. The <53 µm particle pool was more closely 

associated with saturated fatty acids (SFAs), branched fatty acids and alcohols, whilst the >53 

 

 

 

  

  
 
  
 
 
  
 
 
 
  
 
 
 
  
 

  
 
 
 
 
 
 
  
 
 
 
  

  
 
 

  
 
 
 
  
 
 
 
  
 
 
  
 
 
 

  
 
 
 
 
 
 
  
  
 
 
 
 
 
 

 
 
 
  

 
  
 
  
 
 
  
 
 
 
  

 
 
 
  
 
 
 
  

 
  
 
 
 
 
 
 
 
  
 
 
  
 

 
 
  

  
 
  
 
 
 

 
 
 
 
 
 
  
  
  

 
 
 
  
 
 

 
 
 
 
 
 
 
 
 
  
 
 
 

 
 
 
 
  
 
  
 
  
 
 
  
 
 
 

 
 
  
  
 
 
 
  
 
  
 
 
 

 
 
 
  

 
  

 
  
 
 
 

 
 
 
 
 
  

 
 
 
 
  
  
 
  
 
  
 

 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
 
 

 
 
  
  
 
 
  
 
 
  
 
 
  
 
 
 

 
 
 
 
 
  
 
 
 
  
 
  
 
 
 

 
 
 
  
 
  
 
  
 
 
  
 
 
 

 
 
 
 
  
  

 
 
 
  
 
 
 

       

 
  
  
 
  
 



Chapter 3 

114 

µm particle pool was more closely associated with monounsaturated fatty acids (MUFAs), 

polyunsaturated fatty acids (PUFAs) and sterols.  

 

Figure 3.7 Lipid class composition (mol%) of size-fractionated particulate organic matter (POM) 

from station BN in the northern Benguela Upwelling System. Redundancy analysis 

distance triplot of the proportional abundance of each lipid class for the two 

particle sizes, 3 station visits, oxygen concentration and depth. Each point refers to 

a single sample of POM. The arrows represent the effects of water depth (yellow) 

and oxygen concentration (red) on the sample coordinates. The primary and 

secondary sets of axes relate to the individual samples and fatty acid loadings, 

respectively. 

                 

  
  

  
  

 
  

 
  

 
  

             

 
 
 
 
  
 
 
  
 
 
 

                 

  
  

  
  

 
  

 
  

 
  

   

      

           

  
  
  

 
 
  

 

   

           

    

    

       

     

   

      
      



Chapter 3 

115 

 

Figure 3.8 Fatty acid composition (mol%) of size-fractionated particulate organic matter (POM) 

from station BN in the northern Benguela Upwelling System. Redundancy analysis 

distance triplot of the proportional abundance of each fatty acid for the two particle 

sizes. Each point refers to a single sample of POM. The red arrow represents the 

effects of oxygen concentration on the sample coordinates. The primary and 

secondary sets of axes relate to the individual samples and fatty acid loadings, 

respectively. 

The fatty acid composition of POM varied as a function of particle size (<53 µm or >53 µm), 

station and water oxygen concentration (RDA, F=4.811,43, p<0.001; F=2.802,43, p<0.001; 

F=3.991,43, p<0.001 respectively; Figure 3.8). Including depth did not increase the model fit 

(F=1.121,42, p=0.31). The final model explained 25.09 % of the total variance in the data. The >53 

µm particle pool was closely associated with MUFAs such as 18:1(n-9), 16:1(n-7) and 22:1. 

Closer examination of the data revealed that diatom 20:5(n-3) and dinoflagellate 22:6(n-3) 

markers tended to decrease in proportional contribution to the <53 µm particle pool with depth 

(F=13.041,22, p=0.002, R2=0.37; F=5.181,22, p=0.03, R2=0.19), whereas the proportional 

contribution of animal biomarker 18:1(n-9) increased with depth in the > 53 µm particle pool 

(F=7.751,22, p=0.01, R2=0.26) (Figure 3.9). No significant relationship was found between the ratio 
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of PUFA:MUFA with depth nor particle size fraction, however PUFA:MUFA ratios were lowest at 

depths 250 – 400 m (Figure 3.9).  

 

Figure 3.9 Change in the composition (%mol) of key lipid biomarkers (A) 18:1(n-9), (B) 20:5(n-3), 

(C) 22:6(n-3) and (D) PUFA:MUFA ratio (polyunsaturated fatty 

acid:monounsaturated fatty acid) in particulate organic matter (POM) in the top 500 

m of the water column at the BN station in the northern Benguela Upwelling System. 

The regression lines indicate statistically significant (p< 0.05) relationships between 

the lipids analysed and depth, with the colour of the regression line indicating 

whether the regression line applies to the <53 µm (blue) or >53 µm (green) size 

fraction of POM. 
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3.4.2.4 Lipid biomarker signature of animals 

Fatty acids made up > 65 mol% of the total lipids within the zooplankton taxa sampled, apart 

from the two herbivorous calanoid species, C. natalis and R. nasutus, where fatty acids made 

up less than 50 mol% of the total lipid composition (Table 3.2).These two species were 

characterized by a high fatty alcohol content making up more than 50 mol% of the total lipid 

composition. Euchaeta spp. and Atolla spp. also had contributions of fatty alcohols, making up 

33 mol% and 17 mol% of the total lipid composition. The mesopelagic fish sampled all had fatty 

acid contents greater than 88 mol%, except for Cyclothone spp., for which fatty acid and fatty 

alcohol content made up 68 mol% and 29 mol% of the total lipid composition respectively.  

Sterols made up between 1.8 – 11 mol% of the total lipids for zooplankton, except for Euchaeta 

spp., C. natalis and R. nasutus, where sterols made up 0.9, 0.1 and 0.3 mol%. Mesopelagic fish 

sterols made between 1.8 and 7.2 mol% of the total lipid composition. Branched fatty acids 

made up less than 5 mol% of the total lipid composition for all taxa sampled. MUFAs were 

proportionally greater or equal to PUFAs for all taxa sampled except for the 3 amphipod species 

(Phrosina semilunata, Platyscelus spp. and Phronima spp.) and Euphausia hanseni where 

MUFAs were greater than PUFAs. Overall, the dominant SFAs were 16:0 and 18:0, MUFAs, 

16:1(n-7) and 18:1(n-9) and PUFAs 20:5(n-3) and 22:6(n-3) (Table 3.3). For C. natalis, MUFAS 

were moreover dominated by 20:1(n-9) and 22:1, making up 21.6 % of total fatty acid 

composition. R. nasutus fatty acids were dominated by 16:1(n-7) and 18:1(n-9), with these 

making up 28 mol% and 33 mol% of total fatty acid composition respectively. All other fatty acid 

moieties individually had compositions of less than 8 mol%. C. natalis alcohols were dominated 

by monounsaturated compounds, especially ALC-20:1 and ALC-22:1, whereas R. nasutus and 

Euchaeta spp. alcohols were dominated by the saturated alcohols ALC-14:0, ALC-16:0 and 

ALC-18:0 (Table 3.4). Atolla spp. and Cyclothone spp. alcohols were made up of both saturated 

ALC-14:0 and ALC-16:0 and monounsaturated compounds ALC-20:1 and ALC-22:1 (and to a 

lesser extent ALC-24:1 in Cyclothone spp.). All taxa but Chaetognatha, Bathylagidae spp., 

Gymnoscopelus spp., R. nasutus and Nemichthyidae spp. contained the herbivorous calanoid 

biomarkers ALC-20:1 and ALC-22:1 making up >5 % of alcohol composition. The corresponding 

herbivorous calanoid fatty acid biomarkers 20:1(n-9) and 22:1 were also present in these 

species. 
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Table 3.2 Lipid group composition (mol% mean (x̄ ) and standard deviation (sd)) of the zooplankton and micronekton sampled at station BN in the northern Benguela 

Upwelling system. Saturated fatty acids (SFAs), branched fatty acids (Br. FAs), monounsaturated fatty acids (MUFAs), polyunsaturated fatty acids (PUFAs), 

saturated fatty alcohols (Sat. ALCs), unsaturated fatty alcohols (Unsat. ALCs), Sterols, total fatty acids (FAs), total fatty alcohols (ALCs). Calanoides natalis 

analysed were all copepodite stage C5. Rhincalanus nasutus were all stage C6 females. Eucalanus spp. were all C6 females. Nannocalanus spp. 

were all C6 females. 
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SFAs 
x̄  15.7 3.7 40.9 53.1 9.1 37.1 33.2 27 18.7 35.6 28.6 32.3 33.9 33.9 26.7 24.8 34.5 29.9 21.5 35.5 18.4 

sd 5 1.2 4.4 20.9 6.3 6.3 2.8 1.2 18 11.2 4.9 2.3 1.1 7.7 - 4.6 3.4 6.4 - 3.9 2.9 

Br. FAs 
x̄  0.3 0.2 1.3 0.8 0.4 1.9 4.9 1.1 0.7 1.5 0.5 1 2.2 2.9 1.1 2.1 0.9 2.3 1.3 0.8 0.9 

sd 0.1 0.2 0.4 0.4 0.1 0.4 1.6 0.3 0.6 0.5 0.3 0.5 0.2 0.7 - 0.7 0.4 2.3 - 0.6 0.2 

MUFAs 
x̄  18.1 31 21.2 22.2 43.1 25.1 25.2 45.5 45 29.3 59.6 52.8 23.4 23.6 48.4 42.6 45.3 34.4 23.4 30.2 36 

sd 2.5 8 5.7 11.2 7.3 3.3 2.3 1.8 16.5 6.2 5.3 6.8 2.7 1.5 - 2.8 4.7 8.1 - 10.3 4.0 

PUFAs 
x̄  10.7 12.1 20.9 14.5 12.9 28 30.9 21.6 14.8 22.2 9 11.7 36.2 31.1 21.1 21 16.1 23.9 25.1 25.8 13.6 

sd 2.8 2.8 7.5 7.6 1.7 5 5 1.6 11.7 7.2 2.7 4.2 2.4 8.5 - 3.8 2.5 4.8 - 10.4 1.4 

Sat. 
ALCs 

x̄  23.5 50.8 4.6 3.4 27.1 0.2 0.1 0.9 7.6 0.9 0.1 0 0.2 0.7 0.6 2.5 0 0.8 0.1 0.2 16.7 

sd 2.7 12.3 4.9 3.3 7.2 0.1 0.1 0.7 6.9 0.8 0.1 0.1 0.1 0.6 - 3 0 1.5 - 0.2 4.4 
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Unsat. 
ALCs 

x̄  31.6 1.8 0.1 0.5 6.5 0.2 0.1 1.9 9.8 2.4 0.1 0 0.1 0.4 0.3 5 0 1.9 0 0.2 12.4 

sd 4.1 0.2 0.2 0.8 8.4 0.5 0.1 1.1 10.6 2.4 0.1 0 0.2 0.6 - 6.9 0 3.7 - 0.4 2.5 

Sterols 
x̄  0.1 0.3 11.1 5.4 0.9 7.5 5.6 2 3.4 8.1 2.1 2.3 3.9 7.4 1.8 1.8 3.2 6.8 28.6 7.2 1.8 

sd 0 0.2 13.2 5.8 0.4 4.4 2.3 0.5 2 3.8 1 1.3 2.4 1.2 - 2.1 3 2.5 - 4.9 0.9 

Total 
FAs 

x̄  44.5 46.8 82.9 89.8 65.1 90.2 89.3 94.1 78.5 87.1 97.2 96.7 93.6 88.6 96.2 88.5 95.9 88.2 70 91.5 68.1 

sd 4.4 11.8 17.6 6 15.3 4.7 2.5 1.4 15.8 5.7 1 1.9 2.2 2.2 - 10.1 2.8 2.6 - 4.9 7.7 

Total 
ALCs 

x̄  55.1 52.6 4.7 4 33.6 0.4 0.2 2.8 17.4 3.3 0.1 0 0.3 1.2 1 7.5 0 2.7 0.2 0.4 29 

sd 4.3 12.2 4.7 4 15.6 0.6 0.2 1.6 16.8 3.1 0.2 0.1 0.3 1.2 - 9.8 0 5.2 - 0.6 6.8 
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Table 3.3 Fatty acid composition (mol% mean (x̄) and standard deviation (sd)) of the zooplankton and micronekton sampled at station BN in the northern Benguela 

Upwelling system, focusing on the most abundant fatty acids included in the redundancy analysis model. Total Calanoid = sum of 20:1(n-9), 22:1(n-9), 

20:1iso and 22:1. Calanoides natalis analysed were all copepodite stage C5. Rhincalanus nasutus were all stage C6 females. Eucalanus spp. were 

all C6 females. Nannocalanus spp. were all C6 females. 
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14:0 
x̄  13.3 1.6 1 9 0.6 6.2 5.4 3.2 3.4 4.1 0.7 3.8 5.2 1.8 2.8 3.8 4 4 1.1 4.2 4.3 

sd 2.4 1.2 0.6 5.8 0.5 1.9 2.3 0.7 3.2 2 0.3 1.2 0.4 1.3 - 0.3 1.8 3 - 3.2 1 

16:0 
x̄  13.8 4.9 24.9 39.1 9 27.6 21.6 20.4 16.7 29.4 23.6 19.3 22.8 25.8 20.6 16.6 26.5 22.7 20.4 29.1 17.3 

sd 2.1 0.8 8.1 14.4 4.7 5.4 2 1 16.1 13.2 2.8 2.9 1 5.3 - 1.6 3.7 7.9 - 6.6 0.9 

18:0 
x̄  2.7 1.1 17.3 6.5 3.1 3.2 4.2 3.2 4 3.4 4.3 7.2 4.1 4.5 2.8 3.9 3.9 4.6 5.3 3.6 3.6 

sd 0.6 0.2 5.1 1.8 1.9 0.8 0.4 0.2 3.8 0.7 2.1 1.1 0.4 1.9 - 0.5 1.2 1.5 - 1 1.2 

16:4 
x̄  2.6 7.2 0.2 0.3 2.4 0.6 0 0.1 0 0.3 0 0.1 0 0 0 0.1 0.1 0.3 0 0.1 2.3 

sd 2.6 1.3 0.3 0.6 3.4 0.3 0.1 0.1 0 0.4 0 0.1 0 0 - 0.2 0.2 0.3 - 0.1 2.9 

16:3 
x̄  1.3 2.9 0 0.4 0.4 0.6 0.1 0.1 0.1 0.1 0 0.1 0 0 0 0 0.1 0.2 0 0.1 0.2 

sd 0.4 0.7 0 0.5 0.5 0.7 0.2 0.1 0.1 0.1 0 0.1 0.1 0 - 0 0.2 0.2 - 0.1 0.3 

16:1(n-7) 
x̄  8.8 28.3 2.2 9.1 8.9 5.1 5.8 5.2 6.7 4.2 1.6 5.7 2.2 1.7 2.4 7.5 4.5 4.8 9 2.9 11.1 

sd 5.7 0.9 1.1 6.1 9.8 0.8 2.2 0.6 1 1.4 0.6 1.7 0.3 0.8 - 0.7 1.6 2.7 - 2.3 1.3 

18:2(n-6) 
x̄  1.1 3.4 1.6 2.5 1.7 2.1 2.4 1 0.9 1.6 0.2 0.7 0.8 1.3 0.6 1.4 0.6 1.6 1.9 0.5 1.4 

sd 0.3 3 0.5 2.3 0.2 1 1 0.2 0.5 0.6 0.1 0.6 0.1 0.4 - 0.4 0.5 0.5 - 0.3 0.1 

18:1(n-9) x̄  4.3 33.1 17 8.9 44.3 13 12.3 31.1 36 18.1 51.6 39.8 10.3 14.7 39 25.4 24.6 19.6 9.8 16.8 30.8 
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18:1(n-9) sd 1.8 2 3 5.6 4.6 2 2.6 3.6 9.9 5.3 8.3 8.3 0.9 1.8 - 2.5 8 7.4 - 3.1 3 

18:1(tr-9) 
x̄  0.5 1.3 1.2 3 2.1 4.6 3.5 4 2.7 4.7 1.2 2.5 3.4 2.9 3.7 2.9 5.8 3.5 2.7 2.5 2.2 

sd 0.1 0.4 1.7 1.9 0.7 0.8 0.5 0.2 2.7 1.1 0.2 1.5 0.3 0.4 - 0.7 7.8 1.5 - 1 0.5 

20:4(n-6) 
x̄  1.3 1.1 1.6 0.8 0.6 2.9 3 2.2 1.2 1.8 0.6 1.6 7.1 7.3 1.3 3.1 1.1 1.5 2.8 2.2 0.8 

sd 0.6 0.4 1.7 0.7 0.1 0.6 1.4 0.4 1.2 0.8 0.3 1.2 1 1.5 - 0.6 1.4 0.9 - 1.7 0.5 

20:5(n-3) 
x̄  9.3 5.6 8.4 6.2 2.8 9.3 9.8 7.5 8.1 8.2 2.6 2.8 11.1 7.2 6.8 6 3.4 6.4 10.1 3.4 5.3 

sd 1.5 4.3 1.9 5.1 3.2 1.4 1.8 0.7 3 2.9 0.6 0.9 1.2 4.5 - 1 0.9 1.2 - 1.8 0.9 

20:1(n-9) 
x̄  6.6 0.4 1.2 0.3 0.9 0.7 0.7 1.5 1.8 1 3.7 2.2 1.2 0.5 1.1 2 1.8 2.1 1.1 1.3 1.4 

sd 0.9 0.2 0.6 0.3 0.4 0.4 0.2 0.5 2 0.3 0.8 1.4 0.6 0.2 - 1.5 1.2 1.2 - 0.9 0.1 

22:6(n-3) 
x̄  2.9 1.4 9.3 2.8 10.1 12 14.8 10.4 5.3 11.1 5.4 5.4 17 16.4 12.2 11.1 10.3 14.4 19.7 21.4 8.1 

sd 0.8 1.3 2.5 1.2 1.6 3.8 3.1 1.4 6.1 4 3.2 2.2 0.3 3.9 - 2.1 3.4 4.4 - 12.8 1.7 

22:1(n-9) 
x̄  6.8 0.5 0.7 1.7 1 0.6 0.3 0.4 0.7 0.8 0.2 0.2 0.3 1 0.3 1.1 0.7 0.8 2.3 1.4 1 

sd 7.2 0.8 0.8 1.4 1 0.3 0.1 0.2 0.4 0.8 0.1 0.3 0.2 1.1 - 0.2 0.4 0.5 - 0.8 0.3 

24:1(n-9) 
x̄  0.4 0.1 0.4 0.5 0.5 0.4 0.3 1 1 0.7 0.4 0.2 0.7 0.3 0.3 0.9 1.3 1.4 4.2 0.6 0.9 

sd 0.1 0 0.1 0.6 0.1 0.2 0.2 0.4 0.8 0.3 0.3 0.2 0.1 0.3 - 0.2 0.7 0.7 - 0.5 0.6 

16:1 
x̄  3.9 0.1 0.1 0.2 0.1 0.3 1.3 0.3 0.2 0.4 0.9 0.2 3.9 1.9 0.7 0.8 0.3 1.2 1.2 0.9 0.4 

sd 6.6 0 0.1 0.2 0.1 0.1 0.9 0.2 0.1 0.2 1.2 0.1 2.3 0.4 - 0.4 0.2 1.8 - 0.7 0.2 

16:2iso 
x̄  1.8 2.1 0 1.1 0.3 0.9 0.4 0.3 0.5 0.6 0 0.4 0.7 0 0 0.1 0.3 0.4 0 0 0.4 

sd 0.9 0.2 0 0.8 0.4 0.2 0.6 0.2 0.2 0.5 0 0.2 1.6 0 - 0.1 0.3 0.5 - 0 0.4 

20:1iso x̄  0.9 1.1 0.3 0.3 2.3 0.2 0.4 0.8 1.8 0.3 0.2 0.6 0.5 0.4 0.5 1.3 2.7 0.4 0.3 0.9 0.5 
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20:1iso sd 0.2 1.3 0.1 0.4 2.3 0.1 0.2 0.4 0.4 0.1 0.1 0.7 0.5 0.3 - 0.9 3.4 0.2 - 1.2 0.1 

22:1  
x̄  7.3 0.2 1.2 0.4 2.8 0.7 0.5 1.9 4.2 0.8 0.7 0.6 0.7 0.4 0.3 1.9 3.9 2.9 0.8 3.8 2.1 

sd 6 0.2 0.8 0.2 0 0.9 0.2 1.2 3.3 0.4 0.4 0.5 0.5 0.2 - 0.8 2.7 2.7 - 2.3 0.5 
Sum 
Calanoid x̄  21.6 2.2 3.3 2.7 7 2.2 1.9 4.6 8.6 2.9 4.8 3.5 2.7 2.3 2.2 6.3 9.2 6.2 4.4 7.5 4.9 
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Table 3.4 Fatty alcohol (ALC) composition (mol% mean (x̄) and standard deviation (sd)) of the zooplankton and micronekton sampled at station BN in the northern 

Benguela Upwelling system, focussing on the most abundant alcohols. Total Calanoid =sum of ALC-20:1 and ALC-22:1. Calanoides natalis analysed 

were all copepodite stage C5. Rhincalanus nasutus were all stage C6 females. Eucalanus spp. were all C6 females. Nannocalanus spp. were all C6 

females. 
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ALC-12:0 
x̄ 0 0.1 0 0.4 0.1 2.2 2.2 0 0.1 0.2 0.1 0.2 0.2 2 0 0 0.5 0.1 3.2 1.9 0.1 

sd 0 0 0 0.7 0.1 2.3 2.7 0 0.1 0.3 0.3 0.4 0.3 2.9 - 0 1.1 0.2 - 4.1 0 

ALC-14:0 
x̄ 17.4 42 10.1 19.4 24.8 24.6 6.8 7 10 13 14.1 0 11.5 7.7 3.6 10.6 0 6.2 16.7 7.2 12.6 

sd 3.7 1.3 14.3 14.7 2.8 18.3 5.5 2.2 7.8 14.7 6.4 0 13.2 10.1 - 1.8 0 3.5 - 10.8 2.3 

ALC-15:0 
x̄ 0.5 0.6 0 1.4 1.6 1.5 3 0.6 0.5 0.4 1.1 0.3 0.8 2.4 1.2 1.2 0 0.8 0 0 1.4 

sd 0.1 0.1 0 1.4 1.7 1.4 6.2 0.4 0.4 0.4 1.5 0.7 1.4 3.3 - 0.6 0 1 - 0 0 

ALC-16:0 
x̄ 22.1 47.3 24.8 39.2 54.1 19 21.9 18.1 26.8 28.6 35.6 0.4 24.1 19.6 51.6 24.7 16.7 13.2 20.2 11.1 38.8 

sd 4.4 1.7 2.7 15.8 16.1 14.2 12.6 9.9 20.5 20.7 9.7 0.7 26.6 19.3 - 7.2 40.8 11.1 - 24.5 2.5 

ALC-17:0 
x̄ 0 0.1 0 0.2 0.3 0.1 1.8 3 0 0.2 0.4 0 0 0.6 0.2 0.7 0 0.4 0 0 0.4 

sd 0 0.1 0 0.4 0.2 0.2 4 2.3 0 0.2 0.8 0 0 1.3 - 0.7 0 0.8 - 0 0.1 

ALC-18:0 
x̄ 1.9 5.8 48.3 27.4 3.6 36 20.7 1.6 0.9 7.4 2.6 32 21.9 26 4.3 4.7 13.6 4 36.6 32.6 2.7 

sd 0.3 1.5 25.6 19.9 1.1 36.1 14.7 0.7 0.6 8.3 2.1 45.5 19.8 23.6 - 1.9 25.7 4.2 - 31.6 2.1 

ALC-20:0 
x̄ 0.6 0.2 2.5 1.5 0.1 2.6 17.9 1 0.5 0.5 0.3 11.4 20.3 12.3 1.3 1.1 5.5 1.3 5.4 2 0.6 

sd 0.1 0.1 1.3 1.4 0.1 2 12.5 0.4 0.3 0.4 0.7 22.8 26.9 7.5 - 0.5 13.6 1 - 2.6 0.2 

ALC-22:0 x̄ 0.2 0.1 5 0.7 0.3 0 0 1 0.1 0 1.1 0 0.2 1.8 1 0.3 0 0.8 1.6 0.2 0.2 
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ALC-22:0 sd 0.1 0.2 3.3 1 0.4 0 0 0.9 0 0.1 2.3 0 0.5 2.7 - 0.3 0 1.2 - 0.4 0 

ALC-24:0 
x̄ 0 0 0.9 0.6 0 0 0 0 0 0 0 0 0 0 0.2 0.1 0 0.8 0 0 0 

sd 0 0 1.3 0.6 0 0 0 0.1 0 0 0 0 0 0 - 0.1 0 1.9 - 0 0 

ALC-20:1 
x̄ 14.4 0.6 1.8 1.8 1.4 1.9 0 11.2 6.6 17.8 6.6 0 7.2 18.7 10.6 6.6 0 2.5 0 1.7 6.4 

sd 6.5 0.4 2.5 2.6 1.9 4.8 0 1.7 5.2 15 7.8 0 11.2 22.4 - 5.9 0 3.5 - 2.3 0.5 

ALC-22:1 
x̄ 40.3 0.2 6.7 4.1 6.1 11.4 8.1 49.4 47.8 29 37.4 0 8.4 0 12.9 28.7 0 30.2 0 0 24.3 

sd 6.2 0.1 9.4 6.3 6.4 23.1 18.1 10.1 25.4 21.6 16.5 0 17.8 0 - 4.9 0 24.4 - 0 1.2 

ALC-16:1 
x̄ 2.1 2.2 0 0.2 2.5 0 0.7 0.5 0.8 0 0.2 0 0.8 0 0 0.7 0 1.4 5.3 0 1.9 

sd 0.4 0.7 0 0.4 3.6 0 1.5 0.7 0.3 0 0.5 0 1.1 0 - 0.8 0 1.6 - 0 0 

ALC-18:1 
x̄ 0.3 0.5 0 0.2 2.4 0 17 1.5 0.6 0.8 0 0 4 7 0 4.7 13.7 18.3 5.9 23.3 3.3 

sd 0.1 0.5 0 0.4 3.4 0 22.5 1.3 0.1 0.8 0 0 8.9 6.3 - 5.5 33.6 21.8 - 31.9 0.4 

ALC-24:1 
x̄ 0.2 0.1 0 3 2.4 0.6 0 5 5.1 2.2 0.3 5.8 0.7 2 10.6 15.4 0 20 0 0 6.7 

sd 0.2 0 0 2.2 2.5 1.5 0 3.6 6.9 2.2 0.7 11.6 1.1 3.3 - 6.4 0 38.4 - 0 0.5 

ALC-26:1 
x̄ 0 0 0 0 0.2 0 0 0 0 0 0 0 0 0 2.5 0.5 0 0 0 0 0 

sd 0 0 0 0 0.3 0 0 0 0 0 0 0 0 0 - 0.6 0 0 - 0 0 

Sum 
Calanoid 

x̄ 54.7 0.8 8.4 6 7.5 13.4 8.1 60.6 54.4 46.7 43.9 0 15.5 18.7 23.5 35.3 0 32.8 0 1.7 30.7 

sd 4.9 0.4 11.9 8.5 8.4 27.8 18.1 9.7 23.1 36.1 14.9 0 28.5 22.4 - 9.3 0 24.4 - 2.3 1.6 
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Figure 3.10 Lipid class composition (mol%) of the zooplankton and micronekton from station BN 

in the northern Benguela Upwelling System. Redundancy analysis distance triplot of 

the proportional abundance of each lipid class in each sampled zooplankton and 

micronekton taxa. The primary and secondary sets of axes relate to the individual 

zooplankton/ micronekton samples and lipid class loadings, respectively. Each 

shape refers to an individual taxon replicate. Centroids for Calanoides natalis and 

Rhincalanus nasutus are illustrated on the plot via ‘C. nat’ and ‘R. nas’ in red writing. 

For ease of interpretation of the plot, the Calanoides natalis centroid label ‘C. Nat’ 

was moved and a red arrow was added to point to the exact location of the centroid. 

