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ARTICLE INFO ABSTRACT

Keywords: The mesopelagic zooplankton community plays an important role in the cycling and sequestration of carbon via
Copepods the biological pump. However, little is known about the physiology and ecology of key taxa found within this
Amphipods region, hindering our understanding of their influence on the pathways of energy and organic matter cycling. We
]SE:II; l;ausnds sampled the eight most abundant zooplankton (Calanoides acutus, Rhincalanus gigas, Paraeuchaeta spp., Chae-
Chaetognatha tognatha, 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 15th — December 15th’ 2017). Abundant, but decreasing lipid reserves in the predominantly her-
bivorous 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 5'°N 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.

Trophic interactions
Fatty acids

South Georgia
Twilight zone

1. Introduction pellets, active transport of carbon by diel and ontogenetic vertical

migration, and fragmentation of sinking particles (Turner, 2015; Stein-

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

berg and Landry, 2017; Mayor et al., 2020; Anderson et al., 2022).
Zooplankton in the mesopelagic zone, between ~100 and 1000 m,
act as a trophic filter between surface productivity and the deep ocean
(Giering et al., 2014; Mayor et al., 2014, 2020). However, relatively
little is known about the physiology and trophic interactions of these
animals, hindering our understanding of the pathways of energy and
organic matter processing in this environment. Zooplankton obtain their
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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 plas-
ticity due to both spatial and temporal variability in food availability
(Sgreide et al., 2008; de Moura et al., 2016).

Stable isotope ratios of nitrogen (5'°N) are commonly used to esti-
mate trophic position as the heavier isotope, '°N, is retained and accu-
mulated 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.,
2019). 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 spe-
cific 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 co-
pepods 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 poly-
unsaturated fatty acids (PUFAs), 20:5(n-3) and 22:6(n-3) (commonly
known as EPA and DHA, respectively), are predominantly bio-
synthesized 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 (Bell
et al., 2007). Lipids can give insight into key physiological processes of
zooplankton, such as energetic and physiological adaptation of
diapausing species (Visser and Jonasdottir, 1999; Pond, 2012). Verti-
cally migrating zooplankton increase the proportion of 22:6(n-3) in their
phospholipids in response to increasing pressure and decreasing tem-
perature 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, 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., 2012). Here, we explore the
trophic- and physiological ecology of zooplankton from within the
mesopelagic region of the Scotia Sea using 5'°N 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., Sub-
mitted), 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. Methods
2.1. 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 — December 19, 2017) in the vicinity of the British
Antarctic Survey Scotia Sea open-ocean observatory site P3 (SCOOBIES,
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52.40 S, 40.06 W) (Giering et al., 2019). 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 corre-
sponding to the sampled net horizon depths (5, 25, 50, 75, 125, 200,
450 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 pm)
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 pm) were collected on
nylon mesh screens (Nitex; pore size 53 pm; 10 % HCI acid cleaned).
Small particles (0.7-53 pm, <53 pm hereafter) were collected on pre-
combusted (400 °C; 4 h) 293 mm GF/F filters (nominal pore size 0.7
pm) located under the nylon mesh (Full SAPs filtration protocol can be
found in Preece et al., Submitted). 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, mac-
rozooplankton and micronekton >0.3 mm. Animals were collected with
a combination of RMT 25 (Rectangular Midwater Trawl, 25 m? net
mouth, 4 mm cod-end mesh), MOCNESS (Multiple Opening and Closing
Net and Environmental Sampling System, 1 m? rectangular opening,
330 pm (0.33 mm) mesh nets) and Mammoth Net (300 pm mesh, 1 m?
opening) (see Supplementary Tables S1 and S2). 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: Cal-
anoides acutus, Rhincalanus gigas and Paraeuchaeta spp. (Calanoida);
Chaetognatha; Euphausia triacantha and Thysanoessa spp. (Euphausia-
cea); 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.