Taxon identity explained 77.26 % of the total variance in the zooplankton and fish lipid group 

composition data (RDA, F=11.0420,65, p<0.001; Figure 3.10), with the first and second axes 

accounting for 37.96 % and 17.74 % of the variability, respectively. Including station visit 

(BN1/BN2/BN3), depth and chlorophyll a did not improve the model fit (F=0.541 2,83, p=0.851, 

F=0.5411,63, p=0.733 and F=2.001,63, p=0.085). The herbivorous calanoid copepods C. natalis and 

R. nasutus were strongly associated with both saturated and unsaturated alcohols. 
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Figure 3.11 Fatty acid composition (mol%) of the zooplankton and micronekton from station BN 

in the northern Benguela Upwelling System. Redundancy analysis distance triplot of 

the proportional abundance of each lipid class in each sampled zooplankton and 

micronekton taxa. The primary and secondary sets of axes relate to the individual 

zooplankton/ micronekton samples and lipid class loadings, respectively. Each 

single point refers to an individual taxon replicate. Centroids for Calanoides natalis 

(C. nat) and Rhincalanus nasutus (R. nas) are illustrated on the plot. 

Taxon identity explained 62.33 % of the total variance in the zooplankton and fish fatty acid 

composition data (RDA, F=5.3820,65, p<0.001; Figure 3.11). Including station visit 

(BN1/BN2/BN3), depth and chlorophyll a or oxygen concentration did not improve the model fit 

(F=0.6422,83, p=0.903; F=1.251,63, p=0.240; F=1.531,63, p=0.131; and F=1.021,84, p=0.397 

respectively). There was a distinct separation of the two herbivorous calanoid copepod species, 

C. natalis and R. nasutus, from the rest of the zooplankton and fish. These species had strong 

negative loadings on the first axis. C. natalis had negative loadings on the second axis and was 

closely associated to the long-chained fatty acids 22:1(n-9) and 22:1, with these moieties 

making up 6.6 mol% and 14.1 mol% of total fatty acid composition. R. nasutus had strong 

positive loadings on the second axis and was associated with the short-chained fatty acid 

16:1(n-7).  
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3.4.3 Biomass 

The total integrated biomass of organisms in the top 750 m of the water column based on the 

Mammoth-100, Mammoth-300 and RMT25 net systems ranged between 158.6 – 307.5, 264.3 – 

337.1 and 248.9 – 595.4 µmolC m-3, respectively. In general, Mammoth-300 mesozooplankton 

biomass demonstrated a bimodal distribution with maximum biomass in surface waters (< 33 

m) and then again around 250 – 500 m, during both the day and night (Figure 3.12). The 

Mammoth-100 mesozooplankton biomass also demonstrated a bimodal distribution, with 

peaks in biomass in the surface net (0 – 125m) and again at 250 – 500 m. CTD oxygen data 

indicate that the second mesozooplankton biomass peak was within the OMZ (<60 µmol O kg-1) 

at depth between 250 – 500 m for both stations BN1 and BN2 (Figure 3.12). Mesozooplankton 

biomass from both the Mammoth-100 and Mammoth-300 were dominated by copepods at all 

depths (Figure 3.13). Calanidae were proportionally more dominant at depths beyond 375 m 

within the Mammoth-300 catches. RMT25 catch biomass was dominated by Cephalopoda in 

surface waters (10 – 125 m) at station BN1 and BN2 during the night. Amphipoda dominated the 

top 125 m (BN3) and 250 m (BN2) of the water column during the day RMT25 catches. Station 

BN1 and BN3 RMT25 catches were dominated by Gastropoda (e.g., Pteropoda) down to 250 m 

during the day and day/night, respectively. Mesopelagic fish dominated the biomass of the 

RMT25 catches between 250 – 750 m. Mesopelagic fish biomass was dominated by 

Myctophiformes (e.g., lantern fish), Argentiniformes (e.g., Bathylagidae spp.) and Stomiiformes 

(e.g., Cyclothone spp., Sternoptychinae spp.). 

 

Figure 3.12 Carbon biomass (µmolC m−3) of mesozooplankton sampled from (A) Mammoth-100 

and (B) Mammoth-300, and (C) micronekton (RMT25 >4 mm) at station BN in the 

northern Benguela Upwelling System. Oxygen concentration profiles are denoted by 
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red points. Vertical red lines mark hypoxic waters < 60 µmol/kg Oxygen. Mammoth-

100 and Mammoth-300 biomass samples were not available at BN3. Dark grey 

shading (left side of x-axis=0) represents nighttime observations and light grey 

shading (right side of x-axis=0) represents daytime observations. 

 

Figure 3.13 Dominant taxa (by % of total carbon biomass) of mesozooplankton sampled from (A) 

Mammoth-100 and (B) Mammoth-300, and (C) micronekton (RMT25 >4 mm) at 

station BN in the northern Benguela Upwelling System. Mammoth-100 and 

Mammoth-300 biomass samples not available at BN3.  Taxa that individually 

contributed < 6 % were placed in the “Others” category. Values to the left of x-

axis=0 represent nighttime observation and values to the right of x-axis=0 represent 

daytime observations. 

The change in weighted mean depth (WMD) between day and night total biomass of 

mesozooplankton from the Mammoth-100 and Mammoth-300 net was < 70 m, with no 

consistency whether this was shallower or deeper during the day (Table 3.5). When considering 

specific mesozooplankton taxa, Copepoda nauplii, Copepoda < 1000 µm, Oithona spp., 

Calanidae < 3000 µm (Mammoth-300), Eucalanidae and Ostracoda were consistently 

distributed at shallower depths during the day than night (Figure 3.14). In contrast, Oncaeidae, 

Calanidae > 3000 µm (Mammoth-300) and Metridinidae spp. consistently had WMD deeper 

during the day than night. Total integrated micronekton (RMT25) biomass was consistently 

greater during than night than day at stations BN1 and BN2, with night biomass being 184 and 

239 % of that during the day, respectively. Total micronekton biomass from the RMT25 was 

consistently deeper during the day. Fish, Cephalopoda, Gastropoda and Decapoda (apart for 

Cristaspis cristata) WMD were consistently deeper during the day (Figure 3.14). When looking at 
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the WMD of individual fish taxa, the majority of taxa were located above or below the OMZ 

during both the day and night (Figure 3.15). 

Table 3.5 The change in weighted mean depth (WMD, m) between night and day (ΔWMD = Night 

WMD – Day WMD) of mesozooplankton and micronekton biomass at station BN in 

the northern Benguela Upwelling System. Mammoth-100 and Mammoth-300 

samples were not available at BN3. Positive ΔWMDs indicate that biomass was 

distributed shallower during the day, whilst negative ΔWMDs indicate that biomass 

was distributed deeper during the day. A ΔWMD of 0 indicates no changes in the 

vertical distribution between day and night samples. 

  WMD (m) Night WMD (m) Day ΔWMD (m) 

Mammoth-100 
BN1 273.4 273.4 0 

BN2 244.3 313.0 -68.7 

Mammoth-300 
BN1 161.9 194.1 -32.2 

BN2 271.8 228.2 43.6 

RMT25 

BN1 253.2 440.6 -187.6 

BN2 176.7 505.4 -328.7 

BN3 312.5 444.8 -132.3 
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Figure 3.14 Weighted Mean Depth (WMD, m) of dominant taxa collected by the (A) Mammoth-100, (B) Mammoth-300 and (C) RMT25 nets at station BN in the 

northern Benguela Upwelling System. Red shading represents depths where oxygen concentrations were < 60 µmol/kg. Mammoth -100 and 

Mammoth-300 biomass samples not available at BN3. Black circles represent nighttime WMD and grey circles daytime WMD. 
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Figure 3.15 Weighted Mean Depth (WMD, m) of fish taxa collected by the RMT25 net at station 

BN in the northern Benguela Upwelling System. Red shading represents depths 

where oxygen concentrations were < 60 µmol/kg. Black circles represent nighttime 

WMD and grey circles daytime WMD. 

3.4.4 Metabolic rates 

3.4.4.1 Respiration 

ETS-assay derived whole community mesozooplankton respiration rates at in situ temperatures 

(µl O2 mg DW-1 d-1) were highest in the top 125 m of the water column (Table 3.6). Taxa-specific 

ETS-assay derived respiration rates (µl O2 mg DW-1 d-1) for micronekton are found in Table 3.7. 

Total depth-integrated community respiration (CO2 production) for the Mammoth-100, 

Mammoth-300 and RMT25 catches ranged between 3.40 – 24.6, 17.0 – 43.9 and 1.33 – 2.87 

µmol C m-3 d-1 respectively. Pelagic respiration was dominated by mesozooplankton. Total 

community respiration from the Mammoth-300 catches did not show any distinct day/night 

trends (Figure 3.16). Total community respiration from the Mammoth-100 catches were greater 

at night for station BN3. ETS-assay derived taxa-specific micronekton respiration rates can be 

found in Table 3.7. Micronekton community respiration from the RMT25 catches was greatest at 

night in surface waters for all stations (Figure 3.16). Euphausiid community respiration was 

quantified from MOCNESS catches in the top 125 m and ranged between 10.6 – 12.3 µmol C m-3 

d-1 at night and 0.0 – 0.47 µmol C m-3 d-1 during the day. Due to issues with the MOCNESS, no 

samples were obtained below 125 m. 

   

   

   

 
 
 
  
  
  
 
 

 
 
  
 
  
 
  
 
 
  
 
 
 

 
 
  
 
  
 
  
 
  
 
  

 
 
 
  
  
 
 
 
  
 
 
 

 
  
 
 
 
 
  
 
 

 
  
 
  
 
 
 
  
  
 
 

 
  
 
  
 
  
 
 

 
  
 
  
 
  
 
 

 
  
 
  
 
  
 

 
  
 
  
 
  
 

 
  
 
  
 
  
 

 
  
 
  
 
  
 

 
 
 
 
 
 
 
 
 
 
  
 
  
 
 
 

 
 
 
 
   
  
 
 
  
 
 
 

 
 
 
 
 
 
 
 
 
  
 
  

 
 
 
 
 
 
 
 
  
 
  
 
 
  
 
 

 
 
 
  
 
 
 
 
 
  
 
  
 
  

 
 
  
 
 
 
  
 
 
  
 
 
 

 
 
  
 
 
 
  
 
   
 
 
  
 
 
 

 
 
  
  
 
  
 
 
 
  
 
 

 
 
 
  
 
 
  
 
 
  
 
 
 

 
 
  
 
  
 
 

 
  
  
 
 
  
 
 
  
 
 

 
  
 
   
 
 
  
 
 
 

 
 
 
 
 
  
 
 
 
  
 
  
 
  

 
 
  
  

 
 
 
 
 
  
 
  
  
  
 

 
 
  
 
 
  
  
 
 
  
  
  
  
 

 

   

   

   

 

   

   

   

 

   

   

   

 
 
 
  
 
 

     



Chapter 3 

132 

Table 3.6 ETS-assay derived respiration rates (µl O2 mg DW-1 d-1) for whole community mesozooplankton samples from the Mammoth-300 and Mammoth-100 

catches at station BN in the northern Benguela Upwelling system. Surface respiration for the Mammoth-100 sample at station BN3 was not 

available. 

 

Mammoth-300 respiration rates (µl O2 mg DW-1 d-1) Mammoth-100 respiration rates (µl O2 mg DW-1 d-1) 

BN1 BN2 BN3 BN1 BN2 BN3 

Depth (m) Day Night Day Night Day Night Day Night Day Night Day Night 

5-33 23.9 11.6 14.5 15.5 11.8 21.5 

39.7 55.5 11.6 17.3 - 48.5 33-63 33.8 26.9 51.9 8.9 4.6 49.4 

63-125 63.9 38.0 9.7 12.0 17.2 41.8 

125-188 9.0 14.8 3.0 7.9 5.1 23.2 
5.6 8.8 9.0 4.1 9.3 43.3 

188-250 7.0 8.7 2.5 2.5 4.9 11.6 

250-375 10.9 14.7 12.2 9.9 4.1 2.1 
11.7 11.3 6.5 5.5 18.4 13.8 

375-500 8.8 13.2 10.3 6.9 8.5 15.0 

500-625 3.1 4.9 9.4 2.4 8.0 4.8 
5.5 3.3 4.5 4.0 5.9 4.1 

625-750 2.9 5.1 7.3 2.7 5.3 4.1 
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Table 3.7 ETS-assay derived taxa specific respiration rates (µl O2 mg DW-1 d-1) for micronekton catches from the RMT25 at station BN in the northern Benguela 

Upwelling system. 

 Micronekton ETS-assay derived respiration rate (µl O2 mg WW-1 d-1) 

Station Depth 
(m) 

Time 
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BN1 

0-125 Day 0.39 6.47 4.04 - - - - - - - - - - - - 

0-125 Night - 4.10 - 6.48 9.48 6.31 12.72 - - - - - - - - 

125-250 Day - 2.97 2.83 - - - - - 5.60 0.66 - - - - - 

125-250 Night - 3.11 2.37 5.73 - 5.22 4.42 10.88 - 8.57 7.54 - - - - 

250-500 Day - - 3.63 6.08 2.25 2.43 3.08 - - 3.06 - 1.02 - - - 

250-500 Night - - - - - - 2.25 - - - - - 0.53 0.46 - 

500-750 Day - - - 2.86 1.47 - 3.08 2.55 - 0.37 - 0.45 0.23 1.25 0.73 

500-750 Night - - - 2.35 4.91 0.63 2.70 - - - 4.44 1.79 0.15 - 1.53 

BN2 

0-125 Day 0.55 - - - - - - - - - - - - - - 

0-125 Night 1.00 - 8.01 - - - - 6.76 - - - - - - - 

125-250 Night - - - - 3.23 - - - - - - 1.57 1.50 - - 

250-500 Day - - - - - - - 5.71 - 8.13 8.09 - - - - 
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Station 
Depth 
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BN2 

250-500 Night - - - 3.91 1.22 2.03 - 4.43 - 0.56 - 0.54 0.40 - 1.05 

500-750 Day - - - - - 2.14 - - - 0.40 - - 0.24 - - 

500-750 Night - - - - - - - - - 0.39 7.92 - - - - 

BN3 

0-125 Day - - - 6.98 - - - - - - - - - - - 

0-125 Night - 6.12 - - - - - - - - - - - - - 

125-250 Day - - - - - - 46.06 10.11 - - 9.47 - - - - 

125-250 Night - - - 5.61 - - - 9.66 - - - - - - - 

250-500 Day - - - - 7.22 3.94 - - - 9.26 - - - - - 

250-500 Night - - - - - - - - - - - - - - 1.14 

500-750 Day - - - - - - - - - - - 1.59 0.20 1.44 0.62 

500-750 Night - - - 3.72 - 0.33 - 3.87 - - 4.32 - - - - 
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Figure 3.16 Total community respiration (µmolC m−3 d−1) of mesozooplankton sampled from (A) Mammoth-100 and (B) Mammoth-300, and (C) 

micronekton (RMT25 >4 mm; MOCNESS for 0-125 Euphausiids) at station BN in the northern Benguela Upwelling System. Respiration 

data for the Mammoth-100 and Mammoth-300 catches were derived from ETS assays of whole community samples. Surface respiration 

for the Mammoth-100 sample at station BN3 was not available. Micronekton respiration data was derived based on the allometric 

regressions relating WW (mg) to ETS-derived respiration rates. Dark grey shading (left side of x-axis=0) represents nighttime observation 

and light grey shading (right side of x-axis=0) represents daytime observations. 
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3.4.4.2 Ingestion 

Carbon specific ingestion rates ranged from 7.32 – 256.2 % µg C µg C-1 d-1 (Table 3.8). The 

greatest carbon specific ingestion rates were in Centropages spp.. Total community depth-

integrated ingestion in Mammoth-100, Mammoth-300 and RMT25 catches ranged between 

179.9 – 415.2, 76.1 – 106.4 and 11.5 – 31.2 µmol C m-3 d-1 (Figure 3.17). Pelagic ingestion was 

dominated by that of mesozooplankton. Total ingestion was greater in surface waters and 250 – 

500 m. Total ingestion in Mammoth-100 surface samples at station BN1 were greater than at 

station BN2. RMT25 total community ingestion was more than twice greater during the night 

than during the day at station BN2. 

Table 3.8 Summary of grazing experiments: initial carbon content of experimental bottles (µgC 

ml-1), carbon ingested by zooplankton (µgC ind.-1 day-1), average carbon biomass of 

individual zooplankton (µgC ind.-1) (Schukat et al., 2013b; Bode-Dalby et al., 2022) 

and percent carbon specific ingestion rates (% µgC µgC-1 d-1). Initial carbon content 

of the bottles was calculated based on particle count and carbon biomasses of 

particles derived from allometric equations (Alldredge, 1998; Menden-Deuer and 

Lessard, 2000). 

Grazing 
experiment 
ID 

Species 

Initial 
carbon 
content 
(µgC ml-1) 

Ingested 
carbon 
(µgC ind.-1 
day-1) 

Zooplankton 
biomass 
(µgC ind.-1) 

Carbon 
specific 
ingestion rate 
(µg C µg C-1 d-1) 

6 
Oithona spp. 

C4-5 

0.59 ± 0.13 0.53 ± 0.33 1.17 
45.40 ± 28.19 

10 
Oithona spp. 

C4-5 

0.65 ± 0.17 1.65 ± 0.16 1.17 
141.36 ± 13.93 

12 
Oithona spp. 

C4-5 

0.60 ± 0.15 0.26 ± 0.16 1.17 
22.59 ± 13.41 

9 
Metridia spp. 

C5-6 

0.55 ± 0.06 10.1 ± 3.98 21.5 
46.85 ± 18.50 

5 
Nannocalanus 

minor C6F 

0.58 ± 0.12 19.4 ± 4.39 43  
43.45 ± 10.63 
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Grazing 

experiment 

ID 

Species 

Initial 

carbon 

content 

(µgC ml-1) 

Ingested 

carbon 

(µgC ind.-1 

day-1) 

Zooplankton 

biomass 

(µgC ind.-1) 

Carbon 

specific 

ingestion rate 

(µg C µg C-1 d-1) 

10 
Nannocalanus 

minor C6F 

0.65 ± 0.17 42.53 ± 

19.30 

43 
98.91 ± 44.88 

13 
Nannocalanus 

minor C6F 

0.67 ± 0.15 23.7 ± 9.0 43 
55.10 ± 20.93 

9 

Pleuromamma 

spp. small 

C5/6 

0.55 ± 0.06 5.67 ± 4.0 14 

40.49 ± 28.61 

13 
Pleuromamma 

spp. large C6F 

0.67 ± 0.15 30.1 ± 15.6 237 
12.71 ± 6.59 

8 
Calanoides 

natalis C5 

0.32 ± 0.04 3.81 ± 3.51  52 
7.32 ± 6.75 

12 
Calanoides 

natalis C5-6 

0.60 ± 0.15 34.5 ± 7.33 44 
78.47 ± 16.66 

12 
Centropages 

spp. C5-6 

0.60 ± 0.15 10.6 ± 3.28 4.15 
256.21 ± 79.00 
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Figure 3.17 Total community ingestion (µmolC m−3 d−1) of mesozooplankton sampled from (A) Mammoth-100 and (B) Mammoth-300, and (C) 

micronekton (RMT25 >4 mm) at station BN in the northern Benguela Upwelling System. Mammoth-100 and Mammoth-300 were not 

available for station visit BN3. Total community ingestion was calculated my multiplying catch biomass by the ingestion rates for 

individual taxa or functional groups and integrating them within each depth horizon sampled by the net. Dark grey shading (left side of x-

axis=0) represents nighttime observations and light grey shading (right side of x-axis=0) represents daytime observations. 
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3.4.5 Metabolic carbon budget 

 
Figure 3.18 Total community carbon (µmol C m−3 d−1) ingestion and respiration for (A) 

mesozooplankton and (B) micronekton at station BN in the northern Benguela 

Upwelling System. Ingestion is reported using two methods (1) carbon specific 

ingestion rates applied to biomass (Ingestion (G) = light green) and (2) ingestion 

calculated from respiration (Ingestion (R) = dark green; Ikeda and Motoda (1978)). 

Mesozooplankton ingestion was calculated from grazing experiment carbon specific 

ingestion rates (from this study and published literature) and applied to biomass 

estimates from this study. Micronekton ingestion was derived from published 

carbon specific ingestion rates applied to biomass estimates from this study. 

Values to the left side of the x-axis=0 represent nighttime observations and values 

to the right side of the x-axis=0 represent daytime observations. Mammoth-100 and 

Mammoth-300 samples not available at BN3. Mesozooplankton respiration was 

derived from ETS-assays on whole community samples (Mammoth-100 and 

Mammoth-300). Micronekton respiration was derived from allometric regressions 

relating WW (mg) to taxa-specific ETS-derived respiration rates (this study and 

published literature). When integrating the mesozooplankton data from both the 

Mammoth-100 and Mammoth-300, only ingestion and respiration rates of 

mesozooplankton <300 were included from the Mammoth-100 and added to that of 

the Mammoth-300, to avoid catch overlap between the two nets. 

Total mesozooplankton and micronekton ingestion was greater than respiration for all station 

and depths using both methods (Figure 3.18). Mesozooplankton respiration accounted for 4.6 – 
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93.3 % of ingested carbon based on grazing experiments (i.e. Ingestion (G)). Beyond 125 m, 

respiration was always equivalent to < 52 % of ingestion. Micronekton respiration accounted for 

0.69 – 20.0 % of Ingestion (G). When integrating throughout the entire water column, 

mesozooplankton respiration accounted for 38.6 ± 11.2 % and 30.5 ± 18.4 % of ingestion (G) 

during the day and night respectively at station BN. Depth integrated micronekton respiration 

accounted for 8.62 ± 2.58 % and 10.42 ± 3.25 % of Ingestion (G) during the day and night 

respectively at station BN. 

3.4.6 Migrant biomass and active flux 

Table 3.9 Total active carbon flux by mesozooplankton and micronekton diel vertical migration 

(DVM) at station BN in the northern Benguela Upwelling System. Migrant biomass is 

given as night – day biomass in the top 125 m of the water column. Negative migrant 

biomass indicate that biomass was greater during the day in surface waters 

compared to at night. All migratory fluxes are calculated for the duration spent at 

depth (11h for normal DVM and 13h for reverse DVM) and beyond a depth of 125 m. 

This depth was chosen to allow for consistency across all net sampling gear. Total 

active flux is the sum of respiratory, excretory and mortality fluxes, whereby 

excretory flux was equal to 0.31 of respiratory flux (Steinberg et al., 2000) and 

mortality flux was equal to 0.75 and 0.66 of respiratory flux for mesozooplankton 

(Ikeda and Motoda, 1978) and micronekton (Brett and Groves, 1979; Kwong et al., 

2020) respectively. 

 
Mammoth-300 Mammoth-100 RMT 

 
BN1 BN2 BN1 BN2 BN1 BN2 BN3 

Migrant biomass µmol C m-3 54.42 17.15 -84.61 3.91 195.7 291.6 81.7 

Migrant respiratory flux µmol C 

m-3 d-1 0.180 0.061 0.369 0.012 0.028 0.038 0.041 

Migrant excretory flux µmol C 

m-3 d-1 0.056 0.019 0.115 0.004 0.009 0.012 0.013 

Migrant mortality flux µmol C 

m-3 d-1 0.135 0.046 0.277 0.009 0.018 0.025 0.027 

Total active flux µmol C m-3 d -1 0.370 0.126 0.761 0.026 0.055 0.074 0.081 
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The biomass of mesozooplankton which migrated to depths > 125 m over a 24h DVM cycle was 

54.4 and 17. 1 µmol C m-3 at stations BN1 and BN2 for the Mammoth-300 respectively, and -84.6 

(more biomass in surface waters during the day) and 3.91 µmol C m -3 at stations BN1 and BN2 

for Mammoth-100 catches respectively (Table 3.9). The total downward active carbon flux below 

125 m by migrant mesozooplankton was 0.37 and 0.126 µmol C m-3 d-1 at stations BN1 and BN2 

for the Mammoth-300, and 0.644 and 0.026 µmol C m-3 d-1 at stations BN1 and BN2 for 

Mammoth-100 (Table 3.9). The biomass of micronekton which migrated to depths > 125 m 

during the day was 195.7, 291.6 and 81.7 µmol C m -3 at stations BN1, BN2 and BN3 respectively. 

Micronekton active carbon flux from the RMT25 catches ranged between 0.055 – 0.081 µmol C 

m-3 DVM d-1 at station BN. Respiratory fluxes accounted for the highest proportion of total active 

flux, followed by mortality and excretory fluxes. 

3.5 Discussion 

This study quantified the trophic and physiological ecologies, biomass, magnitude of DVM, 

metabolic rates and active carbon flux of mesozooplankton and micronekton communities 

within the epi- and mesopelagic waters of the northern Benguela Upwelling System in the 

equatorial South Atlantic Ocean.  

3.5.1 Zooplankton and micronekton dominate processing and fate of POM in the OMZ 

The δ13C signatures of POM decreased with depth (Figure 3.2), suggesting the source or 

composition of the organic matter changed with depth. O'Leary et al. (2001) found lower δ13C 

POC values by up to 2.4 ‰ at 100 m compared to surface waters, with results pointing towards 

slower photosynthetic growth rates and fractionation of carbon isotopes in deeper waters. 

Similarly, studies have observed the δ13C values of low-light phytoplankton in deeper epipelagic 

waters to have lower signatures by up to 6.3 ‰ compared to those in surface waters, suggesting 

light intensity and phytoplankton community may be important factors driving depth related 

changes in carbon isotope values (Henderson et al., 2024).  

In the present study, we observed a decrease in δ13C of ~4 ‰ between the surface waters and 

lower epipelagic waters ~100/200 m, suggesting that differences in δ13C signatures may indeed 

be driven by phytoplankton community photosynthetic responses to light intensity. Lower δ13C 

values with increasing depth may also reflect the loss of labile 13C-enriched components (e.g., 
13C-enriched carbohydrates and proteins) during heterotrophic degradation (Close et al., 2014). 

POC:N ratios of POM were greater than the Redfield ratio of 106:16 (6.625) for station BN2 and 

BN3 at depths > 100 m and increased with depth (Figure 3.3), in agreement with global 

observations (Schneider et al., 2003). This further supports the idea of heterotrophic 
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degradation of POM by organisms and the preferential consumption of nitrogen rich compounds 

(e.g., proteins, amino acids) resulting in reworked particles having higher POC:N ratio as they 

sink to deeper waters (Gordon, 1971). Increased POC:N ratios with depth may also be related to 

increased contribution of animal faecal material to the particle pool with depth. Animals require 

nitrogen for growth and protein synthesis and therefore may preferentially absorb and 

assimilate nitrogen, resulting in faecal material and reworked particles having higher C:N ratios 

than fresh POM (Anderson, 1994; Steinberg and Saba, 2008; Mayor et al., 2011). 

The reworking of particles with depth can also be observed in the lipid data, whereby the 

proportional contribution of the zooplankton biomarker 18:1(n-9) increased with the depth in 

the > 53 µm particle pool, whereas the contribution of diatom 20:5(n-3) and dinoflagellate 

22:6(n-3) biomarkers (Dalsgaard et al., 2003) decreased with depth in the < 53 µm particle pool 

(Figure 3.9). This suggests an increased contribution of animal-sourced material (e.g., faecal 

material) but decreased contribution of fresh phytoplankton-derived material to POM with 

depth. Similar trends of increasing 18:1(n-9) contribution to POM with depth have been 

observed in past studies (Sheridan et al., 2002; Richoux, 2010; Savineau et al., 2024). The 

PUFA:MUFA ratios of POM were lowest within the OMZ, at depths between 250 – 400 m (Figure 

3.9). Low PUFA:MUFA ratios are indicative of refractory POM, as PUFAs are more labile than 

MUFAs and have higher dietary absorption efficiencies in animals (Wakeham et al., 1984; Hama, 

1999). Harvey et al. (1987) found almost complete removal of PUFAs in faecal pellets of 

copepods compared to their diet, further providing evidence of POM from within the OMZ being 

enriched in faecal material compared to waters above and below. Finally, increased 

contribution of fatty alcohols with depths moreover suggests an increased contribution of 

zooplankton-derived material with depth, due to alcohols being important constituents of wax 

ester lipids of certain zooplankton (Table B 8; Table B 9; (Schukat et al., 2014)).  

The increased refractory nature of both large and small particles within the OMZ and increased 

contribution of 18:1(n-9) with depth to the > 53 µm particle pool suggest that particles may 

largely be shaped by biological processes and zooplankton/micronekton activity within the 

OMZ. This is further supported by glider data which observed deep particle layers between 250 – 

500 m, with these “deep export” events characterized by enhanced aggregate and faecal pellet 

abundance (Lovecchio et al., 2025). This is supported by continuous high biomass of both 

mesozooplankton and micronekton either permanently or partially residing within the OMZ 

(Figure 3.12). The mesozooplankton community within the OMZ may produce faecal pellets via 

egestion, hence producing large particles with the lipid, isotopic and POC:N ratio signatures 

observed in this study. It is furthermore possible that these particulate signatures are 

representative of faecal material being produced by the surface zooplankton population, with 

these then sinking and remaining untouched within the OMZ due to reduced biological activity 
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within the OMZ. Small particle-associated copepods, such as Oithona spp. and Oncaeidae, are 

hypothesized to be the main drivers of particle flux within the upper mesopelagic (Mayor et al., 

2020). These small particle-associated copepods are hypothesized to have a “search and 

destroy” mode of feeding as they scavenge for particle-attached microbes, inadvertently 

breaking down particles (Mayor et al., 2014; Mayor et al., 2020) and could therefore contribute 

to the reworking of and suspension of particles within this zone. Indeed particle-associated 

copepods such as Oncaeidae were observed to have WMDs permanently within the OMZ, with 

combined day/night WMDs of 344.0 ± 50.5 m and 355.4 ± 22.7 m in the Mammoth-100 and 

Mammoth-300 catches respectively. The high lability of a proportion of the < 53 µm particle pool 

at 500 m does agree with the idea that small zooplankton may break down rather than ingests 

large particle, thus making these smaller but with the same signatures as large “fresh” particles 

(this study; (Lovecchio et al., 2025)). Prokaryotic count and microbial respiration was moreover 

reduced under low oxygen concentrations during this cruise, potentially lowering organic matter 

turnover by up to 7-fold in severely hypoxic waters (<20 µmol/kg) compared to oxygenated 

waters > 100 µmol/kg (Hemsley et al., 2023; Lovecchio et al., 2025), hence resulting in the 

sustained particle layer in the OMZ and some “fresh” material reaching depths of 500 m. This 

emphasizes the OMZ’s role in retaining organic matter and modulating carbon cycling through 

reduced microbial respiration and metazoan biological activity.  

3.5.2 Trophic ecology of mesozooplankton and micronekton 

Overall, the δ13C signatures of zooplankton and micronekton were more enriched than those of 

POM and ranged between -19.2 and -14.5 ‰ (Figure 3.4). This trend is observed in marine 

systems and is attributed to preferential consumption of labile 13C enriched components of 

POM such as phytoplankton, especially diatoms (Fry and Wainright, 1991; De Figueiredo et al., 

2020). The δ13C signatures of zooplankton and micronekton did not change with depth, 

suggesting they preferentially consumed photoautotrophic production throughout the water 

column (Fry and Wainright, 1991). The depleted δ13C values and more refractory nature of POM 

with depth does indeed corroborate the idea that animals are preferentially consuming fresher 

material and/or migrating to surface waters where “fresher” POM was available. Mesopelagic 

fish signatures were in line with past studies in the nBUS (Duncan et al., 2023) and micronekton 

showed variable signatures in line with past studies (Schukat et al., 2014).  

Stable isotope analysis of nitrogen revealed a δ¹⁵N range of 4.86 – 14.70 ‰, with the lowest 

values in herbivorous calanoid copepods (Figure 3.4). A clear trophic gradient was observed, 

from mesozooplankton to micronekton to fish, with most zooplankton (excluding 

Chaetognatha) displaying lower δ¹⁵N values than mesopelagic fish. This in essence suggests a 

positive relationship between δ¹⁵N and body size and illustrates how bigger organisms are 
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feeding on smaller ones within the food web. This trend agrees with the idea of body size being a 

‘master trait’ influencing trophic interactions in marine ecosystems (Andersen et al., 2016) and 

is in agreement with past studies observing increased δ¹⁵N from mesozooplankton, to 

macrozooplankton, micronekton and nekton (Hunt et al., 2015). δ¹⁵N values in mesopelagic fish 

matched those reported in a prior study in the nBUS (Duncan et al., 2023), suggesting consistent 

trophic positioning of mesopelagic fish higher up the food web compared to zooplankton and 

micronekton. Our data showed limited evidence of vertical trophic partitioning based on δ 15N 

signatures, with a weak relationship between δ15N signatures and depth (Figure 3.5), driven by 

subtle δ15N enrichment of Bathylagidae spp., Acanthephyra pelagica and Euphausia hanseni 

with depth. Past studies have observed resident zooplankton and fish below the OMZ to have 

greater the δ15N signatures than communities within or above the core of the OMZ (Gutiérrez-

Bravo et al., 2025). The lack of clear trophic partitioning in this study may reflect sampling 

limitations and biases in the present study, whereby the maximum depth sampled was 750 m, 

which will have excluded deep-water resident populations. Indeed, the δ15N enrichment with 

depth in the Gutiérrez-Bravo et al. (2025) study was only apparent when including animals from 

depths > 900 m into the model. Moreover, our study did not comprehensively sample the 

zooplankton community when it came to stable isotope analyses but instead focussed on 

animals of most interest in epi- and upper mesopelagic waters and therefore may have 

overlooked deepwater resident taxa. 

The lipid class and fatty acid profiles of mesozooplankton, micronekton and mesopelagic fish 

were broadly aligned with and support the trophic ecology and food web positioning inferred 

from the stable isotope signatures. The two herbivorous calanoid copepods C. natalis and R. 

nasutus ordinated away from all other species in both the lipid class and fatty acid RDAs (Figure 

3.10 and Figure 3.11), highlighting the distinct herbivorous trophic ecologies of these two 

species compared to the more omnivorous and predatory species higher up the food web. The 

contribution of the 16:1(n-7) and 20:5(n-3), key diatoms biomarkers (Dalsgaard et al., 2003), in 

C. natalis and R. nasutus suggests diatoms to be a major food source and places these species 

as broadly herbivorous. This is in support of past lipid biomarker studies which concluded 

diatoms to be an important source of food for C. natalis and R. nasutus (Verheye et al., 2005; 

Ceballos et al., 2006; Schnack-Schiel et al., 2008; Daly et al., 2011; Schukat et al., 2014). All 

other species sampled overlapped significantly in their positions within the fatty acid RDA plot 

suggesting these species may all share more omnivorous/carnivorous diets. All taxa sampled 

contained 20:1(n-9) and 22:1 in their fatty acid signatures (Table 3.3). Moreover, all taxa but 

Chaetognatha spp., Bathylagidae spp., Gymnoscopelus spp., Nemichthyidae spp. and R. 

nasutus had fatty alcohols ALC-20:1 and ALC-22:1 contributions > 5 % (Table 3.4). These fatty 

acids and alcohols are biosynthesized de novo by herbivorous Calanus and Calanoides species 
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in polar and upwelling regions and are major constituents of their wax ester lipids (Hagen et al., 

1993; Kattner et al., 1994; McMeans et al., 2012; Schukat et al., 2014). In the nBUS, these fatty 

acids and alcohols, hereafter referred to as calanoid biomarkers, can be attributed to the wax 

esters lipids of C. natalis (Schukat et al., 2014). The presence of these long-chained fatty 

alcohols and acids in all taxa sampled is therefore indicative of predation on C. natalis or 

consumption of POM material reworked by C. natalis and underscores the importance of C. 

natalis to the food web of the nBUS.  

The fatty acid signatures of Euchaeta spp., which contained 44.3 mol% of 18:1(n-9) is in 

agreement with past studies describing this species as predatory (Schukat et al., 2014). 18:1(n-

9) is biosynthesized de novo by zooplankton and therefore often used as a putative marker of 

carnivory (Dalsgaard et al., 2003), although it must be noted that it is not possible to determine 

whether 18:1(n-9) signatures within this study originated from carnivory or de novo biosynthesis 

within the zooplankton. Unlike the Schukat et al. (2014) study for which the calanoid biomarker 

contributed < 2 mol% to fatty acid composition, in the present study Euchaeta spp. contained 

up to 7 mol% of these biomarkers, suggesting C. natalis predation to be an important 

contributor to Euchaeta diet. These fatty acid signatures align with δ15N signatures of Euchaeta 

spp. being greater than the other mesozooplankton sampled, hence placing it higher up the food 

web (Figure 3.4).  

The euphausiids Euphausia hanseni and Hansarsia megalops (previously Nematoscelis 

megalops) had mixed signatures of both phytoplankton and zooplankton-derived biomarkers, in 

line with their opportunistic omnivorous tendencies (Barange et al., 1991; Pillar et al., 1992). H. 

megalops is however suggested to be more carnivorous than E. hanseni, with the former 

species having elongated thoracic appendages thought to enhance the ability to catch prey 

(Berkes, 1975; Barange et al., 1991). These species moreover partition their food sources based 

on vertical position in the water column and size, with H. megalops feeding on larger copepods 

than E. hanseni (Barange, 1990; Barange et al., 1991). This is reflected in H. megalops δ15N 

signatures being ~ 2 ‰ more enriched than those of E. hanseni.  

The Decapoda species (Oplophorus novaezeelandiae, Gennadas spp., Cristaspis cristata and 

Acanthephyra pelagica) were all dominated by the zooplankton biomarker 18:1(n-9) and had 

fatty alcohol compositions elevated in the calanoid biomarkers ALC-20:1 and ALC-22:1, in 

agreement with their classification as zooplanktivorous (Schukat et al., 2013a). Decapods are 

found to feed on various prey including copepods, euphausiids, amphipods and other decapods 

(Omori, 1975; Heffernan and L. Hopkins, 1981; Flock and Hopkins, 1992), aligning with δ15N 

signatures observed in this study.  
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The Amphipoda taxa (Phrosina semilunata, Platyscelus spp. and Phronima spp.) in the present 

study were all dominated by fatty acids 16:0, 18:1(n-9), 20:5(n-8) and 22:6(n-3) and also 

contained calanoid biomarkers. These signatures are concurrent with the fatty acid 

compositions of predatory hyperiid amphipods (Gibbons et al., 1992; Auel et al., 2002; Savineau 

et al., 2024) and aligns with their δ15N signatures being above those of mesozooplankton which 

they prey upon, but below larger micronekton and mesopelagic fish (Figure 3.4).  

The fatty acid composition of all mesopelagic fish were dominated by 16:0, 18:1(n-9) and 

22:6(n-9) and contained signatures of the calanoid biomarkers, in agreement with wider fatty 

acid studies (Wang et al., 2019; Voronin et al., 2022; Papadimitraki et al., 2023). These species 

are all considered carnivorous and feed on a range of prey including mesozooplankton, 

euphausiids, decapods, gelatinous organisms and other fish (Feagans-Bartow and Sutton, 

2014; Sweetman et al., 2014; Eduardo et al., 2020a; Eduardo et al., 2021; Bucklin et al., 2024), 

as is observed by their top δ15N trophic positioning. It is worth noting that the mesopelagic 

jellyfish Atolla spp. and the mesopelagic fish Cyclothone spp. had fatty alcohol contributions to 

total lipid content of 17.4 ± 16.8 and 29 ± 6.8 %. This is significantly higher fatty alcohol 

compositions than all other micronekton and fish, and together with fatty alcohol calanoid 

biomarker contributions > 30 % point towards consumption of C. natalis. Studies have indeed 

found Cyclothone spp. to have feeding strategies focused on wax-ester-rich copepods (Maar et 

al., 2023). The elevated levels of 18:1(n-9) and calanoid biomarkers compared to phytoplankton 

biomarkers in Atolla spp. aligns with past studies (Nelson et al., 2000) and is evidence of the 

carnivorous nature of these cnidarians.  

3.5.3 Physiological ecology of mesozooplankton and micronekton 

Lipid and elemental signatures may reflect species-specific physiological adaptations and 

requirements. The lipid class RDA revealed fatty alcohols to be important discriminants 

between C. natalis and R. nasutus, and the rest of the mesozooplankton and micronekton 

community. Fatty alcohols made up > 50 % of total lipid composition in the two aforementioned 

species. The prevalence of fatty alcohols suggests the storage of lipids in the form of wax esters, 

whereby a fatty acid is attached to a fatty alcohol. This form of storage is typically seen in 

copepods of seasonally or environmentally dynamic, high-latitude/upwelling systems and is 

thought to play an important role in fuelling reproductive processes such as gonad development 

and egg production following a period of metabolic inactivity (Hagen and Schnack-Schiel, 1996). 

Arashkevich et al. (1996) reported low lipid content and advanced gonad development in C. 

natalis from deep layers which, together with empty guts and low respiration rates, suggested 

that expended lipid reserves fuelled reproductive growth. Other studies have also reported 

significant decreases in the respiration rates and high lipid content in deeper waters, 
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underscoring the diapausing behaviour of C. natalis and R. nasutus (Timonin et al., 1992; 

Ohman et al., 1998; Auel et al., 2005; Schnack-Schiel et al., 2008; Schukat et al., 2013b). 

Despite this, lipid contents of C. natalis (21.6 ± 5.5 % of DW) and R. nasutus (23.3 ± 7.7 % DW; 

Table B 11) in this study were lower than in previous studies. Schukat et al. (2014) reported 

values of 50.1 % and 46.2 % for C. natalis C5 copepodites and R. nasutus respectively. Similarly, 

Verheye et al. (2005) reported values of 49.5 % in C. natalis C5 copepodites sampled between 

400 – 700 m (C. natalis lipids in the present study came from samples between 500 – 750 m). 

However, in these past studies R. nasutus were collected in December and C. natalis in March 

(Verheye et al., 2005; Schukat et al., 2014), which marks austral summer and the transition into 

austral autumn, whereas the present study took place in June, marking the transition into 

austral winter. It is possible that the lower lipid levels in this study reflect seasonal depletion of 

lipids later on in the season compared to a few months prior when these species would have 

had the highest lipids levels before entering diapause. C. natalis C5 copepodites did moreover 

have considerably lower carbon specific ingestion rates (7.32 ± 6.75 %) compared to the 

C5/females (78.47 ± 16.66 %), further supporting that C. natalis C5 copepodites were in a state 

of reduced metabolic activity. The lipid reserves present in R. nasutus can also be observed 

when looking at the C:N ratios of these animals, whereby R. nasutus had the greatest C:N ratios 

(Figure 3.6), indicative of preferential retainment of carbohydrates.  

All fish taxa in this study, except Bathylagidae spp., had lipid compositions > 17% of DW (Table 

B 11). Lipids in mesopelagic fish may be an adaption to help regulate their buoyancy (Zahuranec 

and Pugh, 1971). Indeed, many species of Cyclothone, myctophiids (e.g., Gymnoscopelus spp.) 

and stomiiformes (e.g., Sternoptychinae spp.) have been observed to have fat accumulations 

around their swim bladders as well as extensive oil droplets within their body cavities (Capen, 

1967; Zahuranec and Pugh, 1971; Kleckner and Gibbs Jr, 1972). High lipid contents are thought 

to be especially useful for species migrating considerable depths, as it removes the energy-

consuming requirement to secrete gas (Zahuranec and Pugh, 1971). The storage of lipids, 

especially unsaturated fatty acids may be used as a buoyancy mechanism, as these have low 

phase transition temperatures, making them easily accessible to catabolise in liquid state, and 

influencing density and buoyancy control (Pond, 2012).  

3.5.4 Micronekton vertical distribution in response to the OMZ 

OMZ waters were widespread and persistent during the study period at depths between 250 – 

450 m, with oxygen concentrations within the OMZ ranging from 29 – 60 µmol/kg (Figure B 2 and 

(Lovecchio et al., 2022)). In pelagic ecosystems, oxygen concentration is an important control of 

the distribution of animals, with hypoxic conditions (< 60 µmol O2/kg) influencing zooplankton, 
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macro-invertebrates and fish at different scales due to interspecific differences in physiologies 

and behaviours (Ekau et al., 2010).  

Micronekton demonstrated a slight bimodal trend in biomass in relation to the OMZ at night, 

with high biomass of animals in the surface layer <125 m and again between 250 – 500 m, 

although this varied a lot with station (Figure 3.12). In contrast, daytime biomass increased with 

depth, with the greatest biomass of micronekton found below the OMZ between 500 – 750 m. 

Micronekton including Decapoda, Cephalopoda and mesopelagic fish exhibited consistent 

DVM, with some taxa migrating completely through the OMZ (Figure 3.14). Strong DVM is a 

common phenomenon of mesopelagic fish, with the near surface region < 200 m becoming an 

important aggregation layer during the night (Sutton, 2013). Myctophids (e.g., lanternfish, 

Symbolophorus spp., Myctophidae spp., Lampadena spp. and Gymnoscopelus spp.) performed 

extensive DVM into surface waters at night (Figure 3.15), in agreement with past findings 

reporting myctophids to be strong migrators which feed in surface waters at night (Olivar et al., 

2012; Eduardo et al., 2021). These diel vertical patterns suggest the OMZ did not act as a barrier 

to DVM and that these taxa are able to tolerate low oxygen levels for short amounts of time. 

Indeed, Olivar et al. (2017) found migratory mesopelagic fish able to traverse the OMZ. Some 

mesopelagic fish (e.g., Angler fish, Bathylagidae spp.) migrated within the lower boundary of the 

OMZ at night, potentially as a strategy to feed on high biomasses of mesozooplankton within 

this layer. Other taxa such as Cylothone spp. remained distributed below the OMZ and did not 

show strong signals of DVM, aligning with current understanding that these species are non-

migratory residents of the mesopelagic (Olivar et al., 2012; Maas et al., 2014; Olivar et al., 2017). 

Olivar et al. (2017) did find Cyclothone spp. inhabiting areas of low oxygen concentrations, 

however these concentrations were higher (60 – 80 µmol/kg) than those in our study, suggesting 

low concentrations between 29 – 60 µmol/kg in the present OMZ may be too low for Cyclothone 

spp. in the nBUS. 

Decapoda spp. appeared to mostly avoid OMZ waters, remaining below them during the day and 

migrating to waters above the OMZ during the night, aligning with vertical distributions from past 

studies in the nBUS (Schukat et al., 2013a). Studies have reported increased abundances of 

decapods below the OMZ in the eastern tropical North Pacific (Maas et al., 2014). The vertical 

expansion of the OMZ during station BN3 compared to BN1 and BN2 moreover appears to have 

reduced the DVM behaviour of Decapoda spp., with taxa such as Gennadas spp. and 

Acanthephyra pelagica remaining below the OMZ at station BN3 compared to stations BN1-

BN2. This suggests OMZ expansion may act as a barrier to the DVM behaviour of some 

micronekton taxa (Tao et al., 2022). 
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3.5.5 Mesozooplankton vertical distribution and OMZ refuge 

Mesozooplankton biomass from the Mammoth-300 catches followed a bimodal vertical 

distribution, with the first biomass peak concentrated in surface waters (5 – 33 m) and another 

peak again between 250–500 m (Figure 3.12). Field observations have reported that OMZs 

create metazoan habitat compression and thus high biomass in surface waters (Wishner et al., 

2013; Wishner et al., 2020). Mesozooplankton biomass data from the Mammoth-300 catches 

does show biomass compression in the top 30 m of the water column, however in the present 

study, such compression is likely more related to the very shallow mixed layer and chlorophyll 

maxima being < 50 m (Lovecchio et al., 2022), as the OMZ was located much deeper. In 

contrast, the secondary biomass peak coincided with the OMZ and was particularly evident at 

station visit BN2. A similar bimodal trend was observed using the Mammoth-100 net, albeit at a 

coarser resolution due to broader sampling depth intervals (Figure 3.12). Such bimodal 

distributions of mesozooplankton biomass have previously been reported in OMZ regions, with 

secondary peaks in mesozooplankton biomass located at the lower boundary of the OMZ 

(Saltzman and Wishner, 1997; Martin et al., 2015). In the northern Benguela specifically, past 

studies have reported peaks in Copepoda abundance located in waters < 60 m and again at the 

lower boundary of the OMZ layer at depths > 300 m (Auel and Verheye, 2007), in agreement with 

our findings of peak biomasses between 250 – 500 m. It should be noted that sampling intervals 

within the mesopelagic zone in our study were coarse (125 m using the Mammoth-300 and 250 

m using the Mammoth-100) making exact determination of mesopelagic zooplankton biomass 

maxima difficult in terms of whether these animals were located within the core of OMZ waters 

and/or at the lower boundary of the OMZ.  

The mesozooplankton biomass peaks within the OMZ suggests this zone to have an important 

ecological role for mesozooplankton. OMZs have been suggested to provide mesozooplankton a 

refuge from larger predators with high oxygen requirements compared to their prey (Steinberg et 

al., 2008; Seibel, 2011). By residing within the lower boundary of the OMZ, mesozooplankton are 

able to avoid the lowest oxygen concentrations but still remain within hypoxic conditions 

unfavourable to larger animals. Indeed, peak micronekton biomass was below the OMZ and 

deeper than that of mesozooplankton during the day, suggesting mesozooplankton residence 

within the lower OMZ may be a tactic to avoid predators. Experiments run in large indoor 

mesocosm systems have indeed observed the copepod Daphnia pulicaria to preferentially 

inhabit waters with oxygen concentrations of ~30µmol/kg where conditions were unfavourable 

for the predatory fish in the experiment, reducing D. pulicaria mortality rate by 1/3 compared to 

the oxic treatment (Larsson and Lampert, 2011). In the present study, Calanidae and 

Eucalanidae were proportionally important taxa to the mesozooplankton community 

composition beyond 250 m, suggesting these taxa have adapted to low oxygen environments. 
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Indeed several species of the family Eucalanidae, including Eucalanus spp. and R. nasutus are 

characterised by “lethargic lifestyles” whereby they substantially reduce their respiration rates 

or even enter a dormant state within or below the OMZ (Schukat et al., 2013b; Teuber et al., 

2013). C. natalis, which dominated Calanidae composition by > 80 % at depth > 250 m 

(unpublished data from NMFRI Plankton Sorting and Identification Centre, Poland; Figure 3.13) 

and R. nasutus did indeed have lipid contents greater than the other mesozooplankton sampled 

(Table B 11). These energy reserves may allow them to reduce metabolic activity for prolonged 

periods and use the OMZ as a predator avoidance mechanisms during diapause (Wishner et al., 

2020). C. natalis have been associated with low-oxygen deep waters where they diapause and 

complete their life cycle, moulting into adults before ascending to become active adults in 

surface waters (Arashkevich et al., 1996; Auel and Verheye, 2007).  

The persistent presence of C. natalis and Eucalanidae, as well as daytime residence of 

Metridinidae within the OMZ in this study, reinforces current understanding that these taxa can 

survive in low oxygen environments (Saltzman and Wishner, 1997; Teuber et al., 2013; Tutasi 

and Escribano, 2020). C. natalis has indeed been reported to have 100 % survival down to 46.88 

µmol/kg and 80 % survival at 29.06 µmol/kg (Auel and Verheye, 2007), suggesting the OMZ 

oxygen concentrations of 29 – 60 µmol/kg were well within their tolerance threshold. ETS-assay 

derived respiration rates (µl O2 mg DW-1 d-1) (Table 3.6) and carbon specific respiration rates (µg 

C µg C % d-1; Table B 12) for whole mesozooplankton community samples were indeed reduced 

below 125 m compared to surface waters, suggesting reduced metabolic activity. Although this 

could partly be attributed to low oxygen induced lower respiration rates, this trend is common in 

mesozooplankton irrespective of the OMZ, with other potential drivers included lower 

temperatures (Ikeda, 1985; Ikeda, 2014), allometric relationships between increased body size 

and decreased respiration (Kiørboe and Hirst, 2014), and increased proportion of metabolically 

inactive diapausing species. 

3.5.6 Mesozooplankton DVM behaviour in an OMZ 

DVM is a well-documented behavioural strategy in zooplankton and nekton, influenced by both 

environmental (e.g., light, temperature, oxygen, food availability) and physiological drivers (e.g., 

life stage), to maximise trade-offs between food availability and predator avoidance (Bandara et 

al., 2021). While no synchronized DVM was observed across the mesozooplankton community, 

certain taxa, such as Metridinidae and copepod nauplii, exhibited pronounced vertical migration 

between epipelagic and mesopelagic waters (Figure 3.14). Metridinidae consistently migrated 

into the OMZ (Figure 3.14), as previously observed (Loick et al., 2005) and showed normal DVM 

behaviour – migrating to deeper waters during the day. As with mesozooplankton taxa residing 

within the OMZ, Metridinidae’s temporary residence in the OMZ during the day may be a strategy 
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to reduce predation risk during the day, whilst DVM to surface waters enables them to pay off 

their oxygen debt incurred during the day whilst also accessing increased food supply. Species 

in the genus Pleuromamma (Metridinidae) have indeed been observed to undergo extensive 

DVM into low-oxygen waters, with their nighttime ascent determined by a combination of higher 

oxygen levels and food supply (Teuber et al., 2013; Wishner et al., 2020). By contrast, copepod 

nauplii (Mammoth-300) showed reverse DVM, descending into the mesopelagic at night, 

potentially a predator-avoidance strategy. Reverse DVM has been observed in Pseudocalanus 

spp. as a strategy to reduce spatial overlap with predators (Ohman et al., 1983; Ohman, 1990). 

Calanus finmarchicus in the Clyde Sea have also been observed to perform reverse DVM, 

sinking to depth at midnight to avoid predation by krill (Tarling et al., 2002). The lack of 

pronounced mesozooplankton DVM, especially in the smaller size classes of mesozooplankton, 

may be attributed to different life-strategies promoting best survival. DVM is often attributed to 

larger zooplankton being more conspicuous and susceptible to visual predation (Hays et al., 

1994). For small zooplankton, the benefits of staying in surface waters where food 

concentrations are high, thus allowing consistent feeding and rapid growth, may outweigh the 

costs of increased risk of visual predation during the day (Irigoien et al., 2004). Indeed, even 

those species which did show weak DVM stayed within epipelagic surface waters during the 

day, where food concentrations were highest. 

3.5.7 Metabolic budget 

As a general trend, estimated mesozooplankton ingestion using both methods was always 

greater than respiration (Figure 3.18), suggesting that food ingested was more than sufficient to 

meet metabolic requirements. Several potential drivers could explain the low respiration rates 

in relation to ingestion rates in both methods (up to an order of magnitude lower) in samples 

below 125 m. High ingestion rates of carbon relative to respiratory demand aligns with the 

observations of low food quality in the mesopelagic relative to the surface mixed layer. Indeed, 

mesopelagic POM was highly refractory and nutrient depleted compared to surface waters 

meaning mesozooplankton would need to consume a large quantity of POM to meet their 

metabolic and nutritional requirements (Mayor et al., 2014). 

High ingestion at depth compared to respiratory requirements may moreover be a result of 

overestimation of ingestion rates at depth. Mesozooplankton and micronekton ingestion rates 

were derived from a combination of copepod grazing experiments, which took place during this 

study and literature-based ingestion rates. However, limited data regarding specific ingestion 

rates of mesozooplankton and micronekton in the nBUS, resulted in the use of broader 

ingestion rates from taxa sharing similar feeding strategies or from different oceanic locations. 

Moreover, the same surface-derived specific ingestion rates were applied to both surface and 
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deep biomass measurements, which may have resulted in overestimation of ingestion at depth. 

To tackle the uncertainty of grazing rates, ingestion rates were recalculated based on 

relationship between respiration and ingestion. This suggests surface grazing rates may have 

indeed overestimated ingestion at depth compared to ingestion estimates using respiratory 

carbon demand. In environments with big variations in temperature/oxygen with depth, using 

respiration obtained from ETS-assays from samples at in situ conditions may be better suited 

for estimating ingestion than grazing rates obtained in surface waters – as the latter are likely to 

be greatly influenced by vertical changes in environmental conditions. Both these methods do 

still fall under the assumption that animals at depth were indeed feeding. No synchronised DVM 

was observed in the mesozooplankton, hence suggesting that mesozooplankton were indeed 

feeding where they resided. However this assumption will also itself lead to overestimations of 

feeding at depth given 1) Metridinidae were observed to undergo extensive DVM and it can 

therefore be reasoned that they were feeding in surface waters and not at depth – especially 

considering the idea that the reason Metridinidae (and other zooplankton) undergo DVM is to 

avoid predation, therefore feeding at depth would invite detection by predators 2) A proportion 

of the mesopelagic residents are lipid-rich diapausing species and could therefore be reliant on 

the consumption of internal lipid reserves rather than ambient POM 3) We don’t fully 

understand the effects of hypoxia on mesozooplankton grazing activity, although studies 

suggest that filter-feeding copepods rapidly decrease their filtering rates below 3 mg O2/L 

(~93.75 µmol O2/kg) (Heisey and Porter, 1977). These uncertainties highlight the need for more 

experimental work to study ingestion rates of zooplankton/micronekton under hypoxia. 

3.5.8 Implications of vertical distribution of mesozooplankton and micronekton for 

biogeochemical cycling 

The occurrence and movement of mesozooplankton and micronekton in the OMZ must have 

consequences for the cycling of organic matter in the northern Benguela upwelling system. 

Zooplankton and micronekton that feed in surface waters and migrate to depth actively 

transport organic carbon from epi- to mesopelagic layers. These animals will then 

respire/excrete/produce faecal matter at depth, potentially preventing this organic matter from 

returning to surface waters (Steinberg et al., 2008; Isla et al., 2015). We found that 

mesozooplankton actively transported between 0.026 and 0.761 µmol C m⁻³ d-1 to depths below 

125 m through DVM, via respiration, excretion, and mortality during their daytime (or nighttime, 

in the case of reverse DVM) residence at depth. Micronekton contributed a further 0.055 to 

0.081 µmol C m⁻³ d-1. Although most micronekton exhibited strong DVM through the OMZ to 

feed in surface waters during the night before retreating below the OMZ during the day, this only 

accounted for 21 % of total mesozooplankton and micronekton active carbon flux below 125 m. 
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This suggests that despite mesozooplankton not performing as extensive DVM as seen in 

micronekton, mesozooplankton DVM remains an important mechanism of active respiratory 

carbon flux within the nBUS. It should be noted that Euphausiid contribution to active flux was 

not quantifiable in a comparable way to that of mesozooplankton (Mammoth) and micronekton 

(RMT25) due to issues with the MOCNESS net that prevented sampling deeper than 125 m. 

However, we did observe substantial Euphausiid respiration rates of 10.6 – 12.3 µmol C m-3 d-1 

at night compared to 0.0 – 0.47 µmol C m-3 d-1 during the day suggesting Euphausiids were 

actively migrating out of the top 125 m depth layer during the day. Although we are not able to 

determine where this biomass is migrating to during the daytime, the greatly reduced respiration 

rates suggest these animals are likely to be significant contributors to DVM active carbon flux. 

3.6 Conclusion 

This study provided a comprehensive characterization of the trophic and physiological ecology, 

vertical distribution, and role in carbon cycling of mesozooplankton and micronekton in the 

northern Benguela Upwelling System (nBUS), with a particular emphasis on interactions with 

the oxygen minimum zone (OMZ). Our findings underscore the central role of mesozooplankton 

and micronekton in the processing and fate of particulate organic matter (POM) across the 

epipelagic and mesopelagic zones. The elevated C:N ratios and refractory lipid signatures of 

POM within the mesopelagic collectively point to extensive heterotrophic reworking of POM, 

particularly within the OMZ. Stable isotope and lipid signatures revealed clear trophic 

structuring, with δ¹⁵N values and biomarker profiles aligning with predator-prey relationships. 

The presence of the calanoid copepod fatty acids biomarkers throughout all species sampled 

suggests Calanoides natalis to be a foundational prey in the nBUS. Notably, our study highlights 

the importance of the OMZ as an ecological refuge for many temporary and permanent 

mesozooplankton residents. In most cases, micronekton were able to perform DVM across the 

OMZ, however, in a few cases, the expansion of the OMZ formed an ecological barrier to the 

DVM behaviour of Decapoda spp.. The lack of pronounced DVM in the majority of 

mesozooplankton compared to strong DVM in micronekton further highlights that body size may 

be an important determinant of DVM behaviour. Despite this, mesozooplankton accounted f or 

79 % of total meso- and micronekton active carbon flux below 125 m. Uncertainties and 

limitations identified in this study, regarding producing metabolic budgets for mesozooplankton 

and micronekton, highlight the need to better understand the physiology and metabolic rates of 

these animals, especially with regards to effects environmental factors of hypoxic waters, when 

assessing carbon budgets. 
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4.1 Abstract 

Understanding depth-related changes in zooplankton size structure and community 

composition is key to interpreting trophic dynamics and carbon flux in the upper ocean. This 

study provides the first depth-resolved analysis of mesozooplankton normalized biovolume size 

spectra (NBSS) from the surface to 500 m in the Scotia Sea. Mesozooplankton were collected 

using a 330 µm MOCNESS net and analysed via fluid imaging microscopy (FlowCam Macro). 

NBSS showed multi-modal distributions, reflecting both sampling biases and key functional 

groups dominating community composition. Surface waters (0 – 65 m) were dominated by the 

large, lipid-storing copepod Calanoides acutus, whereas the boundary of the epi- to 

mesopelagic (125 – 250 m) was characterised by small omnivorous and particle feeding 

copepods such as Metridinidae and Oncaeidae. Mesopelagic layers (250 – 500 m) contained 
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both small omnivorous/detritivorous taxa and large-bodied C. acutus, Rhincalanus gigas and 

carnivorous taxa. NBSS slopes were all shallower than the theoretical -1 slope, indicating high 

biovolume retention in larger size classes and suggesting high trophic transfer efficiency (TTE). 

However, much of this biomass, specifically lipid-storing copepods in diapause, may not have 

been actively feeding during sampling. This suggests that the observed biomass reflects energy 

acquired in previous weeks or months, challenging interpretations of high TTE. These findings 

highlight the influence of physiology, particularly copepod diapause, on the size structure and 

inferred energy flow in zooplankton communities. The study moreover emphasizes that size 

spectra alone can misrepresent ecosystem dynamics if taxonomic composition is ignored and 

underscores the importance of integrating functional ecology into size-based approaches when 

assessing zooplankton-mediated carbon cycling. 

4.2 Introduction 

Zooplankton play a central role in the flow of energy in pelagic ecosystems, acting as a trophic 

link between phytoplankton and higher trophic levels such as fish, birds and marine mammals. 

From a biogeochemical perspective, zooplankton are a key component of the biological carbon 

pump (BCP), interacting with, transforming, and transporting organic carbon from surface to 

deep layers of the ocean (Steinberg and Landry, 2017). Particulate organic matter (POM) sinking 

into the mesopelagic attenuates with depth, with zooplankton-mediated processes, e.g. 

grazing, faecal pellet production, particle fragmentation, and active transport, influencing 

carbon flux attenuation (Steinberg and Landry, 2017). In particular, particle fragmentation – 

whereby small, particle-associated zooplankton intercept and break down large, fast-sinking 

particles into small, suspended ones – is thought to be the primary driver of particle attenuation 

and remineralisation (Giering et al., 2014; Mayor et al., 2020). This process, known as microbial 

gardening, makes small, suspended particles available to bacteria for colonisation and 

microbial respiration (Mayor et al., 2014). The depth at which these zooplankton-mediated 

processes occur, will influence the length-scale of carbon sequestration in the ocean, with 

deeper carbon remineralisation depths resulting in longer sequestration (Stukel et al., 2023) and 

greater carbon dioxide removal from the atmosphere (Kwon et al., 2009). Exploring how 

zooplankton communities and their trophic ecology change with depth through the mesopelagic 

is therefore key to understanding how animals at different depths are influencing the BCP and 

hence carbon cycling and storage in the ocean.  

In marine ecosystems, body size is considered a master trait influencing an organism’s 

physiology, community structure and trophic interactions (Kleiber, 1932; Barnes et al., 2010; 

Andersen et al., 2016). In trophic ecology, size dictates predator-prey interactions as 
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zooplankton are typically constrained by gape-size and feeding apparatuses, resulting in energy 

in a food web flowing from small to large organisms (Cohen et al., 1993; Hansen et al., 1994). 

Changes in size can be representative of the different trophic functions in zooplankton 

communities. Small zooplankton tend to be detritivores/particle feeders/omnivores (Turner, 

2004; Svensen et al., 2011), whereas primarily herbivorous species tend to be larger to feed on 

phytoplankton such as diatoms (Ariffian et al., 2025), and predatory zooplankton larger still to 

feed on other zooplankton (Pakhomov and Perissinotto, 1996; Froneman et al., 1998; Olsen et 

al., 2000). The relationship between zooplankton size and trophic position is moreover 

illustrated by an increase in δ15N and trophic level with body size (Romero-Romero et al., 2016; 

De Figueiredo et al., 2020). Quantifying how size changes with depth can therefore help 

elucidate how trophic ecology and functional dynamics change down through the mesopelagic.  

A multitude of factors may drive changes in community structure and size, however, in the 

present study, we hypothesize functional traits (feeding strategies), food availability and 

physiology to be the main drivers in the observed changes in body size with depth. If 

zooplankton are to position themselves in the water column according to feeding strategies, 

then we would expect to see herbivores in surface waters where phytoplankton are most 

abundant, detritovores/particle feeders at the boundary of the epi- to mesopelagic, where the 

contribution of reworked particles and detritus increases compared to fresh material (Lampitt et 

al., 1990; Jackson, 1993; González and Smetacek, 1994; Kiørboe, 2000; Koski  et al., 2005; 

Jackson and Checkley, 2011; Koski et al., 2020), and carnivores throughout the water column 

where prey are available but also in deeper waters where POM becomes less readily available 

and a carnivorous lifestyle therefore becomes more advantageous (Ozaki and Ikeda, 1999; 

Vestheim et al., 2005; Laakmann et al., 2009). Based on these different ‘eco-depths’, we may 

expect to see zooplankton communities dominated by different sizes at different depths, with 

large herbivorous zooplankton in surface waters, small particle-associated zooplankton at the 

base of the euphotic, and a mix of small detritovores and larger predatory zooplankton in the 

mesopelagic. Changes in community composition with depth may moreover have concomitant 

effects on biogeochemical functioning, with depths dominated by herbivorous zooplankton 

interacting with the phytoplankton bloom or small particle associated copepods potentially 

associated with increased particle fragmentation and a slowing down of carbon flux (Koski et 

al., 2020). 

Normalised biovolume size spectra (NBSS), which describe how the biovolume of organisms 

within a size range shifts between size classes, can effectively summarise the size structure of 

zooplankton communities and how energy is transferred up the food web (Platt and Denman, 

1977; Sprules and Barth, 2016). Changes in the intercept of the NBSS can be used as a proxy for 

the amount of energy at the base of the food web, whilst the slope is an index of how this energy 
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is transferred across the food web to larger organisms (Sprules and Barth, 2016). Size-spectra 

theory predicts a slope close to -1 in stable planktonic marine environments, due to around 

10 % of biomass being transferred between trophic levels, from small to large organism 

(Sheldon et al., 1972; Brown et al., 2004). A steeper slope is indicative of low trophic transfer 

efficiencies (TTE), whereby a majority of energy (carbon) is lost in the system and therefore 

cannot support a high biomass of larger animals. Size spectral slopes steeper than -1 have been 

observed during summertime oligotrophic (i.e. low nutrient) conditions in planktonic 

communities (Atkinson et al., 2021). Oligotrophic waters promote smaller sized plankton and 

long inefficient food chains, resulting in strong trophic amplification and decreased biomass of 

larger sized animals such as fish (Atkinson et al., 2024). However, steep slopes can also be 

caused by extreme storm events resulting in high metazoan mortality compared to smaller size 

classes (Atkinson et al., 2021). In contrast, shallower slopes are indicative of a high TTE and thus 

more biomass in larger size classes, as is suggested in more eutrophic systems (Atkinson et al., 

2024). Eutrophic systems, promoting larger size classes, are also observed to experience top-

down trophic cascades, seen as domes and troughs in size spectra, whereby the increase in 

biomass in a larger size class results in a decrease in the biomass of the smaller size class 

preceding it due to predator-prey interactions (Rossberg et al., 2019).  

Changes in the NBSS slope can moreover be attributed to changes in community structure. 

Preceding studies examining size spectral changes with depth observed a shallowing of the 

NBSS slope from surface waters down to 3000 m in the western tropical North Pacific (Dai et al., 

2017; Kim et al., 2025). In the subarctic this was attributed the presence of large-sized 

diapausing calanoids in deeper water layers (Kim et al., 2025), whereas in the subtropical region 

this was likely a result of changes in the taxonomic composition linked to zooplankton feeding 

modes, with an increase in large carnivorous zooplankton at depth (Dai et al., 2017). 

Because a simple measure of size can provide a myriad of information regarding ecological and 

biogeochemical dynamics of an ecosystem, size-based ecosystem or biogeochemical models 

are increasingly being use (Ward et al., 2012a; Blanchard et al., 2017; Heneghan et al., 2020; 

Negrete-García et al., 2022). Size-based models have the advantage of being able to 

substantially reduce the number of free parameters in a model by using the allometric 

relationships between size and physiological traits to describe variables such as nutrient 

uptake, growth, mortality, grazing rates and predator-prey interactions (Ward et al., 2012a), 

significantly reducing computational costs (Guiet et al., 2016). However, if we are to use size-

based modelling effectively, we need a fundamental and empirically derived understanding not 

only of how size changes with depth, but how these changes are related to shifts in the 

ecological and biogeochemical functioning of zooplankton in the mesopelagic. Indeed, Flynn et 
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al. (2025) highlight the present day widening gap between empirical plankton research and 

modelling, and the urgent need to integrate modelling with empirical science. 

The increased move towards size-based approaches to ecological and biogeochemical 

observations and modelling may be linked to the ‘digitalisation’ of the ocean, whereby 

quantitative imaging devices are generating a mass of size-based data (Lombard et al., 2019). 

Optical bench-top instruments, such as the FlowCam Macro (Yokogawa Fluid Imaging 

Technology) and ZooScan (Hydroptic), are now widely used to process and image zooplankton 

net samples, allowing for faster processing compared to microscopy analysis (Detmer et al., 

2019; Cornils et al., 2022). Moreover, the development of in-situ plankton imaging systems such 

as Underwater Vision Profilers (Hydroptic) attached to gliders, BCG-Argo floats and moorings 

are allowing researchers to explore spatial and temporal plankton dynamics at high resolutions 

(Picheral et al., 2022). From all these images we can extract a breadth of data including 

morphological size data, taxonomic classification, and abundance data. It is therefore 

important to develop a good understanding of how size relates to community structure and 

ecosystem functioning if we are to make good use of this emerging data. It is moreover vital to 

understand how imaging data compares to traditional net and microscopic taxonomy analyses 

if we are to move towards imaging plankton. 

The Scotia Sea is considered to be one of the most productive areas in the Southwest Atlantic 

sector of the Southern Ocean, supporting large and intense diatom blooms (Korb et al., 2012), 

high particulate organic carbon (POC) concentrations in the upper mesopelagic (Giering et al., 

2023) and high zooplankton biomass (Ward et al., 2012b; Cook et al., 2023). Many studies have 

explored mesozooplankton in the Scotia Sea around South Georgia, although these have mainly 

been depth-integrated (e.g., 0 – 200 m, 0 – 400 m) (Ward et al., 2004; Ward et al., 2006; Tarling et 

al., 2012; Ward et al., 2012b), with few studies investigating depth-stratified mesopelagic 

communities (Hopkins et al., 1993; Atkinson and Sinclair, 2000; Cook et al., 2023; Savineau et 

al., 2024). However, no study has yet explored depth-stratified changes in mesozooplankton 

size structure in the upper 500 m of the Scotia Sea. Given the importance of zooplankton in the 

cycling of carbon in the mesopelagic, it is important to examine how community size structure 

and trophic ecology varies vertically from the epipelagic to the mesopelagic zone. The present 

study used FlowCam Macro analysis of vertically resolved zooplankton net samples to 

investigate changes in epi- to upper mesopelagic zooplankton community structure and body 

size in the Scotia Sea, with the aim of understanding if and how changes in size spectra 

correspond to changes in trophic strategies and the associated changes in the ecological and 

biogeochemical functioning of the system.  
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4.3 Method 

4.3.1 Sample collection 

Samples for this study are part of the COMICS (Controls over Ocean Mesopelagic Interior 

Carbon Storage) programme, which aimed to shed light on the processes controlling carbon 

remineralisation in the twilight zone (Sanders et al., 2016). Samples were collected aboard the 

RRS Discovery during the research cruise DY086 to the Scotia Sea in the Southern Ocean (12 

November – 19 December 2017) in the vicinity of the British Antarctic Survey Scotia Sea open-

ocean observatory site P3 (SCOOBIES, 52.40 S, 40.06 W) (Sanders et al., 2016). The same 

station was visited 3 times, defined as P3A (15 – 22nd November), P3B (29th November – 5th 

December) and P3C (9 – 15th December).  

A MOCNESS (Multiple Opening and Closing Net and Environmental Sampling System, 1 m 2 

rectangular opening, 330 µm mesh nets) was used to sample the zooplankton community at 8-

depth-discrete intervals of 62.5 m, starting at 500 m and going up to the surface. Both day and 

night samples were collected. Zooplankton samples were preserved in 4 % borax buffered 

formaldehyde. Full net deployment protocols can be found in Cook et al., 2023. Due to 

mechanical issues with the MOCNESS net during station visit P3A, samples were only obtained 

during visits P3B and P3C, therefore this study focusses on the latter 2 station visits. 

4.3.2 Sample FlowCam Macro processing 

The taxonomic characterization of abundance and size distributions of the zooplankton 

community were investigated using a FlowCam Macro (Yokogawa Fluid Imaging Technology). 

The FlowCam Macro is a flow imaging microscopy instrument which takes monochrome 

photographs of zooplankton and large particles between 150 µm and 5 mm, to obtain 

morphological data along with accurate counting and sizing measurements e.g. length, area 

using the FlowCam’s area-based diameter algorithm (areaABD), equivalent spherical diameter 

(ESD). The formaldehyde-fixed samples were subsampled, where necessary, using a Folsom 

plankton splitter, and diluted to 1 L using filtered seawater. The fraction of sample analysed 

(Fracsplit, e.g. ½, ¼) for each sample was recorded. Samples were pumped through the FlowCam 

Macro (Figure 4.1), fitted with a 5 mm flow cell, at a flow rate of 700 mL min-1. Images were 

collected using auto-image mode at a rate of 10 frames per second. 
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Figure 4.1. Zooplankton samples are pumped through the FlowCam Macro via a high-capacity 

industrial peristaltic pump and pass through a 5 mm flow cell placed in front of a 

microscope objective coupled with a high resolution (1920 х 1200 pixel) 

monochrome digital camera. 

4.3.3 Image analysis 

Image outputs from the FlowCam Macro were processed using Visual Spreadsheet software 

(Version 4.3.55). Images for each sampling event and net were manually classified into 21 broad 

taxonomic groups (Oncaeidae, Oithona spp., small Calanoida, large Calanoida, Calanoides 

acutus > 3 mm, C. acutus < 3 mm, carnivorous Copepoda, Rhincalanus gigas, R. gigas nauplii, 

Metridinidae, Euphausiidae, Euphausiidae calyptopes, Euphausiidae nauplii, Ostracoda, 

Amphipoda, Appendicularia, Chaetognatha, Polychaeta, Thaliacea, Eggs, Unidentifiable 

zooplankton). Image datasets were cleaned to remove unwanted images of particles, detritus 

and air bubbles.  

4.3.4 FlowCam Macro vs. microscopy comparison 

Zooplankton sample compositions obtained from the FlowCam were compared to 

compositions obtained from the same samples analysed by microscopic identification and 

enumeration at the NMFRI Plankton Sorting and Identification Centre, Poland. Detailed 

information of the taxa and species found in each classification, size ranges, and example 

images can be found in Table 4.1. 

          
         

                

            

                



Chapter 4 

161 

Table 4.1. Description of each FlowCam Macro classification group and the taxa and species 

expected to be representative of these groups based on the FlowCam Macro images 

and microscopy analysis. All FlowCam Macro images were obtained from samples 

from this study. Images are not to scale. Microscopy images were obtained from: 
1.https://inaturalist-open-data.s3.amazonaws.com/photos/67733907/medium.png, 
2. @OceanPlankton 
3.https://v3.boldsystems.org/index.php/Taxbrowser_Taxonpage?taxid=5780, 
4.Jaspers et al. (2023), 
5.https://upload.wikimedia.org/wikipedia/commons/5/58/Doliolum_sp.png  

Name of 

taxonomic group 

Typical taxa in the category 

based on microscopy work 

Average 

total length 

(based on 

literature) 

Example of images 

   FlowCam 

Macro 
Microscopy 

Oncaeidae Oncaeidae spp. 

Triconia spp. 

Oncaea spp. 

 

0.5 – 2 mm 

 

 

 

1 

Oithona spp. Oithona atlantica 

Oithona similis 

Oithona frigida 

Oithona spp. 

0.68 – 1.4 

mm 

 

 

  

2 

Small Calanoida Aetideidae (copepodites) 

Aetideus armatus 

Aetideus australis 

Calanoida spp. 

Calocalanus spp. 

Clausocalanus laticeps 

Ctenocalanus spp. 

Racovitzanus antarcticus 

< 3 mm 

 

 

 
3 

https://inaturalist-open-data.s3.amazonaws.com/photos/67733907/medium.png
https://www.instagram.com/oceanplankton/
https://v3.boldsystems.org/index.php/Taxbrowser_Taxonpage?taxid=5780
https://upload.wikimedia.org/wikipedia/commons/5/58/Doliolum_sp.png
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Scaphocalanus brevicornis 

Scaphocalanus farrani 

Scaphocalanus spp. 

Scolecithrichidae spp. 

Scolecithricella spp. 

Spinocalanus abyssalis 

Spinocalanus spp. 

Large Calanoida Amallothrix spp. 

Amallothrix valida 

Calanus propinquus 

Calanus simillimus 

Euchirella spp. 

Euaugaptilus spp. 

Gaetanus spp. 

Haloptilus spp. 

Lophothrix spp. 

Lucicutia spp. 

Neocalanus tonsus 

Phaennidae 

> 3 mm 

 

 

 

  

2 

Calanoides 

acutus < 3000 

Calanoides acutus < 3 mm 

 

 

 
2 

Calanoides 

acutus > 3000 

Calanoides acutus > 3 mm 

 

 

 

2 

Carnivorous 

Copepoda 

Augaptilidae spp. 

Candacia spp. 

Candacia maxima 

Euchaetidae spp. 

Heterorhabdus spp. 

1.4 – 10 mm 

 

 

 

2 
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Heterorhabdus norvegicus 

Heterorhabdus spinifrons 

Paraeuchaeta spp. 

Paraeuchaeta antarctica 

Paraeuchaeta biloba 

Paraeuchaeta kurilensis 

 

Rhincalanus gigas Rhincalanus gigas 6 – 10 mm 

 

 

 

2 

Rhincalanus gigas 

nauplii 

Rhincalanus gigas nauplii 0.86 – 1.8 

mm 

  

Not pictured 

Metridinidae Metridinidae spp.  

Metridia gerlachei 

Metridia lucens 

Metridia curticauda 

Metridia spp. 

Pleuromamma antarctica 

1.5 – 4 mm 

 

 

 

2 

Euphausiidae Euphausiidae spp. 

Euphausia triacantha  

Thysanoessa macrura 

Thysanoessa spp. 

 

 

12 – 28 mm 

 

42 mm 

 

 

2 

Euphausiidae 

calyptopes 

Euphausiidae spp. 

calyptopes 

1 – 2 mm 
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 2 

Euphausiidae 

nauplii 

Euphausiidae spp. nauplii 0.45 – 0.55 

mm 

 

 

 

2 

Ostracoda Ostracoda spp. 1 – 3 mm 

 

 

 

2 

Amphipoda Amphipoda spp. 

Gammaridea spp. 

Hyperiidae spp. 

Primno macropa 

Themisto spp. 

Vibilia spp. 

4 – 28 mm 

 

 

 
2 

Chaetognatha Chaetognatha spp. 

Sagittidae spp. 

Eukrohnia spp. 

 

 

9 – 105 mm 

 

 

Polychaeta Pelagobia spp. 

Polychaeta spp. 

Tomopteris spp. 

 

2 – 12 mm 

 

 

 

2 

Thaliacea 

 

Doliolidae spp. 

Salpidae spp. 

 

~140 mm 
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 5 

Eggs  <0.5 mm 

 

 

 
2 

To assess differences in the community composition between the two methods (FlowCam vs 

Microscopy), permutational multivariate analysis of variance (PERMANOVA) and similarity 

percentage (SIMPER) analyses, both based on Bray-Curtis dissimilarities were conducted using 

the vegan package version 2.6.4 (Oksanen et al., 2022) in R version 4.2.3 (R Core Team, 2023). 

PERMANOVA tested the null hypothesis that the community composition between the two 

methods do not differ, with a p value < 0.05 rejecting the null hypothesis. Community 

composition data were expressed as a proportion of total abundance and differences in 

community structure were investigated through PERMANOVA using the adonis2() function in R. 

To account for the fact that each sample was analysed using both methods, permutations were 

stratified (constrained) by sample ID using the strata argument. The significance of the test was 

evaluated using 999 permutations. SIMPER analysis with Bray-Curtis dissimilarities was used to 

determine which taxa contributed most to the observed compositional differences between the 

two methods (FlowCam vs Microscopy). Cumulative contributions were used to highlight the 

dominant taxa driving compositional differences. 2-dimensional non-metric multidimensional 

scaling (NMDS) ordination plots were generated to visualise the differences in community 

composition between the two methods (FlowCam vs Microscopy). NMDS using the metaMDS() 

function was conduction using Bray-Curtis dissimilarities The NMDS solution was evaluated 

based on stress values, with values below 0.2 considered as good fit and representative of 

community dissimilarities.  

4.3.5 Zooplankton abundance and biovolume calculations 

The total number of each individual taxon within a sample (N sample) was obtained by dividing the 

count within the subsample (Nsub) by the split fraction (Fracsplit).  

𝑁𝑠𝑎𝑚𝑝𝑙𝑒 =  
𝑁𝑠𝑢𝑏

𝐹𝑟𝑎𝑐𝑠𝑝𝑙𝑖𝑡
 (𝑒𝑞 4.1) 

This was then divided by the volume of water sampled by the net (𝑉𝑛𝑒𝑡, m3, obtained from the net 

flow meter) to derive the abundance of individuals (ind m -3) in each taxon. 

The volume of each zooplankton individual (V ind, mm3) was estimated using the area calculated 

using area-based diameter (areaABDind) as: 
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𝑉𝑖𝑛𝑑 =
4

3
𝜋 (

𝑎𝑟𝑒𝑎𝐴𝐵𝐷𝑖𝑛𝑑

𝜋
)

3
2

 (𝑒𝑞 4.2) 

Biovolume (BVtaxa, mm3) for each individual taxon in the sample was calculated by summing 

individual volumes for a taxon and dividing by the fraction of the subsample that was analysed: 

𝐵𝑉𝑡𝑎𝑥𝑎 =
∑ 𝑉𝑖𝑛𝑑

𝐹𝑟𝑎𝑐𝑠𝑝𝑙𝑖𝑡
 (𝑒𝑞 4.3) 

This was then divided by the volume of water sampled at each depth to obtain BV taxa, mm3 m-3. 

All taxa BV were summed to obtain the biovolume of the entire zooplankton community 

sampled (BVcomm, mm3). 

4.3.6 Normalised biovolume size spectra 

Normalised biovolume size-spectra (NBSS) were computed for each MOCNESS depth sampled. 

We created 20 size intervals (Δw in mm3) logarithmically spaced between wmin and wmax. All 

individual zooplankton (Vind in mm3) were sorted into these size bins according to their 

respective log10(Vind). The normalised biovolume in each size bin (bΔwx in mm-3) was calculated 

as: 

𝑏∆𝑤𝑥
=

∑(𝑉𝑖𝑛𝑑𝑖𝑛∆𝑤𝑥)

∆𝑤𝑥
×

1

𝐹𝑟𝑎𝑐𝑠𝑝𝑙𝑖𝑡
×

1

𝑉𝑛𝑒𝑡
 (𝑒𝑞 4.4) 

where ∆𝑤𝑥  is the width of a size bin in mm3 (i.e. antilog of upper boundary minus antilog of lower 

boundary), 𝐹𝑟𝑎𝑐𝑠𝑝𝑙𝑖𝑡 is the split fraction (to obtain the 𝑏∆𝑤𝑥
 of the entire sample), and 𝑉𝑛𝑒𝑡 is the 

volume sampled by the net measured with a flow meter (m3). NBSS were created by plotting all 

log10 transformed 𝑏∆𝑤𝑥
 against the midpoint of their respective log10(∆𝑤𝑥). Linear regressions 

were fitted to derive NBSS slopes. 

4.4 Results 

4.4.1 FlowCam zooplankton community composition 

Throughout the upper 500 m, composition was dominated by Copepoda, making up 78 – 97% 

and 73 – 98 % of total numerical and biovolume composition respectively (Figure 4.2). Non-

copepod biovolume was dominated by gelatinous zooplankton including Chaetognatha, 

Polychaeta and Thaliacea (Figure 4.3). Within Copepoda, numerical composition varied with 

depth, with Calanoides acutus dominating in the top surface layer and Metridinidae becoming 

more prominent in layers below (Figure 4.4). Copepoda biovolume was dominated by C. acutus 
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and Rhincalanus gigas (Figure 4.4). The percent composition contribution of the different taxa to 

each depth strata are summarised in Figure 4.2 - Figure 4.4 and Table 4.2. 

Community composition was observed to vary vertically with depth (Table 4.2). Surface waters 

(0 – 62 m) were dominated, both numerically and in biovolume composition, by C. acutus (68.3 

and 78.0 % respectively). Metridinidae were numerically dominant across all depth strata from 

62 m downwards, alongside unidentified small Calanoida (18.5 – 28.8 %). Based on the 

microscopy work, small Calanoida were dominated by Scolecitrichidae and Ctenocalanus spp.. 

C. acutus and R. gigas made up the greatest proportion of biovolume composition at all depths 

beyond 62 m (44.0 – 89.2 %), but only 11.9 – 33.6 % of numerical composition. The numerical 

contribution of Oncaeidae increased with depth throughout the water column, from 0.1 % in 

surface waters, to 11.3 % in the deepest strata of 437 – 500 m. Carnivorous zooplankton 

(Amphipoda, Chaetognatha, carnivorous Copepoda, and Polychaeta) contributed more to 

numerical and biovolume compositions beyond 62 m compared to surface waters, and 

contributed more in terms of biovolume (9.1 – 18.0 %) compared to abundance (2.7 – 7.5 %). 

Thaliacea were only observed at depths beyond 125 m. The numerical contribution of Ostracoda 

to community composition increased with depth and was most notable at depths beyond 312 

m. Amphipoda were most prominent in the 375 – 437 m depth strata. 

 

 

Figure 4.2. Vertical distribution of all zooplankton numerical (A, C) and biovolume (B,D) 

proportional composition during night and day visits of station P3 (top P3B and bottom P3C) 
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northwest of South Georgia in the Scotia Sea. Moon/Sun = Night/Day samples. Unidentified 

category represents zooplankton too small to confidently identify into specific taxa. Taxonomic 

classification obtained from the FlowCam Macro. Copepoda classification contains Oncaeidae, 

Oithona spp., small Calanoida, large Calanoida, Calanoides acutus > 3 mm, C. acutus < 3 mm, 

carnivorous Copepoda, R. gigas, R. gigas nauplii, and Metridinidae. 

 

Figure 4.3. Vertical distribution of non-copepod zooplankton numerical (A, C) and biovolume (B, 

D) proportional composition during night and day visits of station P3 (top P3B and 

bottom P3C) northwest of South Georgia in the Scotia Sea. Moon/Sun = Night/Day 

samples. Unidentified category represents zooplankton too small to confidently 

identify into specific taxa. Taxonomic classification obtained from the FlowCam 

Macro. 
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Figure 4.4. Vertical distribution of copepod numerical (A, C) and biovolume (B, C) proportional 

composition during night and day visits of station P3 (top P3B and bottom P3C) 

northwest of South Georgia in the Scotia Sea. Moon/Sun = Night/Day samples. 

Small C. acutus (Calanoides acutus length < 3000 µm). Large C. acutus (length > 

3000 µm). R. gigas = Rhincalanus gigas. Small Calanoida < 3000 µm. Large 

Calanoida > 3000 µm.
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Table 4.2. Mean (± standard deviation) percent numerical and biovolume proportional contribution of the different taxa to total community compos ition at the P3 

station northwest of South Georgia in the Scotia Sea. Composition was summarised across station visits and day/nig ht samples. Taxonomic 

classification obtained from the FlowCam Macro. 

    Numerical (N) and biovolume (BV) composition (%) in each depth (m) strata 

    0 – 62 62 – 125 125 – 187 187 – 250 250 – 312 312 – 375 375 – 437 437 – 500 

Taxa   N BV N BV N BV N BV N BV N BV N BV N BV 

Amphipoda 
mean 0.2 1.5 - - - - 0.2 0.2 0.3 0.5 0.4 0.7 0.9 3.6 - - 

sd - - - - - - 0.1 0.2 0.1 0.1 0.2 0.7 0.4 3.4 - - 

Calanoides acutus < 
3000 

mean 25.3 6.7 6.2 3.3 3.1 2.2 2.1 1.1 4.3 1.3 3.6 1.2 3.9 2.1 3.5 1.8 

sd 7.8 3.4 4.0 2.0 1.1 0.9 1.2 0.7 2.0 0.4 2.0 0.7 1.9 1.3 3.9 2.0 

Calanoides acutus > 
3000 

mean 45.8 74.9 15.5 34.8 10.1 31.4 7.2 22.7 9.4 18.6 9.5 19.3 13.4 31.2 10.2 29.0 

sd 14.3 11.3 3.0 3.2 8.2 23.4 4.2 14.8 2.3 5.3 4.2 9.7 1.7 10.8 3.5 8.4 

Total Calanoides 
acutus  mean 71.0 81.6 21.7 38.1 13.2 33.7 9.4 23.8 13.7 19.9 13.1 20.5 17.4 33.3 13.7 30.8 

Carnivorous 
Copepoda 

mean 0.6 0.8 2.1 3.2 3.5 7.1 3.0 7.2 2.0 7.0 6.2 10.6 4.1 9.6 1.9 8.4 

sd 0.6 0.6 0.5 1.3 1.0 5.0 1.3 3.0 1.0 4.8 4.6 4.5 2.5 6.6 1.0 6.9 

Chaetognatha 
mean 0.4 0.6 1.2 5.6 0.8 4.5 0.4 1.3 1.0 4.1 0.9 1.6 1.3 1.5 0.5 0.5 

sd 0.2 0.8 0.4 3.5 0.9 4.7 0.2 0.9 0.3 3.0 0.4 1.3 - - - - 

Eggs mean - - - - - - 0.1 0.0 0.4 0.1 0.6 1.1 - - - - 
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  0 - 62 62 - 125 125 - 187 187 - 250 250 - 312 312 - 375 375 - 437 437 - 500 

  N BV N BV N BV N BV N BV N BV N BV N BV 

Eggs sd - - - - - - - - 0.2 0.1 - - - - - - 

Euphausiidae 
mean 2.6 3.7 0.4 4.7 0.5 4.5 - - 0.2 0.6 0.3 1.4 - - - - 

sd 1.2 2.6 0.2 4.4 0.2 5.1 - - - - - - - - - - 

Euphausiidae 
calyptopes 

mean 2.2 0.4 2.7 0.3 1.8 0.6 0.2 0.0 0.2 0.0 2.3 0.1 - - 0.4 0.1 

sd 2.9 0.7 2.7 0.4 1.3 0.5 - - - - 0.9 0.1 - - 0.2 0.1 

Euphausiidae nauplii 
mean 0.2 0.0 - - - - - - - - 2.2 0.1 - - - - 

sd - - - - - - - - - - - - - - - - 

Large Calanoida 
mean - - 1.1 2.5 0.7 1.7 2.1 3.0 5.5 6.7 6.8 7.8 6.2 8.4 5.4 9.4 

sd - - 0.7 2.3 0.3 0.7 1.8 2.5 1.2 2.3 2.2 2.5 1.1 5.2 2.8 5.1 

Metridinidae 
mean 5.2 2.1 32.1 17.4 44.7 17.8 42.8 15.3 35.6 14.3 30.2 16.1 28.5 16.4 32.8 21.1 

sd 6.2 2.6 11.1 15.4 4.1 8.7 7.7 2.9 3.8 7.0 9.6 8.6 6.5 4.5 6.2 3.4 

Oithona spp. 
mean 1.3 0.0 0.9 0.0 0.9 0.1 0.8 0.0 0.4 0.0 0.8 0.0 0.6 0.0 0.6 0.0 

sd 1.0 0.0 0.5 0.0 0.8 0.1 0.3 0.0 0.0 0.0 0.7 0.0 - - 0.0 0.0 

Oncaeidae 
mean 0.4 0.0 1.0 0.1 3.8 0.4 5.2 0.4 4.0 0.2 5.8 0.3 7.6 0.5 10.5 1.0 

sd - - 0.2 0.0 0.9 0.2 2.6 0.3 2.1 0.1 3.2 0.3 2.8 0.2 3.0 0.6 

Ostracoda mean 0.1 0.0 2.2 0.6 2.8 1.8 1.6 0.9 1.6 0.6 3.8 1.2 5.3 2.2 5.4 3.9 
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  0 - 62 62 - 125 125 - 187 187 - 250 250 - 312 312 - 375 375 - 437 437 - 500 

  N BV N BV N BV N BV N BV N BV N BV N BV 

Ostracoda sd - - 1.4 0.3 0.9 0.7 0.3 0.4 0.4 0.8 3.0 1.1 0.6 0.9 2.4 2.4 

Polychaeta mean 0.2 0.0 1.1 1.6 1.1 2.4 0.6 2.6 1.9 3.4 2.0 4.0 2.6 3.5 0.6 0.8 

 Polychaeta sd 0.0 0.0 1.1 1.3 0.7 2.1 0.2 3.8 1.0 1.6 1.2 3.7 2.4 2.6 0.2 0.9 

Rhincalanus gigas 
mean 3.3 9.4 8.4 23.9 1.4 21.5 2.1 38.4 3.8 37.9 4.3 26.8 2.1 20.3 1.3 17.1 

sd 1.8 6.9 5.6 15.2 0.6 11.7 0.5 12.9 1.2 8.6 4.1 13.6 1.5 9.8 0.8 12.4 

Rhincalanus gigas 
nauplii 

mean 4.8 0.5 1.1 0.2 - - - - 0.5 0.0 0.9 0.1 - - - - 

sd 5.1 0.7 1.2 0.2 - - - - - - - - - - - - 

Small Calanoida 
mean 7.2 0.6 22.8 3.2 24.6 4.4 30.0 5.7 21.4 2.8 17.8 2.3 22.0 4.4 21.8 4.4 

sd 5.8 0.5 5.0 1.5 8.1 1.7 6.6 1.9 6.7 1.5 3.7 1.4 3.1 2.6 2.8 1.5 

Thaliacea 
mean - - - - 0.4 4.5 0.1 0.1 0.5 1.9 1.3 7.1 1.0 4.1 0.8 12.6 

sd - - - - - - - - 0.3 2.2 1.3 7.5 0.7 4.3 0.3 6.9 

Unidentified 
zooplankton 

mean 1.9 0.5 2.7 0.8 1.4 0.8 2.4 1.3 8.4 1.4 5.4 2.5 3.2 1.3 5.8 1.1 

sd 1.3 0.5 1.1 0.6 0.9 1.1 0.9 1.0 7.3 1.0 4.9 2.8 0.4 2.2 5.1 0.5 

Total carnivorous 
zooplankton  mean 1.4 2.9 4.4 10.3 5.4 14.0 4.2 11.3 5.2 14.9 9.5 16.9 8.9 18.2 3.0 9.8 
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4.4.2 Microscopy vs FlowCam numerical composition comparison 

NMDS ordination plot (Figure 4.5) illustrates how the FlowCam Macro classification clusters fall 

predominantly within the microscopy classification cluster, forming partially overlapping 

groups, with the microscopy 95 % confidence ellipse having a greater range. The 2-dimensional 

NMDS solution had a stress value of 0.11, below the cut-off of 0.2, indicating a good fit and 

representation of community dissimilarities. Similarities between the copepod numerical 

compositions obtained from the FlowCam Macro and microscopy are moreover illustrated in 

Figure 4.6. 

 

Figure 4.5. Non-metric multidimensional scaling (NMDS) ordination of (A) zooplankton and (B) 

copepod numerical proportional composition based on Bray-Curtis dissimilarities. 

Each point represents a sample, with colour indicating classification method (red = 

FlowCam, blue = microscopy). Ellipses represent 95% confidence intervals around 

group centroids (centroids marked by X). Taxa labels indicate the position of 

individual taxa grouping in the ordination space. 
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Figure 4.6. Vertical distribution of Copepoda taxonomic numerical proportional composition 

during night and day visits of station P3 (top P3B and bottom P3C) northwest of 

South Georgia in the Scotia Sea analysed using (A, C) microscopy and (B, D) the 

FlowCam Macro. Calanoides acutus grouping both <3000 and >3000 µm 

Calanoides acutus. Night nets: left of x-axis=0. 

Both method and depth categories were observed to significantly influence the zooplankton 

community composition of the samples (F=7.471,63, p=0.001, R2=0.081 and F=23.921,63, p=0.001, 

R2=0.26, respectively), although depth explained a greater proportion of the variance (26 %) than 

method (8 %). SIMPER analysis indicated that differences in the two methods were mainly 

driven by small Calanoida (greater contribution in FlowCam), carnivorous Copepoda, R. gigas, 

large Calanoida (greater contributions in microscopy) classifications (p< 0.01), accounting for 

75.8 % of the variability between the methods. Other taxa which significantly contributed to 

differences between the two methods, albeit in much smaller contributions, are summarised in 

Table 4.3.  

Looking specifically at just the copepod composition, both method and depth categories were 

observed to significantly influence the copepod community composition of the samples 

(F=6.761,63, p=0.001, R2=0.074 and F=23.921,63, p=0.001, R2=0.26). Depth accounted for a greater 

proportion of the explained variance in copepod composition (26 %) compared to only 7.4 % of 

the variation explained by the method, suggesting stronger copepod composition changes by 

depth than by classification method. Similarly to the overall zooplankton composition, SIMPER 
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analysis indicated that differences in the two methods were mainly driven by small Calanoida 

(greater contribution in FlowCam), carnivorous Copepoda, R. gigas, large Calanoida (greater 

contributions in microscopy) classifications (p< 0.01). 

Table 4.3. Summary of SIMPER (Similarity Percentages) analysis comparing zooplankton 

community composition between FlowCam Macro and Microscopy methods of 

analysis. The table shows each taxon’s average contribution to the Bray–Curtis 

dissimilarity (mean contribution), the standard deviation of the contribution (SD), 

mean proportional compositions in each group (FlowCam Macro, Microscopy), 

cumulative contribution to total dissimilarity (Cumulative contribution), and the 

significance of each taxon’s contribution (p). Significant taxa are marked with 

asterisks. 

Taxon Mean 
contribution SD Mean 

FlowCam 
Mean 

Microscopy 
Cumulative 
contribution 

P-
value 

Calanoides acutus 0.0838 0.0998 0.2167 0.1669 0.216 0.213 

Metridinidae 0.0815 0.0597 0.3148 0.3035 0.426 0.461 

Small Calanoida 0.0517 0.0348 0.2096 0.1286 0.559 0.001* 

Carnivorous 
Copepoda 

0.0297 0.0201 0.0289 0.0751 0.636 0.001* 

Rhincalanus gigas 0.0238 0.0237 0.0322 0.0616 0.698 0.001* 

Large Calanoida 0.0234 0.0175 0.0345 0.0657 0.758 0.001* 

Oncaeidae 0.0195 0.0153 0.0471 0.0372 0.808 0.434 

Ostracoda 0.0132 0.0105 0.0277 0.0320 0.842 0.586 

Cnidaria 0.0087 0.0094 0.0004 0.0169 0.865 0.001* 

Pteropoda 0.0080 0.0188 - 0.0156 0.885 0.001* 

Chaetognatha 0.0076 0.0068 0.0061 0.0195 0.905 0.001* 

Euphausiidae 
calyptopes 0.0065 0.0089 0.0088 0.0073 0.922 0.904 

Polychaeta 0.0062 0.0058 0.0121 0.0119 0.938 0.989 

Copepoda nauplii 0.0054 0.0120 0.0072 0.0046 0.952 0.99 

Euphausiidae 0.0048 0.0070 0.0043 0.0079 0.964 0.071 

Oithona spp. 0.0034 0.0035 0.0052 0.0055 0.973 0.61 

Thaliacea 0.0029 0.0036 0.0030 0.0042 0.980 0.531 

Isopoda 0.0028 0.0155 - 0.0054 0.987 0.022* 
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Taxon 
Average 

contribution SD 
Average 

FlowCam 
Average 

Microscopy 
Cumulative 
contribution 

P-
value 

Amphipoda 0.0017 0.0020 0.0013 0.0032 0.992 0.022* 

Euphausiidae 
nauplii 

0.0013 0.0026 0.0007 0.0019 0.995 0.043* 

Appendicularia 0.0011 0.0026 - 0.0021 0.998 0.001* 

Mysida 0.0003 0.0009 - 0.0006 0.999 0.002* 

Eggs 0.0002 0.0007 0.0005 - 0.999 0.124 

Gastropoda 0.0001 0.0003 - 0.0002 1.000 0.002* 

Fish larvae <0.0001 <0.0001 - <0.0001 1.000 0.001* 

Cirripedia cypris <0.0001 0.0001 - <0.0001 1.000 0.007* 

Podon spp. <0.0001 0.0001 - <0.0001 1.000 0.006* 

Lubbockia spp. <0.0001 0.0001 - <0.0001 1.000 0.011* 

Harpacticoida <0.0001 0.0001 - <0.0001 1.000 0.003* 

Pasiphaeidae <0.0001 <0.0001 - <0.0001 1.000 0.001* 



Chapter 4 

177 

4.4.3 Normalised biovolume size spectra (NBSS) 

 

Figure 4.7. Vertically resolved normalised biovolume size spectra (NBSS) from 0 – 500 m at the 

P3 station in the Scotia Sea. Depth intervals are represented in the shaded boxes. 

Results of the NBSS for each event and depth are shown in Figure 4.7. Surface waters (0 – 62 m) 

exhibited a bimodal size distribution (except for P3C Day), with peaks at log₁₀(0.396 mm 3) ≈ - 

0.40 to log₁₀(0.450 mm3) ≈ - 0.35, and log₁₀(6.27 mm3) ≈ 0.80 to log₁₀(8.30 mm3) ≈ 0.92. The first 

peak can be attributed to a mix of C. acutus < 3000 µm, R. gigas nauplii, small Calanoida and 

Metridinidae, whilst the second peak to C. acutus < 3000 µm (Figure 4.8). The size distribution 

then shifted towards smaller sizes (right-skewed distribution) in waters between 62 – 312 m. 

Notably, depths between 125 – 250 m showed a peak in organisms sized around log₁₀(0.27 mm3) 

≈ - 0.57 to log₁₀(0.46 mm3) ≈ - 0.34, which can be attributed to Metridinidae and small 

Calanoida. Between 312 – 437 m, the size distribution flattened and became more normally 

distributed, peaking in the medium size classes, containing Metridinidae, and small Calanoida 
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on the left end and C. acutus > 3000 µm on the right end. In deeper waters (437 – 500 m), the 

distribution showed small peaks at log₁₀(0.15 mm3) ≈ - 0.82 to log₁₀(0.25 mm3) ≈ -0.60, log₁₀(0.88 

mm3) ≈ - 0.06 to log₁₀(1.08 mm3) ≈ 0.03, and log₁₀(4.64 mm3) ≈ 0.67 to log₁₀(7.65 mm3) ≈ 0.88. The 

first peak (smallest size class) can be attributed to small Calanoida and Oncaeidae, the middle 

peak to Metridinidae, and the last peak (largest size class) can be attributed to C. acutus > 3000 

um, large Calanoida and, to a lesser extent, Metridinidae, R. gigas and Polychaeta (Figure 4.8). 

Vertical changes in the NBSS slopes are expressed in the regression equations on Figure 4.7 and 

the boxplot in Figure 4.9. The slopes of the NBSS were very shallow in the surface layer (0 – 62 

m), with one event (P3C - Day) being positive. NBSS slopes gradually steepened into mid-layer 

depths up to 250 m. The steepest (negative) NBSS slopes were observed in the depth horizon of 

187 – 250 m. Past 250 m, the NBSS slopes then flattened down to 437 m. The last depth horizon 

sampled (437 – 500 m) had steeper slopes. Overall, there was a general negative trend in the 

intercept, with intercepts being higher in surface waters and lower at deeper depths. 
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Figure 4.8. Vertical distribution of zooplankton composition within each NBSS size (volume) bin 

for each event and net at the P3 station in the Scotia Sea. 
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Figure 4.9. Boxplot of NBSS slope vs depth summarised across P3B and P3C station visits in the 

Scotia Sea. The boxplot represents the minimum, maximum, median, first quartile 

and third quartile values. Asterisks represent outliers. 

4.5 Discussion 

Knowledge of the vertical composition and size distribution of zooplankton within the upper 

mesopelagic is critical to understanding their trophic ecology and role in regulating the transfer 

of organic matter from the surface to the deeper layers of the ocean. Currently, data on depth-

stratified mesopelagic zooplankton size spectra is sparse, with only a few studies having 

vertically resolved normalized biovolume size spectra (NBSS)  into mesopelagic and 

bathypelagic layers (Dai et al., 2017; Yamamae et al., 2023; Kim et al., 2025). The present study 

is the first to investigate epi- to upper mesopelagic zooplankton community NBSS changes 

across 8 discrete depths from the surface down to 500 m in the Scotia Sea. Our findings reveal 

clear depth-related patterns in zooplankton community composition and size structure across 

the Scotia Sea, shaped by the functional ecology and physiology of the zooplankton community. 

These vertical patterns are captured through both the NBSS and community composition, 

providing complementary insights into depth-stratified changes in body size.  
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4.5.1 Effect of sampling bias on NBSS 

NBSS slopes observed in this study were significantly shallower than the theoretical  value of -1 

expected in stable marine ecosystems (Sheldon et al., 1972). Shallower slopes can partly be 

attributed to a high abundance and biovolume of animals in larger size classes and partly to 

under sampling of smaller animals. It must firstly be acknowledged that the abundance of 

organisms, and hence biovolume at either end of the NBSS size bins are likely subject to 

sampling bias. At the larger end of the size range, active net avoidance by animals can occur, 

however this is suggested to only be important for the larger macrozooplankton, e.g., krill (> 4 

mm) and not a significant problem for mesozooplankton (Skjoldal et al., 2013; Christiansen et 

al., 2024). Animals present in our net samples equal to or smaller than our net mesh size of 330 

µm will not have been quantitively retained by our nets. This sampling bias may furthermore be 

extended beyond the size of the mesh due to issues with extrusion. For example, a 200 µm 

mesh net is estimated to most efficiently sample zooplankton with prosome lengths between 

450 – 1400 µm (Hopcroft et al., 2001), whilst the lower effective sampling capability of the 

MOCNESS 330 µm mesh net is suggested to stand at ~1000 µm (Barnes and Tranter, 1965; 

Böttger, 1987; Koppelmann and Weikert, 1992). Indeed, past studies in the Scotia Sea using 

smaller meshed nets (e.g. 53 µm, 100 µm and 200 µm) found that the small copepods Oithona 

spp., Oncaea spp., Ctenocalanus citer and Microcalanus pygmaeus dominated the abundance 

of mesozooplankton (Ward et al., 2012b). Other studies have purposefully excluded particles 

smaller than the lower effective sampling capability from NBSS linear regressions (Lombard et 

al., 2019; Cornils et al., 2022). Our NBSS slope did indeed become steeper (Appendix C Figure C 

1) when excluding anything captured by our nets with an areaABD < 0.785 mm2 (area of a 

spherical diameter = 1 mm). This was mainly reflected in the ‘cutting out’ of the first NBSS dome 

of smaller size classes. Atkinson et al. (2021) has suggested that a range of at least 7 orders of 

magnitude is needed to reliably interpret NBSS slopes to effectively represent trophic transfer 

efficiency of marine ecosystems. The limitation of size range (~4 orders of magnitude) in this 

study therefore constrains accurate size spectrum analysis of the marine ecosystem. However, 

size spectrum analysis, in terms of using NBSS slopes to investigate the trophic transfer 

efficiency (TTE) of the ecosystem, was not the objective of this study. Rather NBSS were used to 

get an understanding of how size changes with depth and how this relates back to the 

composition and functional traits of the zooplankton communities at respective depths . 

Therefore, we only need consistent sampling efficiency of zooplankton (e.g., consistent 

sampling method) rather than 100 % sampling efficiency of the net.  
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4.5.2 Dome like features of NBSS 

Rather than showing a linear distribution, the NBSS in this study showed bi- and tri-modal 

distributions (Figure 4.7). Dome and troughs have been widely observed in pelagic size spectra 

studies, with several explanations having been proposed including domes being representative 

of subsequent trophic levels in the food web (Boudreau et al., 1991; Tarling et al., 2012; Giering 

et al., 2019b), predator-prey interactions (Sprules and Goyke, 1994; Tarling et al., 2012), 

manifestations of top-down trophic cascades in eutrophic environments (Rossberg et al., 2019), 

and bottom-up and/or top-down trophic cascades from fishing pressure (Andersen and 

Pedersen, 2009). NBSS studies covering large size ranges ~13 orders of magnitude, from 

microplankton up to macrozooplankton and fish, are able to capture several trophic levels 

within the food web (Tarling et al., 2012). However considering the lower range in magnitude 

covered in the present study, we posit that the first NBSS peak/dome of smaller size classes is a 

result of sampling inefficiencies resulting in under sampling of smaller sized mesozooplankton. 

We then propose that subsequent domes reflect the prevalence of key functional groups within 

the mesozooplankton community.  

NBSS in surface waters (0 – 62 m) had a bimodal distribution, with large herbivorous calanoid 

copepods C. acutus > 3000 µm dominating both numerically and in biovolume (Figure 4.4), 

resulting in the second dome. The dominance of C. acutus was reflected in NBSS slopes that 

were flat or even slightly positive – suggesting high biovolume and energy retention in larger size 

classes. Shallower slopes have previously been associated with cold-water systems where 

large, lipid-storing copepods dominate (Tarling et al., 2012; Yamamae et al., 2023). This aligns 

with our observations in the Scotia Sea, where lipid-storing C. acutus and R. gigas dominated 

biovolume. These species undergo ontogenetic vertical migration, overwintering at depth, 

during which they rely on internal lipid reserves, before ascending to surface waters during 

spring to exploit seasonal phytoplankton blooms (Atkinson, 1991; Huntley and Escritor, 1991). 

The overall high biomass retention in larger size classes, and hence second dome, in this study 

may partly be due to the large phytoplankton bloom and excellent feeding conditions during the 

sampling period (Ainsworth et al., 2023; Giering et al., 2023), a phenomenon attributed to 

eutrophic systems (Rossberg et al., 2019; Atkinson et al., 2024). However, we suggest that the 

dome may also be an artefact of the physiological ecology of C. acutus and R. gigas, with a 

proportion of the population being in or emerging from diapause, and therefore still relying on 

internal energy stores from the previous year. This is supported by lipid biomarker analyses 

(Savineau et al., 2024) and observations of low carbon-specific ingestion rates for these species 

during this expedition (Cook et al., 2023), suggesting limited grazing and reliance on external 

sources of energy from the diatom bloom due to the metabolism of internal lipid stores. Such 

conditions may contribute to the maintenance of a system with high zooplankton biomass 
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across large size classes, a phenomenon commonly observed in ecosystems subsidized by 

external energy sources (Trebilco et al., 2013). This physiological state complicates the 

interpretation of shallow NBSS slopes, which are typically associated with high TTE but may 

instead reflect internal energy use rather than efficient energy transfer from primary production.  

Between 125 – 250 m, the community structure shifted toward smaller detritivorous, 

omnivorous and particle-associated copepods, such as Metridinidae, small Calanoida and 

Oncaeidae (Figure 4.4). This shift coincided with steeper NBSS slopes and a less pronounced 

dome in the larger size class of C. acutus, indicating a reduced contribution of large-bodied 

zooplankton (Figure 4.7and Figure 4.8). Detritovores and particle associated copepods play a 

crucial role in the reworking and attenuation of sinking particulate organic matter (POM) in the 

upper mesopelagic zone (Mayor et al., 2014; Koski et al., 2020; Mayor et al., 2020). Although our 

net mesh size will have under sampled these smaller species, lipid analyses also revealed an 

increased contribution of Oncaeidae and Oithonidae fatty alcohol biomarkers to the larger 

particle pool between 150 – 250 m (Savineau et al., 2024), suggesting the presence of these 

small particle-associated copepod at these depths. Past studies have also reported an 

increased presence of Metridinidae, Oncaeidae and Oithona spp. at these depths (Longhurst et 

al., 1984; Hattori, 1989; Atkinson and Sinclair, 2000; Gislason, 2008; Kosobokova and Hopcroft, 

2010). Recent modelling using the MEDUSA ecosystem framework has hypothesized that 

particle-associated copepods (PACs) have a significant role in the attenuation of sinking POC 

fluxes in the upper ocean (Mayor et al., 2020). Particle fragmentation by these copepods at the 

epipelagic-mesopelagic boundary may reduce the vertical transfer of organic material to deeper 

layers (Koski et al., 2020), thereby influencing energy flow and ecosystem structure. The 

attenuation of POM may explain the flattening of NBSS slopes at greater depths, whereby the 

ecosystem becomes increasingly reliant on recycled energy and is characterized by a rise in 

detritivores, omnivores and carnivores. 

Below 250 m, NBSS slopes became shallower again and displayed a trimodal distribution 

(Figure 4.7). These features may not represent full trophic levels, as in broader-spectrum NBSS 

studies e.g. Tarling et al. (2012), but more likely reflect the prevalence of key functional groups 

within the mesozooplankton community. The first dome represents the detritivore and particle 

feeding community, mainly consisting of small Calanoida and Oncaeidae, the middle dome 

detritivore/omnivore Metridinidae, and the final dome large Calanoida and C. acutus and to a 

lesser extent Metridinidae and R. gigas (Figure 4.8). Increases in large-sized zooplankton and 

shallowing of NBSS slopes with depth is a common phenomenon (Dai et al., 2017; Yamamae et 

al., 2023; Kim et al., 2025). Several reasons can be responsible for this, including increased 

proportion of large-bodied carnivorous zooplankton (Steinberg et al., 2008; Homma and 

Yamaguchi, 2010), lower temperature-induced metabolic rates allowing organisms to grow 
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larger (Atkinson, 1995), predation-mediated selection – i.e. reduced pressure of visual predation 

of larger zooplankton in deeper waters (De Robertis et al., 2000), and the presence of large-

bodied diapausing copepods (Yamaguchi et al., 2002; Homma and Yamaguchi, 2010). In this 

study, the shallowing of the NBSS slope in deeper waters can at least be partly attributed to the 

presence of ontogenetic vertically migrating species, Calanoides acutus and R. gigas, which 

may have not yet emerged from diapause and migrated back up to surface waters (Cook et al., 

2023; Savineau et al., 2024). Indeed, Kim et al. (2025) partly attributed more moderate NBSS 

slopes with increasing depth to the horizontal transportation and advection of subarctic 

diapausing copepods. 

4.5.3 Importance of integrating zooplankton taxonomy and functional ecology into 

size spectrum interpretations 

This study highlights the complexity of interpreting NBSS and the importance of accounting for 

taxonomic composition and functional ecology when interpreting zooplankton size spectra, as 

size-based assessments alone may result in a blind interpretation and misleading conclusions 

about ecosystem dynamics. High biovolumes of organisms in larger size classes are often 

indicative of ecosystems with high transfer efficiencies of energy up the food web (Zhou, 2006). 

However, in high-latitude environments, such as the Scotia Sea, this pattern may instead reflect 

seasonal physiological dynamics, specifically the dominance of lipid-storing herbivorous 

copepods (Tarling et al., 2012). These organisms rely on internal energy reserves acquired 

weeks or months earlier, decoupling current observed NBSS patterns from active phytoplankton 

consumption and ecosystem dynamics. This time-disconnect may have far reaching 

consequences on if and how NBSS can be used to reliably assess and model ecosystem 

functioning. While shallow NBSS slopes and biovolume accumulation in larger size classes 

might suggest active energy transfer up the food web, potentially meaning reduced carbon 

export to depth, this is not necessarily the case when diapausing copepods are in a dormant 

state and not grazing, as noted by Cook et al. (2023) and Savineau et al. (2024). Without 

accounting for zooplankton physiology and life history dynamics, for which taxonomical 

knowledge is required, NBSS interpretations may overestimate ecosystem-level energy 

retention and underestimate vertical carbon flux. 

Moreover, different zooplankton community compositions can produce similar NBSS patterns 

but reflect contrasting ecosystem dynamics. For example, in the Celtic Sea and subtropical 

Pacific, shallower NBSS slopes and accumulation of biomass in larger size classes were shaped 

by a dominance of gelatinous species, carnivorous feeding modes and an increased internal 

recycling of energy within the zooplankton community (Dai et al., 2016; Dai et al., 2017; Giering 

et al., 2019b). Although these aforementioned NBSS studies may produce similar NBSS 
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patterns to those observed in the present study, the mechanisms shaping them differ greatly, all 

of which has implications for size-based ecosystem modelling. This highlights the importance of 

integrating taxonomic community composition, functional traits, and physiology when using 

size spectra to assess ecosystem processes. 

4.5.4 Moving towards imaging technologies 

Given the importance of taxonomic composition when interpreting size spectra, imaging 

technologies are revolutionising our ability to generate and reliably interpret NBSS data. High-

throughput and semi-autonomous techniques, such as the FlowCam Macro used in this study, 

allow us to couple size-based assessments with taxonomic knowledge of zooplankton 

communities. The comparison of the taxonomic composition obtained from the FlowCam 

Macro vs that from microscopy (Figure 4.6) suggests that FlowCam Macro bench-top imaging 

may provide a cost-effective alternative to time- and labour-intensive microscopy, especially 

when the research question at hand is related to understanding patterns in overall community 

composition and size structure. Although some minor differences in numerical composition 

were observed between the two methods, with microscopy able to capture less abundant taxa 

(e.g. Podon spp. or Cirripedia cyprids), the two methods overlapped in overall composition of 

the dominant zooplankton and copepod species. The main difference between the two methods 

arose from the FlowCam Macro having a greater contribution of small Calanoida and the 

microscopy analysis having a greater contribution of large Calanoida. We suggest these 

differences resulted from juvenile stages of species categorised as ‘Large Calanoida’ in the 

microscopy analysis being classified within the ‘Small Calanoida” category of the FlowCam 

Macro based on size. For example, all stages (but nauplii) of Calanus propinquus were 

classified as ‘Large Calanoida’ in the microscopy work, however, in the FlowCam Macro 

classification, unidentifiable calanoid copepods were classified as either small (< 3000 µm) or 

large (> 3000 µm) Calanoida, therefore juvenile stages of large Calanoida could be classified as 

small Calanoida depending on their size. Although current imaging technologies cannot yet fully 

replace physical sampling and traditional technologies, with scientists suggesting a period of 

overlap between the two methods (Giering et al., 2022), our work highlights the utility of imaging 

technologies in providing broad-level taxonomy for supporting robust size-based data. 

4.6 Conclusion 

This work provides a new perspective on how size spectra alone may not provide the most 

robust understanding of zooplankton ecosystem dynamics and energy transfer in marine food 

webs and instead emphasizes the importance of knowledge of taxonomic composition to infer 
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the influence of zooplankton functional ecology in governing NBSS patterns and energy flows. 

Indeed, this study demonstrates the importance of accounting for functional and physiological 

dynamics when examining zooplankton size spectra, especially in high-latitude environments 

where ontogenetic vertical migration and diapausing behaviour of calanoid copepods will have 

significant effects on the structure of NBSS. Knowledge of the extent of active feeding, or not, by 

diapausing species on the spring phytoplankton bloom will significantly influence the 

interpretation of energy transfer within this environment. This highlights the need to reconsider if 

and how NBSS can be used as a tool to explore trophic transfer efficiencies in marine 

ecosystems and the potential implications of NBSS interpretations if we are to ‘blindly’ use size-

spectra modelling alone without taxonomic compositional information. Lastly, our study 

demonstrates the importance of imaging technologies in integrating both size-based 

measurements and taxonomical information for the reliable interpretation of size spectral 

studies.  
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Chapter 5 Discussion 

The aim of this thesis was to elucidate how zooplankton ecology and physiology changes from 

epi- to upper mesopelagic waters and how this impacts the cycling of carbon in the twilight 

zone. Zooplankton trophic ecology and physiology was studied in detail using observations 

made in the Scotia Sea (Southern Ocean) and the northern Benguela Upwelling System and a 

range of complementary methods (lipid biomarkers, stable isotopes, size-spectra, grazing 

experiments, respiration measurements). 

5.1 Key findings 

This work produced three key findings: 

▪ Lipid-storing copepods were still in, or emerging from, metabolic inactivity during the 

spring diatom bloom in the Scotia Sea. The physiological ecology of diapausing calanoid 

copepods results in a decoupling between feeding dynamics and the spring diatom 

bloom in the upper 500 m of the water column. Understanding the timing of diapause is 

key to uncovering the impact of lipid-storing copepods on the turnover and flux of 

particulate organic matter (POM) in the upper mesopelagic (Chapter 2). 

▪ High biomass of mesozooplankton in the lower boundary of the oxygen minimum zone 

(OMZ) of the northern Benguela Upwelling System (nBUS) suggests the OMZ may act as 

an important refuge for mesozooplankton from larger micronekton which were 

distributed above and below the OMZ. Elevated C:N ratios and animal-derived lipid 

biomarkers in POM indicate mesozooplankton and micronekton play a central role in the 

processing and fate of carbon in the mesopelagic and OMZ (Chapter 3). 

▪ The presence of lipid-storing copepods causes high biovolume retention in large size 

classes and can mislead interpretations of ecosystem dynamics and carbon cycling 

unless taxonomic and physiological factors are considered when interpreting size 

spectra. Integrating these aspects into size-based approaches is crucial when assessing 

zooplankton-mediated carbon cycling (Chapter 4).  

The following discussion synthesises how the results from the three data chapter of my thesis 

integrate to provide increased understanding of temporally and spatially resolved zooplankton-

mediated carbon cycling in the mesopelagic. I furthermore discuss how my results fit into the 

wider context of other regions and in future warming climate. 
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5.2 Zooplankton as important actors in the decoupling of ocean 

carbon cycling in time and space 

5.2.1 Lipid-storing copepod induced temporal decoupling between carbon fixation 

and remineralisation 

Understanding the duration and timing of diapause by overwintering calanoid copepods is key 

to uncovering the effects of ontogenetic vertical migration and the lipid pump on the seasonal 

active transport of carbon into the mesopelagic. In this thesis I have highlighted how the 

presence of lipid-storing copepods in an ecosystem result in a temporal decoupling between 

primary production and biogeochemical cycling, specifically between carbon fixation and 

carbon remineralisation. Chapter 2, supported by findings from Cook et al. (2023), suggests that 

a portion of the C. acutus and R. gigas populations in the Scotia Sea (Southern Ocean) were still 

in, or emerging from, diapause. During this period, they relied on stored lipids for energy and 

were therefore not actively grazing on the intense phytoplankton bloom observed during the 

study. Chapter 4 moreover posits that high energy retention in larger size classes of NBSS is due 

to the presence of C. acutus and R. gigas, who’s life cycle patterns result in much of the 

seasonal primary productivity being integrated into their lipid reserves for the entire year. 

Together, these chapters highlight how the influence of herbivorous calanoid copepods on fixed 

carbon loss via grazing may be felt in the summer of year one, when C5 copepodites build up 

their lipid reserves prior to ontogenetic migration to depth for diapause. However, the 

remineralisation of this carbon may only occur months later, in the following spring, when these 

C5 copepodite use their lipid stores to fuel growth into adults and reproduction/egg production 

(Hagen and Schnack-Schiel, 1996). Moreover, the timing of when lipid-storing copepods emerge 

from diapause in summer, and become metabolically active and begin grazing again, may 

results in short temporal offsets with the peak of the diatom bloom. Indeed, during the this 

study (COMICS DY086 Expedition), Giering et al. (2023) and Henson et al. (2023) reported a 

temporal offset between the significant accumulation of organic matter in the upper 

mesopelagic and when this carbon was lost 2 – 3 weeks later, with the offset being proposed to 

be linked to the inactivity of the mesopelagic ecosystem during the height of primary 

production. Temporal uncoupling has also been proposed to explain high procaryotic carbon 

demands relative to POC flux in deep waters, with the inclusion of temporal offsets found to 

balance the carbon budget over a year long time scale, suggesting prokaryotes are only weakly 

coupled to POC flux on a seasonal timescale (Uchimiya et al., 2018). Considering C. acutus and 

R. gigas dominate mesozooplankton biomass in the upper 500 m of the water column in the 

Scotia Sea (Chapter 4, Kerkar et al. (2022), Cook et al. (2023)), assuming that these animals are 

actively grazing on the phytoplankton population during the peak of bloom events could lead to 



Chapter 5 

189 

a miscalculation of carbon flux, and suggests temporal offsets caused by lipid-storing copepod 

physiology should be taken into account when compiling carbon budgets. 

5.2.2 Zooplankton-induced spatial decoupling between carbon fixation and 

remineralisation 

The vertical distribution and migratory behaviour of zooplankton can lead to a spatial 

decoupling between primary production in surface waters and the processes of carbon cycling 

and remineralisation at depth. Both diel vertical migration (DVM) and ontogenetic vertical 

migration (OVM) can contribute to this decoupling, albeit on different timescales, with the 

former acting on a diel scale and the latter on a seasonal/yearly scale. Zooplankton that perform 

DVM feed in the surface layer at night and descend to deeper waters during the day, where 

respiration at depth results in the remineralisation of surface-derived carbon. This pattern leads 

to a daily, dynamic cycling of carbon. For example, members of the taxa Metridinidae were 

observed to undertake significant DVM, feeding in the surface waters at night and residing within 

the oxygen minimum zone (OMZ) during the day (Chapter 3). Although mesozooplankton DVM 

was reported to be asynchronous in this thesis, active carbon flux beyond 125 m via respiration 

(CO₂ - carbon remineralisation), excretion of dissolved organic carbon (DOC) and mortality at 

depth amounted to up to 0.761 µmol C m-3 d-1. Giering et al. (2023) suggests that gut flux at 

depth by vertical migrating zooplankton and micronekton could be a possible mechanism to 

transport sufficient carbon to the lower mesopelagic zone to balance the lower mesopelagic 

carbon budget. OVM also represents a longer-term mechanism of spatial decoupling. 

Diapausing copepods feeding on surface-derived carbon will accumulate large-lipid stores 

before migrating to depth in late summer/autumn to diapause. Whilst in diapause, lipid-storing 

copepods will slowly metabolise stored carbon, effectively remineralising surface-fixed carbon 

at depth over extended periods. Yang et al. (2025) reported mesozooplankton in the Southern 

Ocean to contribute 26.5 million tons of carbon per year via OVM respiration at depths > 500 m. 

In addition, mortality at depth of diapausing copepods provides a further means by which 

zooplankton decouple carbon cycling over space. Yang et al. (2025) reported mesozooplankton 

in the Southern Ocean to contribute 25.5 million tons of carbon per year via OVM mortality at 

depths > 500 m. The spatial effect of zooplankton-mediated carbon cycling can also be 

observed when looking at how the lipidic and elemental signatures of POM change with depth. 

Both Chapter 2 and Chapter 3 observed an increase in zooplankton-derived lipid biomarker 

signatures and a decrease in phytoplankton-derived lipid biomarker signatures with depth, 

indicating zooplankton-sourced materials become increasingly more important in the 

mesopelagic particle pool in the Scotia Sea and nBUS. This indicates that zooplankton are 

important actors in the processing and fate of carbon in the mesopelagic. Spatial decoupling 
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has also been observed in terms of POC export transfer efficiency, with transfer efficiencies 

within the upper 100 m increasing but transfer efficiencies in the lower mesopelagic decreasing 

during a post-bloom phase in the Scotia Sea (Henson et al., 2023). This underscores a spatial 

decoupling between the flux attenuation processes happening in the upper and lower 

mesopelagic. Understanding what drives spatial decoupling in mesopelagic carbon cycling is 

therefore an important avenue for future research. 

Oxygen minimum zones (OMZs) have been widely identified as regions of high particle transfer 

efficiency to depth, largely related to reduced particle flux attenuation associated with lower 

rates of aerobic bacterial degradation and altered zooplankton activity (Weber and Bianchi, 

2020). Results from Chapter 3 suggests particle transformation and repacking within the 

Benguela OMZ, with particles becoming increasingly refractory with depth and showing 

enhanced zooplankton and animal lipid signatures, particularly in the larger (>53 µm) particle 

size fraction. This pattern suggests active particle repackaging processes by zooplankton via 

production of faecal pellet material. Oxygen concentrations in the Benguela OMZ during this 

study were less extreme than in more intense OMZs such as the Arabian Sea, where oxygen 

concentrations are well below 20 µmol/kg (Liu et al., 2024), potentially allowing for greater 

heterotrophic processing of particles in our study region. Kurian et al. (2026) reported sharp 

degradation of labile organic matter in the upper ~60 m due to zooplankton reworking above the 

OMZ in the easter Arabian Sea, however, our observation of peak zooplankton biomass both 

above and within the OMZ complicates the attribution of particle transformation and faecal 

material production to a single depth horizon. Indeed, Roullier et al. (2014) attributed an 

accumulation of large particles and enhanced particulate repackaging in zooplankton-enriched 

layers of the lower oxycline of the Arabian Sea OMZ. When comparing the accumulation of the 

animal biomarker 18:1(n-9) in POM of the nBUS OMZ (chapter 3) to that of the P3 site of the 

Scotia Sea (chapter 2), we can observe greater accumulation in 18:1(n-9) with depth in the 

Scotia Sea than in the nBUS, suggesting that the reduced zooplankton activity in the OMZ is 

potentially resulting in less particle repacking than in a well-oxygenated area such as the Scotia 

Sea, Southern Ocean. This further emphasizes the role of OMZ as areas of enhance carbon 

preservation and flux to depth (Weber and Bianchi, 2020). 

5.3 Zooplankton in a warming climate and implications for the BCP 

Our findings highlight the importance of copepod vertical migration in driving both a spatial and 

temporal decoupling between carbon fixation in surface waters and subsequent 

remineralisation at depth on both diel and seasonal time frames. Global oceans are 

experiencing pronounced warming and environmental change as a result of anthropogenic 
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climate warming (Pörtner et al., 2019). The Southern Ocean is observed to show strong regional 

sensitivities in relation to climate change, with overall trends in phytoplankton blooms 

increasing in amplitude, decreasing in seasonality, initiating later and terminating earlier 

(Thomalla et al., 2023). However, in areas of sea ice, blooms have been observed to initiate 

earlier and last longer (Thomalla et al., 2023; Schlosser and Strutton, 2025). In the Scotia Sea, 

sea surface temperature (SST) has increased by approximately 0.98 °C between the Discovery 

Investigations period (1926–1938) and contemporary observations (1996–2013) (Tarling et al., 

2017). 

Changes in primary production phenology and duration may have important implications for 

herbivorous zooplankton, especially those undergoing seasonal migration and diapause, such 

as C. acutus and R. gigas discussed in chapters 2 and 4. An extended productive season could 

delay descent into diapause, and earlier bloom result in earlier exit from diapause, potentially 

reducing the magnitude or duration of seasonal vertical migration and thus carbon export to 

depth. Indeed, distinct regional variations in life cycle of R. gigas have been observed in the 

Southern Ocean, with northern populations in the Scotia sea exiting diapause and coming back 

to surface waters up to 2-3 months earlier than populations further south in the Eastern Weddell 

Sea (Ward et al., 1997), potentially resulting in less carbon export via seasonal migration in the 

former sub-population. Such poleward lags in the timing of exist from diapause in relation to the 

progressively later appearance of the phytoplankton maxima further south have also been 

established in C. acutus and C. propinquus in the Southern Ocean (Voronina, 1970). Long-term 

increases in ocean temperatures and concurrent changes in bloom phenology may therefore 

lead to changes the prevalence/dominance of one regionally distinct sub-population over 

another, all of which would have consequences for their impacts/role in the BCP. 

Ocean warming is also associated with a reduction in zooplankton body size, known as 

Bergmann’s rule, whereby ectothermic animals such as zooplankton tend to grow faster, reach 

sexual maturity earlier and have smaller adult sizes under higher temperatures (Gillooly, 2000; 

Campbell et al., 2021). Such phenomenon has also been termed the temperature-size rule, 

whereby ectothermic species mean sizes decrease with warming (Atkinson, 1994) and has been 

observed across aquatic systems (Garzke et al., 2015; Doan et al., 2019; Albini et al., 2025). 

Smaller body size of calanoid copepods implies smaller lipid store capacity, potentially 

reducing the amount of carbon being transported to depth via the lipid shunt and released 

during diapause at depth. Warming-induced reductions in body size of zooplankton could 

therefore directly weaken the contribution of zooplankton migratory carbon to the BCP.  

The cues that trigger the emergence from diapause remain to be fully understood, with 

observations of copepods exiting diapause in the absence of clear environmental cues 
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(Østvedt, 1955; Conover, 1965) suggesting that internal physiological cues, potentially linked to 

the internal biological clock, gene regulation or lipid content/composition are at play (Bandara 

et al., 2021). Energetic limitations are suggested to play a role in the duration of diapause, with 

modelling by Saumweber and Durbin (2006) suggesting Calanus finmarchicus lipid reserves 

would sustain diapause for 280 days at 0 °C, but only 90 days at 11 °C, highlighting the strong 

influence of temperature on metabolic demand. Increased sea temperatures and metabolic 

rates could therefore accelerate lipid store depletion and potentially force calanoid copepods 

into earlier exit from diapause. Less time in deeper waters could furthermore potentially reduce 

the amount of carbon stored at depth via mortality and predation of calanoid copepods in deep 

waters. 

Whilst surface waters in the Scotia Sea, have warmed by almost 1 °C since the 1920-30s, 

deeper waters have remained comparatively stable and are warming more slowly (Tarling et al., 

2017). This suggests that ocean warming impacts on diapause duration may be more strongly 

determined by body size and lipid reserves at the time of descent than by temperature-

dependent metabolic rates at depth. Zooplankton could descend to greater depths to reach 

colder waters, potentially enhancing carbon transfer to the deep ocean. Wilson et al. (2016) 

suggested Calanus finmarchicus in the Labrador Sea would have to diapause at depths >2000 

m to counteract end-of-century temperature-induced shortening in diapause duration. 

However, the feasibility of this response depends on the ability of individuals to maintain neutral 

buoyancy at greater depths. Visser and Jónasdóttir (1999) highlighted that calanus copepods 

would become negatively buoyant at such depths, preventing successful diapause at >2000 m 

modelled by (Wilson et al., 2016). Moreover, temperature-induced reduction in body size and 

lipid content would further exacerbate this negative buoyancy.  

Increasing SST could moreover lead to poleward migrations of smaller, more temperate species 

towards the poles, as by Calanus species in the North Atlantic (Beaugrand et al., 2002; Chust et 

al., 2013). Such replacement of large species with smaller ones can have drastic implications 

with the amount of carbon biomass these animals would migrate to depth as well their life 

history strategies in terms of diapause. Although SST has warmed by ~1 °C in the Scotia sea, 

zooplankton biomass has increased over time (Ward et al., 2018) and the geographical location 

of abundances have remained relatively stable despite the 1920s–1930s SST isotherms having 

shifted poleward by more than 500 km (Tarling et al., 2017). Calanoides acutus, Rhincalanus 

gigas and Calanus simillimus, have been observed to increase in abundance by 20–55 % 

compared to 70 years ago (Ward et al., 2018), potentially meaning an increased carbon export at 

depth via ontogenetic vertical migration. This apparent resilience suggests that Southern Ocean 

zooplankton may be buffered against surface warming by spending much of the year at depth in 

cooler, more stable environments during diapause (Tarling et al., 2018). Nevertheless, the 
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complex interplay between ocean warming, phytoplankton and zooplankton phenology, body 

size, and migration behaviour makes predicting future climate-driven changes in zooplankton-

mediated carbon sequestration highly uncertain. Diapause furthermore remains a complicated 

process to study in the ocean and within laboratory settings, resulting in a lack of clear markers 

of the physiological mechanisms governing it (Baumgartner and Tarrant, 2017). 

Global warming is moreover predicted to lead to a an expansion of mid-depth oxygen minimum 

zones, due to reduced dissolved oxygen solubility in water, enhanced respiration-induced 

oxygen consumption by organisms and increased vertical stratification (Oschlies et al., 2018). 

Such expansions have already been observed in the Benguela Upwelling System (Stramma et 

al., 2008) and the California current in the Eastern Pacific (Bograd et al., 2008). The expansion of 

OMZs may influence the BCP by limiting the vertical migration of zooplankton if oxygen 

concentration in deeper waters are too low for survival, compressing communities in shallow 

surface layers of oxygenated water, as observed in the Eastern Pacific (Köhn et al., 2022). This 

could both reduce the depth at which vertical migrators can descend to as well as how long they 

may be able to stay down before having to return to oxygenated waters to pay off higher oxygen 

debts (Bianchi et al., 2013), all of which would negatively impact zooplankton active carbon 

export flux to deep waters. Moreover, lower oxygen concentrations may results in migrating 

zooplankton to further suppress their metabolism at depth, reducing the amount of carbon 

dioxide being released via respiration, hence decreasing the efficiency of the BCP (Seibel, 2011). 

Lower oxygen concentrations have moreover been observed to reduce survival of copepods 

under controlled laboratory conditions and also resulted in smaller-sized copepods due to 

oxygen-limited growth rates (reviewed by Roman and Pierson (2022)). Similarly to temperature 

mentioned above, reduced oxygen concentrations, are likely to have size-dependent impacts on 

zooplankton carbon export. In contrast however, expansion of OMZs may potentially result in 

increased passive carbon flux to depth due to reduced particle attenuation and degradation by 

microbes and heterotrophs within OMZs (Weber and Bianchi, 2020).  

5.4 Future directions 

This thesis addressed key uncertainties in the role of zooplankton in the biological carbon 

pump, highlighting the importance of integrating functional ecology and physiology into our 

understanding of zooplankton-mediated carbon cycling. However, this work also highlights 

themes for future research in zooplankton trophic ecology and physiology, and the tools 

required to study them.  
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5.4.1 Improving empirical understanding of zooplankton processes 

Chapter 3 found large discrepancies between carbon ingested (via grazing) and carbon respired 

when quantifying mesozooplankton metabolic budgets for the nBUS. These were suggested to 

arise from poor food quality requiring high ingestion to meet metabolic requirements, but also 

potentially from uncertainties in estimating ingestion rates of mesozooplankton, especially in 

the mesopelagic where changes in environmental conditions were significant. This thesis 

therefore highlights the need to improve understanding of how grazing rates change throughout 

epi- and mesopelagic waters depending on environmental factors such as temperature, 

pressure, oxygen concentration and food concentration. Although some of these can be 

investigated through incubation experiments (e.g. the effects of temperature/oxygen/food 

concentration), discrepancies between measurements made at atmospheric pressure vs in situ 

pressure and environmental conditions must be considered. Studies have used pressurized 

chambers to reproduce conditions found in the mesopelagic when studying microbial 

respiration (Amano et al., 2023). Past studies have also used hydrostatic chambers to look at 

egg hatch survival of the calanoid copepod, Calanus sinicus (Yoshiki et al., 2006). Expanding the 

use of such pressurised chambers to conduct incubation experiments exploring metabolic 

rates (e.g., grazing and respiration) of zooplankton could significantly increase our 

understanding of how their physiology changes with depth throughout the mesopelagic. 

This thesis has highlighted that diel vertical migration is not a conventional, synchronous 

behaviour undertaken by all zooplankton and micronekton, and is instead a complex 

phenomenon influenced by many factors including environmental conditions (e.g. food 

availability, oxygen concentration), body size and taxa-specific functional ecologies and 

physiologies. In the Scotia Sea, stable isotope signatures of mesozooplankton suggests these 

animals were feeding on fresh POM throughout the upper 500 m (Chapter 2), despite showing no 

evidence of synchronised DVM (Cook et al., 2023), highlighting the influence of food availability 

on DVM behaviour. Indeed, increased food availability throughout the mixed layer has been 

suggested as a possible reason for lack of DVM by zooplankton (Cisewski and Strass, 2016). In 

the nBUS, the vertical expansion of the OMZ towards the end of the study period became a 

barrier to DVM of decapods which were able to perform DVM when the OMZ was shallower 

(Chapter 3). The presence of lipid-storing copepods at depth in both study sites may moreover 

explain the lack of synchronised DVM in mesozooplankton (Chapter 2, Chapter 3, Cook et al. 

(2023)). The lipid-storing copepods Calanoides acutus/Rhincalanus gigas in the Scotia Sea 

(Chapter 2, 4) and C. natalis/R. nasutus in the nBUS (Chapter 3) are dominant taxa, therefore it 

is possible that their ontogenetic diapausing state, at the time of the study could have 

significantly reduced the magnitude of mesozooplankton DVM compared to a time of year when 

they would be metabolically active. Moreover, body size may be an important determinant of 
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DVM activity, with DVM often attributed to larger zooplankton and micronekton which have 

increased risk of visual predation (Hays et al., 1994; De Robertis et al., 2000). Chapter 3 did 

observe a general trend in larger animals (macrozooplankton and micronekton) performing 

consistent DVM, whereas this was lacking in smaller animals (mesozooplankton). Improving our 

understanding of potential links between body size and DVM of zooplankton and micronekton 

should also be a key priority for future research. 

More observational work is required to understand the drivers of DVM behaviour. Specifically 

quantifying what proportion of zooplankton communities undergo DVM, and how this changes 

seasonally (e.g., in response to environmental forcings or taxa-specific ontogenetic behaviours) 

and in different biogeographical regions. Aumont et al. (2018) attempted to explicitly integrate 

DVM into the ocean biogeochemical model NEMO-PISCES and found that evaluating the model 

behaviour was challenging due to scarcity of observational data. The model assumed all 

organisms swam synchronously in the same direction and to the same depth, however we know 

this is not the case, as is seen in Chapter 3, where different depths of DVM and reverse DVM are 

observed – all of which are influenced by environmental parameters such as oxygen 

concentrations and taxa-specific physiologies.   

5.4.2 Sampling the entire zooplankton size spectrum 

A key limitation discussed in Chapter 4 was the effects of zooplankton net sampling bias on the 

normalised biovolume size spectra (NBSS) produced, specifically the under sampling of smaller 

zooplankton, as the MOCNESS-330 µm lower effective sampling capability is estimated to stand 

~1000 µm. This resulted in a misrepresentation of abundances of smaller sized zooplankton and 

thus an under-quantification and contribution of the biovolume of small size classes to the 

NBSS. Altogether, this influences the shape of the NBSS and how we may interpret it (Chapter 

4). To get a broad understanding of ecosystem functioning, we need to ensure the complete 

spectrum of zooplankton is collected, including all sizes, functions, places, depths and time. 

However, historically and to this day, conventional nets to monitor zooplankton are of mesh 

sizes > 200 µm. For example, the western channel observatory L4 coastal time series run by 

Plymouth Marine Laboratory uses a 200 µm meshed WP2 net (McEvoy et al., 2022), the 

Bermuda Atlantic Time-series Study (BATS) in the Sargasso Sea uses a 202 µm mesh (Steinberg 

and Cope, 2025), the continuous plankton recorder (CPR) uses a 270 µm silk mesh (Holland et 

al., 2025), Line P transect time series in the North Pacific uses a 236 µm meshed net (Kwong et 

al., 2022) and the Hawaii Ocean Time-Series (HOT) in the Pacific uses a 202 µm meshed net 

(Fujieki et al., 2023). It is estimated that conventional 200 µm meshed nets significantly under-

capture mesozooplankton between 200 – 800 µm, therefore under sampling small but 

important zooplankton such as Oithona spp. and Oncaeidae (Gallienne and Robins, 2001; Ward 
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et al., 2012b). Despite their small size, recent research suggests these taxa, referred to as 

‘particle-associated copepods’ are key actors in the fragmentation of particles in the ocean 

(Mayor et al., 2020). Improved sampling and thus representation of these animals when 

assessing zooplankton community size spectra will therefore improve our interpretations of 

zooplankton ecosystem dynamics and zooplankton-mediated carbon cycling. It is crucial that 

zooplankton research and monitoring move towards including smaller meshed nets (e.g. 64 µm) 

as the norm, so that small but critically important species are not quantitatively and 

qualitatively misrepresented. 

5.4.3 Move towards imaging technologies. Are images the future? 

Chapter 4 highlighted how functional ecology and physiology are key drivers of the size structure 

and shape of NBSS, and how we therefore need taxonomic information of the community being 

studied to be able to make the right conclusions as to what drives overall size-spectra patterns. 

Without such taxonomic information, we may be “blindly” interpreting and applying size -spectra 

approaches to study ecosystem functioning.  

 

Figure 5.1 The plankton quantitative imaging process, illustrated by Irisson et al. (2022) 

Imaging technologies are enhancing our ability to efficiently and quickly collect and process 

zooplankton taxonomic and abundance data compared to microscopy analysis and also collect 

associated morphological measurements from images such as size, which can be used to 

quantify biovolume or biomass (Figure 5.1). Growing infrastructure to process quantitative 

imaging datasets, such as EcoTaxa, are becoming increasingly useful to efficiently classify 

images within a universal taxonomic reference (World Register of Marine Species, WoRMS) and 
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associated metadata (Picheral et al., 2025). Using a combination of machine learning, 

convolutional neural networks and human-based taxonomic knowledge and validation, all in a 

user-friendly, open-access web platform, it allows scientists to efficiently classify extremely 

large imaging datasets of hundreds of thousands to millions of images (Irisson et al., 2022).  

Although there are concerns that imaging-technologies cannot provide the taxonomic 

resolution that microscopy analysis can (Giering et al., 2022), results from Chapter 4 do show 

that, at a broader taxonomic level, FlowCam Macro image-based taxonomy is comparable to 

microscopic taxonomy, therefore when looking at patterns of overall community composition 

and size structure, imaging technologies may be more advantageous. There is indeed growing 

interest in moving towards quantitative imaging, especially when it comes to observational data 

such as resolving plankton temporal and spatial patterns, monitoring biodiversity - especially of 

fragile, gelatinous species which break apart in nets (Christiansen et al., 2018), and exploring 

size spectra and estimating carbon fluxes (Irisson et al., 2022). Indeed, in-situ imaging 

technologies such as the Underwater Vision Profiler (UVP) can target and image particles > 100 

µm and more efficiently capture gelatinous organisms, which together could increase 

resolution of zooplankton community size structure and help reduce net sampling size-biases 

(Chapter 4; section 5.4.2). In-situ imaging can also increase the spatial resolution of 

zooplankton vertical distributions, as zooplankton are imaged right at the depth at which they 

are found. This is particularly useful when it comes to limitations of coarser spatial resolutions 

in nets, as observed in Chapter 3, where broad sampling depth intervals make precise 

determination of peak mesozooplankton biomass distributions in relation to the OMZ difficult. 

However, it also must be acknowledged that quantitative imaging cannot fully replace physical 

sampling, due to the breadth of ecological and biogeochemical information that can be 

extracted from physical samples, e.g. metabolic rates, elemental information, molecular 

analyses. Therefore, the sampling tool used must be chosen in accordance with the research 

question at hand. 

5.5 Conclusion 

The research in this thesis furthers our understanding of the role of zooplankton trophic ecology 

and physiology in the cycling and fate of carbon in the mesopelagic zone, and have highlighted 

how: 

▪ the physiological ecology of diapausing copepods causes a temporal decoupling 

between carbon fixation and remineralisation (Chapter 2). 
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▪ diel vertical migration (DVM), ontogenetic vertical migration (OVM) and oxygen minimum 

zones (OMZ) cause spatial decoupling between carbon fixation and remineralisation 

(Chapter 3 and Chapter 2). 

▪ taxonomy, functional ecology and physiology drive changes in the size structure of 

zooplankton communities and subsequent size-based assessments of zooplankton-

mediated carbon cycling (Chapter 4). 

Future research into zooplankton-mediated carbon cycling should focus on: 

▪ understanding what controls the timing of exit from diapause in lipid-storing copepods. 

▪ understanding how zooplankton metabolic rates change under in-situ conditions within 

the mesopelagic. 

▪ understanding what drives DVM behaviour of zooplankton and potential links between 

body size and the magnitude of DVM.  

▪ improving the sampling of smaller-sized mesozooplankton to ensure complete 

representation of the entire size spectrum of zooplankton communities. 
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Appendix A Chapter 2 

A.1 Supplementary tables for Chapter 2 

Table A 1 Summary of the net deployments and zooplankton collected for the lipid biomarker 

analysis at the P3 (B+C) stations in the Scotia Sea. 

Station Date / 

Time of Day 

Sampler Event  Net  Depth (m) Individuals collected 

P3B 

29/11/2017 

Day 

RMT 25 153 1 248 – 501.5  Euphausia triacantha 

Thysanoessa spp. 

2 18.3 – 256 Chaetognatha 

30/11/2017 

Night 

RMT 25 162 1 250.4 – 501.3  Chaetognatha  

Euphausia triacantha 

2 19.4 – 262.2 Euphausia triacantha 

Salpa thompsoni 

Thysanoessa spp. 

03/12/2017 

Night 

MOCNE

SS 

217 2 436.9 – 501.3 Calanoides acutus 

5 250.9 – 312.9 Rhincalanus gigas 

6 187.8 – 251.5 Rhincalanus gigas 

9 12.6 – 61.8 Calanoides acutus 

04/12/2017 

Day 

MOCNE

SS 

234 3 374.9 – 438.2 Rhincalanus gigas 

5 249.9 – 312.4 Chaetognatha 

6 187 – 249.8 Calanoides acutus 

9 13.7 – 64.5 Rhincalanus gigas 

Themisto gaudichaudii 

 

P3C 

 

10/12/2017 

Night 

RMT 25 286 2 14.8 – 259.8 Salpa thompsoni 

Thysanoessa spp. 

10/12/2017 RMT 25 295 1 248.8 – 501.5  Thysanoessa spp. 
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P3C 

Day 2 12.9 – 259.8 Chaetognatha  

Euphausia triacantha 

(×2) 

Themisto gaudichaudii 

Thysanoessa spp. 

11/12/2017 

Day 

MOCNE

SS 

315 3 374.9 – 438.5 Calanoides acutus 

Chaetognatha  

Paraeuchaeta spp. 

Rhincalanus gigas 

5 250.7 – 313.7 Chaetognatha  

Euphausia triacantha 

Rhincalanus gigas 

7 125 – 187.6 Calanoides acutus 

Chaetognatha  

Rhincalanus gigas 

9 9.7 – 58.3 Calanoides acutus 

Themisto gaudichaudii 
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Table A 2 Summary of the net deployments and zooplankton collected for the stable isotope 

analysis at the P3 (B+C) stations in the Scotia Sea. 

Station Date / 

Time of 

Day 

Sampler Event  Net  Depth (m) Individuals collected 

P3B 

29/11/201

7 

Day 

RMT 25 153 1 248 – 501.5 Salpa thompsoni (×3) 

2 18.3 – 256 Thysanoessa spp. (×5) 

Salpa thompsoni (×5) 

30/11/201

7 

Night 

RMT 25 162 2 19.4 – 149.5 Salpa thompsoni (×2) 

30/11/201

7 

Day 

Mammoth 175 2 375 – 438 Calanoides acutus 

6 125 – 188 Calanoides acutus 

9 5 33 Calanoides acutus 

30/11/201

7 

Twilight 

MSC 180 6  Rhincalanus gigas 

03/12/201

7 

Night 

MOCNESS 217 3 375.5 – 436.9 Chaetognatha  

Paraeuchaeta spp. 

Thysanoessa spp. (×2) 

5 250.9 – 312.9 Euphausia triacantha (×2) 

Rhincalanus gigas 

Thysanoessa spp. (×4) 

7 124.7 – 188.6 Euphausia triacantha (×5) 

04/12/201

7 

Day 

MOCNESS 234 5 249.9 – 312.4 Chaetognatha (×4) 

Euphausia triacantha (×5) 

7 125.2 – 188.1 Chaetognatha (×3) 

 

04/12/201

7 

MOCNESS 234 9 13.7 – 64.5 Chaetognatha  

Rhincalanus gigas 
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Day Themisto gaudichaudii 

(×4) 

Thysanoessa spp. (×5) 

P3C 

10/12/201

7 

Night 

RMT 25 286 2 14.8 – 259.8 Euphausia triacantha (×5) 

Thysanoessa spp. (×3) 

Salpa thompsoni (×2) 

10/12/201

7 

Day 

RMT 25 295 1 248.8 – 501.5 Thysanoessa spp. (×4) 

2 12.9 – 259.8 Chaetognatha (×2) 

Themisto gaudichaudii 

(×5) 

Thysanoessa spp. (×2) 

Salpa thompsoni (×5) 

11/12/201

7 

Night 

MOCNESS 305 3 375.2 – 437.7 Calanoides acutus 

5 249.8 – 299 Rhincalanus gigas (×2) 

7 125.2 – 187.6 Calanoides acutus 

Chaetognatha (×2) 

Rhincalanus gigas (×3) 

9 8.6 – 61.8 Rhincalanus gigas (×3) 

Themisto gaudichaudii 

(×2) 

Thysanoessa spp. 

11/12/201

7 

Day 

MOCNESS 315 3 374.9 – 438.5 Calanoides acutus (×2) 

Chaetognatha  

Paraeuchaeta spp. (×2) 

Rhincalanus gigas (×3) 

Thysanoessa spp. 

11/12/201

7 

Day 

MOCNESS 315 5 250.7 – 313.7 Chaetognatha  

Euphausia triacantha (×5) 

Rhincalanus gigas 

9 9.7 – 58.3 Rhincalanus gigas 
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Themisto gaudichaudii 

(×2) 

Thysanoessa spp. (×3) 
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Table A 3 Linear regression output between depth and the relative abundances of fatty acids 

(mol%) in the <53 µm and >53 µm size-fractions of particulate organic matter 

(POM). Asterisks highlight fatty acids with significant linear regressions and slopes, 

and equations are given for these. Standard errors for the regression equation 

coefficients are given in bracket. Subscript numbers in brackets associated with the 

F value represent the degrees of freedom. The fatty acid 22:1 was tentatively 

assigned as 22:1(n-11) based on the knowledge of 22:1(n-11) being a fatty acid only 

biosynthesised by herbivorous calanoid copepods such as C. acutus (Hagen et al., 

1993; Dalsgaard et al., 2003). 

Fatty acid POM <53 µm  POM >53 µm  

14:0 

F=2.98(1,20), p=0.099, R2=0.130   F=7.54(1,20), p=0.012, R2=0.274 * 

 y= -30.60x(±11.2) + 
297.09(±46.4) 

16:0 F=1.92(1,20), p=0.182, R2=0.087  F=0.07(1,20), p=0.794, R2=0.003  

18:0 
F=42.6(1,20), p<0.001, R2=0.681 * F=2.06(1,20), p=0.166, R2=0.094  

y= 90.12x(±13.8) + 79.25(±21.6)  

16:1(n-7) F=0.92(1,20), p=0.349, R2=0.044  F=0.29(1,20), p=0.593, R2=0.015  

18:2(n-6) F=1.71(1,20), p=0.205, R2=0.079  F=2.66(1,20), p=0.119, R2=0.117  

18:1(n-9) 
F=8.20(1,20), p=0.009, R2=0.291 * F=23.6(1,20), p<0.001, R2=0.541 * 

y = 16.06x(±5.61) + 59.44(±43.9) y = 11.08x(±2.28) + 24.41(±43.2) 

18:2(tr-9) 
F=7.77(1,20), p=0.011, R2=0.280 * F=6.16(1,20), p=0.022, R2=0.236 * 

y= 55.02x(±19.7) - 23.62(±71.0) y = 27.40x(±11.0) + 39.05(±71.6) 

20:5(n-3) F=2.56(1,20), p=0.125, R2=0.114  F=0.35(1,20), p=0.559, R2= 0.017  

20:1(n-9) F=0.08(1,20), p=0.775, R2=0.004  F=0.06(1,20), p=0.811, R2=0.003  

22:6(n-3) F<0.001(1,20), p=0.988, R2<0.001  F=0.12(1,20), p=0.735, R2=0.006  

22:1 F=0.677(1,20) , p=0.420, R2=0.033  F=1.01(1,20), p=0.326, R2=0.048  
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A.2 Supplementary figures for Chapter 2 

 

Figure A 1 δ15N stable isotope signatures (‰) of POM at P3B and P3C (white boxes) and the eight 

zooplankton taxa at station P3 in the Scotia Sea (coloured boxes). The boxplot 

represents the minimum, maximum, median, first quartile and third quartile values. 

Circles represent outliers. 
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Figure A 2 Fatty acid composition of POM in relation to sampling depth at the P3 station in the 

Scotia Sea. The regression lines indicate a statistically significant (p<0.05) linear 

relationship between the fatty acids and depth. (A) 18:2(tr-9) in POM <53 µm = solid 

line: y= 55.02x(±19.7) – 23.62(±71.0); R2 = 0.28; 18:2(tr-9) in >53 µm POM = dashed 

line: y = 27.40x(±11.0) + 39.05(±71.6); R2 = 0.25. (B) 18:0 in POM <53 µm = solid line: 

y= 90.12x(±13.8) + 79.25(±21.6); R2 = 0.68. (C) 14:0 in POM >53 µm = dashed line: y= 

-0.60x (±11.2) + 297.09(±46.4); R2 = 0.27. Horizontal dotted lines indicate the 

boundaries of the mixed layer depth (0 – 95 m) and the upper (96 – 200 m) and lower 

mesopelagic zones (MZ) (201 – 1000 m) (Giering et al., 2023). 
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(A) (B) 

(D) (C) 

 

Figure A 3 Relative abundances (mol%) of fatty alcohols (A) ALC-14:0, (B) ALC-16:0, (C) ALC-

20:1 and (D) ALC-22:,1 in the >53 µm size-fractions of particulate organic matter 

(POM) with depth at station P3 in the Scotia Sea. Horizontal dotted lines indicate the 

boundaries of the mixed layer depth (0 – 95 m) and the upper mesopelagic zone (96 

– 200 m) (201 – 1000 m) (Giering et al., 2023). 
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Appendix B Chapter 3 

B.1 Supplementary tables for Chapter 3 

Table B 1 Overview of different taxa sampled at station BN in the northern Benguela Upwelling System from the Mammoth-100, Mammoth-300 and RMT25. For 

taxa groups classified based on length, this refers to total length of the zooplankton calculated from the FlowCam . 

Name of taxonomic group Sample gear Group Examples of taxa found in this category 

Eggs Mammoth-100 

Mammoth-300 

Mesozooplankton Eggs 

Copepod nauplii Mammoth-100 

Mammoth-300 

Mesozooplankton Copepoda nauplii 

Copepod 100 – 499 µm Mammoth-100 Mesozooplankton unID Copepoda 

Copepod 500 – 999 Mammoth-100 Mesozooplankton unID Copepoda 

Copepod 1000 - 2999 µm Mammoth-100 Mesozooplankton Paracalanus parvus parvus, Centropages spp., Microcalanus spp., Heterohabdus spp. 

Calanoida < 3000 µm Mammoth-300 Mesozooplankton Paracalanus parvus parvus, Centropages spp., Microcalanus spp., Heterohabdus spp. 

Oithona spp. Mammoth-100 

Mammoth-300 

Mesozooplankton Oithona spp., Oithona atlantica, Oithona similis 
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Oncaeidae Mammoth-100 

Mammoth-300 

Mesozooplankton Oncaeidae spp., Triconia spp. 

Harpacticoida Mammoth-100 

Mammoth-300 

Mesozooplankton Harpacticoida spp. 

Mormonilloida Mammoth-100 

Mammoth-300 

Mesozooplankton Mormonilloida spp. 

Lubbockiidae Mammoth-300 Mesozooplankton Lubbockiidae spp. 

Metridinidae Mammoth-100 

Mammoth-300 

Mesozooplankton Metridinidae spp., Metridia spp., Metridia lucens, Pleuromamma spp. 

Calanidae < 3000 µm Mammoth-100 

Mammoth-300 

Mesozooplankton Calanoides natalis (previously Calanoides carinatus), Nannocalanus spp. 

Calanidae > 3000 µm Mammoth-100 

Mammoth-300 

Mesozooplankton Calanoides natalis 

 

Copepod > 3000 µm Mammoth-100 

Mammoth-300 

Mesozooplankton Unidentifiable Copepoda 

Eucalanidae Mammoth-100 

Mammoth-300 

Mesozooplankton Rhincalanus nasutus, Eucalanus spp. 

Carnivorous Calanoida Mammoth-100 Mesozooplankton Euchaeta spp. 
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Mammoth-300 

Ostracoda Mammoth-100 

Mammoth-300 

RMT25 

Mesozooplankton 

Micronekton 

Gigantocypris spp., Ostracoda spp. 

Pteropoda Mammoth-100 

RMT25 

Mesozooplankton 

Micronekton 

Pteropoda spp., Clio spp., Cymbulia peronii 

Nemertea RMT25 Micronekton Nemertea spp. 

Polychaeta Mammoth-100 

Mammoth-300 

RMT25 

Mesozooplankton 

Micronekton 

Polychaeta spp. 

Amphipoda Mammoth-300 

RMT25 

Mesozooplankton 

Micronekton 

Amphipoda spp., Phrosina semilunata, Platyscelus spp., Hyperiidae spp., Oxycephalus 

clausi, Oxycephalus spp., Phronima spp. 

Appendicularia Mammoth-100 

Mammoth-300 

Mesozooplankton Appendicularia spp., Oikopleura spp., Fritillaria spp 

Chaetognatha Mammoth-100 

Mammoth-300 

RMT25 

Mesozooplankton 

Micronekton 

Chaetogntha spp., Sagittidae spp.. 

Salpa Mammoth-100 Mesozooplankton Salpidae spp., Salpa spp., Cyclosalpa pinnata, Pyrosoma spp., Pyrosomatida spp. 
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Mammoth-300 

RMT25 

Micronekton 

Euphausiidae nauplii Mammoth-100 

Mammoth-300 

Mesozooplankton Euphausiidae nauplii 

Euphausiidae calyptopes Mammoth-100 

Mammoth-300 

Mesozooplankton Euphausiidae calyptopes 

Euphausiidae Mammoth-100 

Mammoth-300 

RMT25 

Mesozooplankton  

Micronekton 

Euphausia hanseni, Euphausiacae spp., Hansarsia megalops (previously Nematoscelis 

megalops), Stylocheiron spp., Thysanopoda spp., Euphausia gibboides, Euphausia 

recurva, Nematobrachion spp., Thysanoessa gregaria 

Fish larvae Mammoth-100 Mesozooplankton Fish larvae 

Jellies Mammoth-100 

Mammoth-300 

Mesozooplankton 

 

Unidentifiable gelatinous organisms 

UnID Mammoth-100 

Mammoth-300 

Mesozooplankton Unidentifiable zooplankton 

Mysid RMT25 Micronekton Mysida spp. 

Gastropoda RMT25 Micronekton Pterotracheoidea spp. 
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Decapoda RMT25 Micronekton Oplophorus novaezeelandiae, Gennadas spp., Cristaspis cristata (previously 

Systellaspis cristata), Acanthephyra spp., Acanthephyra pelagica (previously 

Acanthephyra acanthitelsonis), Decapoda spp., Brachyura spp. 

Siphonophora RMT25 Micronekton Diphyes spp., Siphonophora spp., Calycophorae spp., Physonectae spp., Abylidae 

spp., Chelophyes spp., Diphyes dispar 

Cnidaria RMT25 Micronekton Atolla spp., Chrysaora spp., Colobonema sericeum, Cnidaria spp., Halicreas 

minimum, Halicreas spp., Honey comb jelly, Moerisiidae spp., Nausithoe punctata, 

Orchistoma pileus, Orchistoma spp., Pegantha triloba,  

Periphylla periphylla, Periphylla spp. 

Ctenophora RMT25 Micronekton Boroe spp., Ctenophora spp., 

Cephalopoda RMT25 Micronekton Teuthida spp., Decapodiformes spp., Histioteuthis spp., Octapoda spp. 

Fish RMT25 Micronekton Acropomatiformes (e.g., lanternbellies)  

Paradiplospinus gracilis, Melamphaidae spp.,  

Anguilliformes (e.g., eels) 

Leptocephalus spp., Nemichthyidae spp. 

Argentiniformes (e.g., smelts) 

Bathylagus gracilis, Bathylagidae spp. 

Lophiiformes (e.g., anglerfish) 

Borostomias spp., Angler fish, Melanostomiinae spp., Stomiidae spp., Stomias spp. 
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Myctophiformes (e.g., lanternfishes) 

Diaphus hudsoni, Diaphus spp., Electrona risso, Gymnoscopelus spp., Lampadena 

pontifex, Lampadena sp., Lampanyctus spp., Metelectrona spp., Myctophidae spp., 

Symbolophorus boops, Symbolophorus spp. 

Stomiiformes (e.g., Sternoptychinae spp.) 

Argyropelecus hemigymnus, Cyclothone spp., Howella sherboni, Sternoptychidae spp. 

UnID mesopelagic fish 
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Table B 2 Area based diameter to dry weight (DW) and carbon (C) to DW conversion. Sources: (1) 

Lehette and Hernández-León (2009), (2) Giering et al. (2019b), (3) Hernández-León 

and Montero (2006), (4) Donnelly et al. (1994), (5) Huntley et al. (1989), (6) Ikeda and 

Mitchell (1982), (7) Koppelmann et al. (2013), (8) Clarke et al. (1992). 

Mesozooplankton a b Source C:DW Source 

Calanidae 45.25 1.59 1 0.45 2 

Chaetognath 23.45 1.19 1 0.29 4 

Copepod carnivorous 45.25 1.59 1 0.45 2 

Eucalanidae 45.25 1.59 1 0.45 2 

Harpacticoida 45.25 1.59 1 0.45 2 

Metridinidae 45.25 1.59 1 0.45 2 

Mormonilloida 45.25 1.59 1 0.45 2 

Oithona spp. 45.25 1.59 1 0.45 2 

Oncaeidae 45.25 1.59 1 0.45 2 

Ostracoda 44.78 1.56 1 0.45 2 

Large Calanoida 45.25 1.59 1 0.45 2 

Small Calanoida 45.25 1.59 1 0.45 2 

UnID (general mesozooplankton) 43.38 1.54 1,3 0.45 2 

Jellies 4.03 1.24 1 0.06 4,5,6 

Amphipoda 44.78 1.56 1 0.45 2 

Lubbockiidae 45.25 1.59 1 0.45 2 

Polychaeta 4.03 1.24 1 0.37 8 

Salpa 4.03 1.24 1 0.06 4,5,6 

Copepod nauplii 45.25 1.59 1 0.45 2 

Appendicularia 4.03 1.24 1 0.06 4,5,6 

Euphausiidae 43.81 1.47 1 0.45 2 

Euphausiidae calyptopes 43.81 1.47 1 0.45 2 

Eggs (general mesozooplankton) 43.38 1.54 1,3 0.45 2 

Euphausiidae nauplii 43.81 1.47 1 0.45 2 

Copepod 1000-3000 45.25 1.59 1 0.45 2 
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Pteropoda (general mesozooplankton) 43.38 1.54 1 0.489 7 

Copepod 500-1000 45.25 1.59 1 0.45 2 

Copepod 100-500 45.25 1.59 1 0.45 2 

Fish Larvae (general mesozooplankton) 43.38 1.54 1 0.45 2 

 

Table B 3 Wet weight (WW) to dry weight (DW) conversions for micronekton based on the 

regression: log(DW) = a + b * log (WW). Coefficients were obtained from samples 

during this study and supplemented with published data where necessary. Carbon 

(C) to DW conversions. Sources: (1) This study, (2) Kiørboe (2013), (3) Giering et al. 

(2019b), (4) Donnelly et al. (1994), (5) Clarke et al. (1992), (6) Huntley et al. (1989), 

(7) Ikeda and Mitchell (1982), (8) Koppelmann et al. (2013), (9)  (Reeve, 1980). 

Taxa a b Source C:DW Source 

Amphipoda -0.57 0.92 2 0.45  3 

Chaetognatha -0.8336 0.8747 1 0.29  4 

Siphonophora -1.33 0.99 2 0.0916  5 

Cnidaria -1.33 0.99 2 0.16  5 

Salpa -1.77 1.08 2 0.06  4, 6, 7  

Pteropoda -0.55 0.8 2 0.489  8 

Gastropoda -0.55 0.8 2 0.489  8 

Ctenophora -1.4 0.98 2 0.037 9 

Copepoda -0.67 0.96 2 0.45  3 

Euphausiacea -0.69 1.03 2 0.45  3 

Oplophorus novaezeelandiae -1.0338 1.1693 1 0.45  3 

Gennadas spp. -0.6158 1.0107 1 0.45  3 

Euphausia hanseni -0.553 0.9711 1 0.45  3 

Acanthephyra pelagica -0.5847 1.0043 1 0.45  3 

Platyscelus spp. -0.4914 0.9805 1 0.45  3 

Hansarsia megalops -0.6012 0.9557 1 0.45  3 

Phronima spp. -0.8549 0.966 1 0.45  3 

Phrosina semilunata -0.7079 0.9067 1 0.45  3 
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Table B 4 Wet weight (WW) to dry weight (DW) conversions for micronekton where DW=WW*c. 

C:DW ratio conversion. Sources: (1) Podeswa (2012), (2) Kiørboe (2013), (3) Giering 

et al. (2019b), (4) Clarke et al. (1992), (5) Childress and Nygaard (1974), (6) Penczak 

et al. (1984), (7) Sinclair et al. (2016), (8) Omori (1969), (9) Ricciardi and Bourget 

(1998), (10) Gogina et al. (2022). 

Taxa c Source C:DW Source 

Decapoda 0.179 1 0.45 3 

Polychaeta 0.134 2 0.37 4 

Ostracoda 0.05 5 0.45 3 

Fish 0.2 6,7 0.4 8 

Cephalopoda 0.2 9 0.45 3 

Mysidacea 0.2 10 0.45 3 

Nemertea 0.174 10 0.37 4 

Other crustacea 0.183 2 0.45 3 

 

Table B 5 Taxa specific coefficients for the allometric regressions relating WW (mg) to ETS-

derived respiration (μL O2 Ind-1 h-1). 

ln(respiration)=a0 + a1 *ln(WW) a0 a1 

Fish -0.86936 0.72833 

Phrosina semilunata 0.29 0.6262 

Oplophorus novaezeelandiae 1.0941 0.5827 

Chaetognatha -3.9455 1.0871 

Hansarsia megalops -3.6171 1.5737 

Euphausia hanseni  -2.273 1.1466 

Euphausia gibboides -2.273 1.1466 
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Table B 6 Taxa specific coefficients for the allometric regressions relating WW (mg) to ETS-

derived respiration (μL O2 Ind-1 h-1), where T is temperature in Kelvin and z depth 

sampled in m. 

ln(respiration)=a0 + a1 *ln(DW) + a2 * 1000/T + a3 * ln(z) 

 a0 a1 a2 a3 

Other Euphausiidae 14.136 0.7546 -3.7539 -0.1102 

Cephalopoda 28.326 0.779 7.903 -0.365 

Polychaeta 5.7501 0.7713 -1.325 -0.2533 

Pteropoda (Gastropoda) 12.62735 0.895441 -3.65232 -0.00805 

Gastropoda (Mollusca) 12.62735 0.895441 -3.65232 -0.00805 

Decapoda 28.86871 0.8722 -8.08446 -0.12409 

Amphipoda 11.461 0.74635 -3.02074 -0.16809 

Cnidaria 25.22874 0.877153 -7.44524 -0.00609 

Ctenophora 2.54824 0.68545 -0.88331 -0.02113 

Salpa (Thaliacea) 16.394 0.7213 -4.8272 0.4181 

Siphonophora (Cnidaria) 25.22874 0.877153 -7.44524 -0.00609 

Ostracoda 5.11907 0.70981 -1.61853 -0.10225 

Mysidacea 23.80412 0.76976 -6.5796 -0.11221 

Fish 19.491 0.885 -5.77 -0.261 
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Table B 7 Taxa specific daily ingestion rates from grazing experiments during this study and 

published estimates from literature. Sources: (1) This study, (2) Ikeda and Shiga 

(1999), (3) Saito and Kiørboe (2001), (4) Purcell and Kremer (1983), (5) D'Ambra et 

al. (2013), (6) Ishii and Tanaka (2001), (7) Hereu et al. (2010), (8) Hunt et al. (2008), 

(9) Reeve and Walter (1979), (10) Gurney et al. (2002), (11) Maynou and Cartes 

(1998), (12) Bode-Dalby et al. (2022), (13) Pakhomov et al. (1996), (14) Bruno et al. 

(2021), (15) Kremer et al. (2025), (16) Wells et al. (1997), (17) (Schukat et al., 2013b). 

Net Taxa 

Daily 
carbon 
specific 
ingestion 
rates (d-1) 

Source 

RMT25 

Amphipoda 0.065 2 

Chaetognatha 0.144 3 

Siphonophora 0.02 4 

Cnidaria 0.0623 5,6 

Salpa 0.7 7 

Pteropoda 0.223 8 

Gastropoda 0.223 8 

Ctenophora 0.67 9 

Copepoda 0.0912 1 

Euphausiidae 0.106 10 

Oplophorus 
novaezeelandiae 0.039 11 

Gennadas spp. 0.039 11 

Euphausia 
hanseni 0.106 10 

Acanthephyra 
pelagica 0.106 10 

Platyscelus spp. 0.065 2 

Hansarsia 
megalops 0.106 10 

Phronima spp. 0.065 2 
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RMT25 

Phrosina 
semilunata 0.065 2 

Decapoda 0.039 11 

Polychaeta 0.393 Average from other mesozooplankton 

Ostracoda 0.393 Average from other mesozooplankton 

Fish 0.03 13 

Cephalopoda 0.0394 14, 15, 16 

Mysidacea 0.106 10 

Nemertea 0.393 Average from other mesozooplankton 

Other crustacea 0.098 1 

Mammoth 

Calanidae 0.429 1 

Chaetognatha 0.144 3 

Copepoda 
carnivorous 0.1045 12 

Eucalanidae 0.078 17 

Harpacticoida 0.698 1 

Metridinidae 0.469 1 

Mormonilloida 0.698 1 

Oithona spp. 0.698 1 

Oncaeidae 0.698 1 

Ostracoda 0.393 Average from other mesozooplankton 

Large Calanoida 0.127 1 

Small Calanoida 0.536 1 

UnID 0.393 Average from other mesozooplankton 

Jellies 0.393 Average from other mesozooplankton 

Amphipoda 0.065 2 

Lubbockiidae 0.698 1 

Polychaeta 0.393 Average from other mesozooplankton 

Salpa 0.7097 7 

Copepod nauplii 0.393 Average from other mesozooplankton 
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Mammoth Appendicularia 0.393 Average from other mesozooplankton 

 Copepod 1000-
3000 0.536 1 

 
Pteropoda 0.393 Average from other mesozooplankton 

 Copepod 500-
1000 0.536 1 

 
Copepod 100-500 0.536 1 

 
Fish Larvae 0.393 Average from other mesozooplankton 
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Table B 8 Lipid composition (mol%, mean) of <53 μm and >53 μm POM throughout epi- and 

mesopelagic waters at station BN in the northern Benguela Upwelling 

System. Saturated fatty acids (SFAs), branched fatty acids (Br. FAs), 

monounsaturated fatty acids (MUFAs), polyunsaturated fatty acids (PUFAs), 

Sterols, Other, fatty alcohols (ALC). 

Station 
Particle 

size 
Depth 

(m)  SFAs Br. FAs MUFAs PUFAs Sterols Other ALC 

BN1 <53 µm 30 
mean 58.5 1.3 12.7 22.5 2.1 0 2.8 

sd - - - - - - - 

BN1 <53 µm 80 
mean 49.5 2.6 14.9 18 11.5 0 3.6 

sd - - - - - - - 

BN1 <53 µm 120 
mean 44.4 0.5 30.9 6.7 15.1 0 2.3 

sd - - - - - - - 

BN1 <53 µm 250 
mean 30.3 0.2 33.3 20.7 12.6 0 3 

sd - - - - - - - 

BN1 <53 µm 400 
mean 85 0 15 0 0 0 0 

sd - - - - - - - 

BN1 >53 µm 30 
mean 36.02 0.76 26.08 13.33 4.43 1.17 18.21 

sd - - - - - - - 

BN1 >53 µm 80 
mean 33.64 0.14 33.66 5.51 13.7 0.41 12.94 

sd - - - - - - - 

BN1 >53 µm 120 
mean 44.41 0.18 39.65 3.43 5.76 0 6.57 

sd - - - - - - - 

BN1 >53 µm 250 
mean 39.67 0.55 36.59 2.65 4.77 0 15.77 

sd - - - - - - - 

BN1 >53 µm 400 
mean 25.81 0.43 30.77 21.89 2.97 0 18.13 

sd - - - - - - - 

BN2 <53 µm 20 
mean 32.49 0.46 16.78 47.08 1.62 0.79 0.77 

sd - - - - - - - 

BN2 <53 µm 35 mean 25.38 2.13 25.7 21.49 10.29 8.15 7.38 
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Station Particle 
size 

Depth 
(m) 

 SFAs Br. FAs MUFAs PUFAs Sterols Other ALC 

BN2 <53 µm 35 sd - - - - - - - 

BN2 <53 µm 75 
mean 53.68 5.38 10.59 4.73 12.42 2.55 10.66 

sd - - - - - - - 

BN2 <53 µm 100 
mean 36.69 3.01 5.36 14.3 23.38 0.65 16.88 

sd 6.75 3.12 2.11 3.87 3.94 0.59 0.15 

BN2 <53 µm 250 
mean 45.22 2.52 10.67 3.7 5.04 0.3 32.78 

sd 20.71 3.34 2.64 2.04 1.95 0.43 10.66 

BN2 <53 µm 500 
mean 50.25 3.33 7.84 4.87 5.42 0 28.93 

sd 23.52 3.85 0.87 3.79 1.92 0.00 25.48 

BN2 >53 µm 20 
mean 15.04 0.46 16.48 61.56 4.74 0.72 1 

sd - - - - - - - 

BN2 >53 µm 35 
mean 20.02 1.27 14.77 40.14 17.31 4.46 2.03 

sd - - - - - - - 

BN2 >53 µm 75 
mean 20.99 0 9.81 12.79 43.19 0 13.22 

sd - - - - - - - 

BN2 >53 µm 100 
mean 25 0.46 13.61 11.14 36.44 0 13.35 

sd 2.47 0.66 2.95 7.85 3.93 0.00 2.16 

BN2 >53 µm 250 
mean 23.84 0 16.15 18.21 24.42 0 17.37 

sd 2.79 0.00 1.85 4.98 0.81 0.00 10.43 

BN2 >53 µm 500 
mean 22.28 0.27 31.63 13.77 10.15 0 21.89 

sd 7.16 0.38 11.69 9.16 10.18 0.00 14.43 

BN3 <53 µm 35 
mean 38.85 0.69 10.33 42.7 4.59 1.78 1.06 

sd 7.44 0.61 1.98 8.49 0.60 0.51 1.32 

BN3 <53 µm 75 
mean 31.58 2.19 12.03 35.17 8.14 0.5 10.67 

sd 4.32 2.31 1.12 6.72 4.47 0.08 1.06 

BN3 <53 µm 100 
mean 48.67 3.38 11.16 15.38 8.74 0.58 12.47 

sd 7.36 0.89 1.72 13.71 3.06 0.27 2.22 
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Station Particle 
size 

Depth 
(m) 

 SFAs Br. FAs MUFAs PUFAs Sterols Other ALC 

BN3 <53 µm 250 
mean 58.31 3.17 6.86 6.2 10.75 0.52 14.47 

sd 11.34 0.33 4.24 5.98 2.25 0.04 3.32 

BN3 <53 µm 500 
mean 59.18 2.06 3.13 18.52 3.69 0 14.07 

sd 8.37 0.27 0.83 4.33 0.10 0.00 3.40 

BN3 >53 µm 35 
mean 29.24 1.45 10.38 42.16 9.09 6.08 1.6 

sd 14.67 0.08 4.15 23.19 4.55 7.96 0.88 

BN3 >53 µm 75 
mean 25.69 0.97 16.1 27.74 19.41 0.03 10.06 

sd 4.95 0.02 1.45 8.12 2.30 0.04 2.38 

BN3 >53 µm 100 
mean 30.64 0.63 18.19 22.49 15.65 0 12.4 

sd 0.06 0.40 4.90 9.16 4.18 0.00 9.42 

BN3 >53 µm 250 
mean 17.77 0.33 12.39 20.49 8.29 29.03 11.7 

sd 4.62 0.47 7.45 17.76 0.98 41.05 9.77 

BN3 >53 µm 500 
mean 23.07 0.27 28.96 42.57 2.19 0 2.94 

sd 6.14 0.38 17.71 27.22 1.87 0.00 1.88 
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Table B 9 Fatty alcohol (ALC) composition (mol%) (mean (x̄) and standard deviation (sd)) of <53 μm and >53 μm POM throughout epi- and mesopelagic waters at 

station BN in the northern Benguela Upwelling System. 

Particle 

size 

Depth 

(m) 

 ALC-

12:0 

ALC-

13:0 

ALC-

14:0 

ALC-

15:0 

ALC-

16:0 

ALC-

17:0 

ALC-

18:0 

ALC-

19:0 

ALC-

20:0 

ALC-

22:0 

ALC-

24:0 

ALC-

18:1 

ALC-

20:1 

ALC-

22:1 

ALC-

24:1 

<53 µm 20 
x̄ 15.4 0 0 14.8 24 0 45.9 0 0 0 0 0 0 0 0 

sd - - - - - - - - - - - - - - - 

<53 µm 30 
x̄ 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 

sd - - - - - - - - - - - - - - - 

<53 µm 35 
x̄ 1.2 0 28.8 10.1 10.2 0 45.4 4.2 0 0 0 0 0 0 0 

sd 2.1 0.0 25.9 9.7 17.6 0.0 47.3 7.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

<53 µm 75 
x̄ 0.4 0.7 6.5 2.3 20.6 0 61.2 0 3.2 4.6 0.5 0 0 0 0 

sd 0.6 0.6 7.0 2.0 4.0 0.0 15.1 0.0 3.2 4.5 0.5 0.0 0.0 0.0 0.0 

<53 µm 80 
x̄ 0 0 16.2 0 45.4 0 36.1 0 0 0 0 2.3 0 0 0 

sd - - - - - - - - - - - - - - - 

<53 µm 100 x̄ 3.5 0 7.6 2.1 22 11.5 48.4 1.4 2.1 1.5 0 0 0 0 0 
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Particle 

size 

Depth 

(m) 

 ALC-

12:0 

ALC-

13:0 

ALC-

14:0 

ALC-

15:0 

ALC-

16:0 

ALC-

17:0 

ALC-

18:0 

ALC-

19:0 

ALC-

20:0 

ALC-

22:0 

ALC-

24:0 

ALC-

18:1 

ALC-

20:1 

ALC-

22:1 

ALC-

24:1 

<53 µm 100 sd 4.2 0.0 10.4 2.5 23.2 13.3 10.4 2.8 2.5 2.0 0.0 0.0 0.0 0.0 0.0 

<53 µm 120 
x̄ 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 

sd - - - - - - - - - - - - - - - 

<53 µm 250 
x̄ 1.2 0 23.5 3.4 29.1 2.4 35.4 1.3 2.9 0.7 0 0 0 0 0 

sd 2.6 0.0 23.3 3.9 24.0 3.4 22.9 2.2 3.1 1.0 0.0 0.0 0.0 0.0 0.0 

<53 µm 400 
x̄ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

sd - - - - - - - - - - - - - - - 

<53 µm 500 
x̄ 1.6 0 0 1.1 9.9 14.3 61.4 6 3.3 2.2 0.2 0 0 0 0 

sd 3.2 0.0 0.0 2.2 11.6 16.7 38.1 6.4 2.2 3.7 0.4 0.0 0.0 0.0 0.0 

>53 µm 20 
x̄ 0 0 16.2 24.7 39.6 5.3 14.1 0 0 0 0 0 0 0 0 

sd - - - - - - - - - - - - - - - 

>53 µm 30 x̄ 0 0 8.4 1.8 10.2 2.5 76 0 1.2 0 0 0 0 0 0 
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Particle 

size 

Depth 

(m) 

 ALC-

12:0 

ALC-

13:0 

ALC-

14:0 

ALC-

15:0 

ALC-

16:0 

ALC-

17:0 

ALC-

18:0 

ALC-

19:0 

ALC-

20:0 

ALC-

22:0 

ALC-

24:0 

ALC-

18:1 

ALC-

20:1 

ALC-

22:1 

ALC-

24:1 

>53 µm 30 sd - - - - - - - - - - - - - - - 

>53 µm 35 
x̄ 0 0 41.4 0 38.7 4.8 12.3 0 2.3 0 0.5 0 0 0 0 

sd 0.0 0.0 19.2 0.0 8.2 8.4 11.3 0.0 3.9 0.0 0.9 0.0 0.0 0.0 0.0 

>53 µm 75 
x̄ 0 0 20.1 1.3 36.2 0 41 0 0.3 0 0.8 0 0 0 0.3 

sd 0.0 0.0 9.7 1.2 21.5 0.0 25.8 0.0 0.5 0.0 1.3 0.0 0.0 0.0 0.6 

>53 µm 80 
x̄ 0 0 20.9 1.7 41.6 3.6 17.9 0 0 1.2 0 12.4 0 0 0.7 

sd - - - - - - - - - - - - - - - 

>53 µm 100 
x̄ 0 0 12.7 2.6 35.6 16.5 29.5 0 2.2 0 0.9 0 0 0 0 

sd 0.0 0.0 4.3 2.0 19.6 25.6 15.3 0.0 2.0 0.0 1.8 0.0 0.0 0.0 0.0 

>53 µm 120 
x̄ 0 0 32.7 3.1 46.2 4.5 13.5 0 0 0 0 0 0 0 0 

sd - - - - - - - - - - - - - - - 

>53 µm 250 x̄ 0 0 16.6 2.3 49.3 16.2 11.9 1.5 0.6 0.1 0 1.2 0 0.2 0.1 
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Particle 

size 

Depth 

(m) 

 ALC-

12:0 

ALC-

13:0 

ALC-

14:0 

ALC-

15:0 

ALC-

16:0 

ALC-

17:0 

ALC-

18:0 

ALC-

19:0 

ALC-

20:0 

ALC-

22:0 

ALC-

24:0 

ALC-

18:1 

ALC-

20:1 

ALC-

22:1 

ALC-

24:1 

>53 µm 250 sd 0.0 0.0 5.2 1.4 8.8 11.6 2.8 3.4 0.3 0.2 0.0 2.6 0.0 0.4 0.2 

>53 µm 400 
x̄ 0 0 60 1.4 15.9 5.1 3 0 0.6 0 0 0 3.5 10.4 0 

sd - - - - - - - - - - - - - - - 

>53 µm 500 
x̄ 0 0 17 3 58.5 0.3 17.1 0 0.6 0.1 0 0 0 2.4 1 

sd 0.0 0.0 6.2 2.8 13.2 0.6 8.8 0.0 1.0 0.1 0.0 0.0 0.0 4.9 2.1 
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Table B 10 Fatty acid composition (mol%) (mean (x̄) and standard deviation (sd)) of <53 μm and >53 μm POM throughout epi- and mesopelagic waters at station 

BN in the northern Benguela Upwelling System.  

Particle 

size 

Depth (m)  14:0 16:0 18:0 16:1(n-7) 18:1(n-9) 18:1(tr-9) 20:5(n-3) 16:1 18:4 18:3 22:1 22:6(n-3) 

<53 µm 
20 

x̄ 13.3 17.9 1.8 0.8 6.0 1.6 6.4 8.9 14.1 8.5 0.0 16.4 

sd - - - - - - - - - - - - 

<53 µm 
35 

x̄ 7.6 12.3 8.5 10.9 3.8 2.0 7.9 1.2 11.2 7.0 0.0 10.5 

sd 5.1 2.0 10.0 7.3 3.0 1.9 0.8 0.7 2.2 1.7 0.0 9.9 

<53 µm 
75 

x̄ 5.5 30.3 13.1 3.7 5.5 3.3 7.4 0.6 4.4 4.0 0.1 12.6 

sd 3.7 9.5 9.1 1.9 1.9 1.9 3.8 0.5 4.5 1.6 0.1 11.4 

<53 µm 
100 

x̄ 5.6 36.6 17.5 2.3 4.8 1.8 3.3 1.5 0.9 4.1 0.7 8.0 

sd 1.6 4.5 4.5 2.6 3.8 0.5 2.8 1.3 1.1 5.1 0.8 7.9 

<53 µm 
250 

x̄ 4.5 37.9 30.6 2.5 3.9 0.8 2.0 2.1 0.0 0.5 0.5 2.1 

sd 3.1 10.2 18.5 1.0 5.1 9.8 3.2 2.0 0.4 0.4 0.8 5.6 

<53 µm 500 x̄ 3.0 40.4 24.6 0.9 3.9 0.9 1.3 1.9 4.1 4.5 0.4 2.9 
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Particle 

size 

Depth (m)  14:0 16:0 18:0 16:1(n-7) 18:1(n-9) 18:1(tr-9) 20:5(n-3) 16:1 18:4 18:3 22:1 22:6(n-3) 

<53 µm 500 sd 1.9 1.8 3.5 1.1 4.8 0.6 0.9 2.7 6.5 7.9 0.5 2.5 

>53 µm 
20 

x̄ 6.1 8.2 1.3 12.7 2.6 1.1 12.1 0.8 9.1 2.3 0.2 12.3 

sd - - - - - - - - - - - - 

>53 µm 
35 

x̄ 5.9 15.1 9.2 8.9 2.7 1.9 10.5 0.3 4.7 1.0 0.2 13.8 

sd 2.9 4.6 7.1 4.7 1.3 0.7 3.6 0.3 0.5 0.2 0.1 10.9 

>53 µm 
75 

x̄ 1.8 25.6 9.3 5.8 8.8 3.6 2.9 0.0 1.8 0.0 2.2 4.4 

sd 1.4 5.9 2.8 1.2 1.9 1.3 1.3 0.0 2.0 0.0 1.1 2.8 

>53 µm 
100 

x̄ 2.1 31.2 10.9 5.7 11.1 3.6 2.5 0.0 2.1 0.9 3.5 3.0 

sd 1.0 7.4 1.3 1.0 4.4 1.3 1.8 0.0 4.3 1.8 2.4 2.3 

>53 µm 
250 

x̄ 2.2 24.5 10.8 6.7 11.9 3.8 4.1 0.0 0.6 0.0 1.6 6.9 

sd 1.9 8.0 5.1 2.3 3.3 10.5 1.3 0.0 1.1 0.3 0.9 2.9 

>53 µm 
500 

x̄ 1.9 18.4 6.6 14.0 17.9 3.5 4.4 0.2 1.4 0.4 1.2 3.3 

sd 1.9 7.0 3.4 12.1 17.7 1.4 4.9 0.3 1.9 0.7 1.3 1.8 
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Table B 11 Mean and standard deviation (SD) lipid content to carbon weight (µg gC -1), lipid to dry 

weight (DW, mg gDW-1), percent carbon of DW and percent lipid of DW of 

mesozooplankton and micronekton at station BN in the northern Benguela 

Upwelling System (nBUS). 

Species 
Lipid (µg 

gC-1) 
SD 

Lipid (mg 

gDW-1) 
SD 

%C of 

DW 
SD 

% 

Lipids 

of DW 

 SD 

Calanoides natalis 349.6 118.9 216 55.3 63.2 6.7 21.6 5.5 

Rhincalanus 

nasutus 
382.9 97.1 233.4 77.4 60.6 7.8 23.3 7.7 

Nannocalanus spp. 35 28.3 19.6 14.3 58.6 6.7 2 1.4 

Eucalanus spp. 52.9 42.8 23.8 20.2 45.6 12.1 2.4 2 

Euchaeta spp. 153.4 205.1 76.2 101.4 51.9 3.3 7.6 10.1 

Euphausia hanseni 54.1 13.8 19.7 5.7 36.3 3.1 2 0.6 

Phrosina 

semilunata 
101.5 58.2 25.2 13.7 25.1 1.2 2.5 1.4 

Oplophorus 

novaezeelandiae 
327.1 123 119.5 40.6 37.4 5.2 12 4.1 

Atolla spp. 1953.3 2880.5 135.2 159.5 13.7 8 13.5 15.9 

Hansarsia 

megalops 
66.8 20.7 25.2 8.2 37.6 1.3 2.5 0.8 

Gennadas spp. 621.8 526.6 242.4 198.8 39.7 1.5 24.2 19.9 

Nemichthyidae 

spp. 
430.3 463.9 210.2 222.9 50.7 5.2 21 22.3 

Platyscelus spp.  163.3 29.3 41.6 6 25.7 3.1 4.2 0.6 

Phronima spp. 69.9 16.9 20.7 5.7 29.5 3.5 2.1 0.6 

Systellaspis cristata 445 NA 172.9 NA 38.9 NA 17.3 NA 
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Species 
Lipid (µg 

gC-1) 
SD 

Lipid (mg 

gDW-1) 
SD 

%C of 

DW 
SD 

% 

Lipids 

of DW 

 SD 

Acanthephyra 

pelagica 
92.8 46.5 40.5 20.2 44 5.4 4.1 2 

Gymnoscopelus 

spp. 
357.6 189 174.4 96.7 48 2.5 17.4 9.7 

Sternoptychinae 

spp. 
488.6 565.2 170.1 189.2 35.4 4.8 17 18.9 

Chaetognatha spp. 171.7 NA 15.5 NA 9 NA 1.5 NA 

Bathylagidae spp. 205.9 186.4 87.2 82.1 40.5 3.1 8.7 8.2 

Cyclothone spp. 602.5 270.4 237 123.3 39.4 9.8 23.7 12.3 

 

Table B 12 Carbon specific daily respiration rates (% d-1) of mesozooplankton derived from ETS-

assays for whole-community samples from the Mammoth-300 and Mammoth-100 

from station BN in the northern Benguela Upwelling System (nBUS).  

Depth 

(m) 

Mammoth-300 (% d-1) Mammoth-100 (% d-1) 

BN1 BN2 BN3 BN1 BN2 BN3 

Day Night Day Night Day Night Day Night Day Night Day Night 

5-33 2.42 1.18 1.47 1.57 1.20 2.18 

4.02 5.62 1.18 1.76 - 4.92 33-63 3.42 2.72 5.27 0.90 0.47 5.01 

63-125 6.47 3.85 0.98 1.22 1.75 4.24 

125-188 0.93 1.52 0.31 0.81 0.53 2.38 
0.57 0.90 0.93 0.43 0.96 4.44 

188-250 0.72 0.90 0.26 0.26 0.50 1.19 

250-375 1.13 1.53 1.27 1.03 0.42 0.22 
1.22 1.17 0.68 0.57 1.91 1.43 

375-500 0.92 1.37 1.07 0.71 0.88 1.55 

500-625 0.32 0.52 0.98 0.26 0.84 0.51 
0.57 0.35 0.47 0.42 0.62 0.43 

625-750 0.31 0.54 0.77 0.28 0.55 0.43 
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B.2 Supplementary figures for Chapter 3 

 

Figure B 1 Correlation matrix exploring collinearity between the different environmental 

variables sampled at the NB station in the northern Benguela Upwelling System. 
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Figure B 2 (A) Chlorophyll (mg m-3), (B) oxygen (µmol kg-1), (C) temperature (°C) and (D) salinity 

(PSU), contour depth profile in the top 750 m of the water column at station BN in 

the northern Benguela Upwelling System. Red lines delimitate the station visits 

BN1, BN2 and BN3. 
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Figure B 3 Relationship between δ15N of (A) Bathylagidae spp., (B) Acanthephyra pelagica, and 

(C) Euphausia hanseni, and depth at stations BN1-BN3 in the northern Benguela 

Upwelling system. 
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Appendix C Chapter 4 

C.1 Supplementary figures for Chapter 4 

 

Figure C 1 Vertically resolved normalised biovolume size spectra (NBSS) plots for the 

zooplankton communities at station P3 in the Scotia Sea when only keeping 

particles with areaABD > 0.785 mm2 = spherical circle with diameter = 1mm. 
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