2.2. Stable isotope analyses

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 car-
ried 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, 51°N =5.71
=+ 0.15%0), ALAGEL (alanine-gelatine solution, 515N = 2.52 + 0.08%o),
and GLYGEL (glycine-gelatine solution spiked with °N-alanine, §'°N =
23.60 + 0.12%o), each dried for 2 h at 70 °C. Four USGS40 glutamic acid
standards 106, 107 were used as independent checks of precision and
accuracy. Delta values were corrected for instrument drift and linearity.
Delta (8) values are used to express the relative difference between the
ratios of two stable isotopes, 1°N and *N in organisms, expressed as
51°N, compared to the international reference standard for nitrogen
isotopes (5'°N of atmospheric nitrogen gas).

Trophic level (TL) was calculated from §'°N following the equation:

15 15
(5 Neonsumer — 0 Nprimary consumer)
Ay

TL = +2.0
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where §'°Nionsumer is the 8'°N signature of the consumer of interest,
515an-ma,y consumer 18 the 81°N 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), A, is the 515N enrichment factor per trophic
level (2.5 %o for herbivores;(Vander Zanden and Rasmussen, 2001).
Using 8'°N of a primary consumer allows for reduced susceptibility of
short-term phytoplankton seasonal changes influencing baseline iso-
topic signatures (Cabana and Rasmussen, 1996). The use of a herbivo-
rous calanoid copepod as the baseline consumer has been suggested as a
more appropriate method in high-chlorophyll o conditions dominated
by diatoms, which often pass through other primary consumers, such as
salps, undigested (von Harbou et al., 2011; Metfies et al., 2014; Pak-
homov et al., 2019).

2.3. Lipid analysis

Zooplankton lipid extractions were carried out on each homogenised
freeze-dried (—60 °C; 1072 mBar) sample (1-60 mg dry weight) (Cook
et al., 2023). A known quantity of an internal standard (3-10 pgL of 5a
(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-(trimethylsilyDtrifluoroacetamide (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 0.25 mm (i.d.), with
film thickness 0.1 pm, 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 min from 60 °C to 170 °C at 6 °C min~?,
then from 170 °C to 315 °C at 2.5 °C min~! 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
pA. Mass data were collected at a resolution of 600, cycling every second
from 50 to 600 Da 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 liter-
ature, and/or by comparison with authentic standards. Shorthand no-
tations of fatty acids and alcohols follows the IUPAC (International
Union of Pure and Applied Chemistry, hhtp://www.iupac.org) system-
atic 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 individ-
ually for 36 representative fatty acids and sterols using authentic stan-
dards. 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~!). Nitrogen biomass was
chosen over carbon biomass as amino acids/proteins are more repre-
sentative of metabolically-active tissues than carbon, particularly in
lipid-rich species (Ikeda, 1988; Ventura, 2006).

2.4. Data analysis

The relationships between 8'°N and depth, 5'°N of zooplankton and
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55N of POM and fatty acid/alcohol compositions with depth were
investigated using linear regression. To deal with differences in indi-
vidual compound concentrations between zooplankton taxa/POM
samples, quantitative data (individual fatty acids/alcohols) were con-
verted 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 in-
dividual 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 pm vs. >53 pm), 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., 2020). Data obtained at the P3 station during
each visit is summarised in Table 1.

3. Results
3.1. Stable isotope compositions

The 8'°N signatures of POM at P3 ranged between 1.24 %o and 8.22
%o and became progressively °N-enriched with depth (ANOVA, F =
25.1¢1,18), p < 0.001; Fig. 1). POM 515N values did not change signifi-
cantly between the three visits to P3 (ANOVA, F = 0.130(2,17), p =
0.879).

The mean 8'°N signatures of the zooplankton varied between 3.50 %o
and 8.97 %o, 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 >N (Table 2; Supple-
mentary Fig. S1). The 5'°N values of T. gaudichaudii and R. gigas were
both correlated with POM 5'°N 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 8'°N values increased with depth (y = 45.7x -
199.5; R? = 0.56) whereas those for R. gigas decreased (y = —106.5x +
734.6; R? = 0.41) (Fig. 2). Estimated trophic levels ranged from 3.61 to
5.46 (Fig. 3). The lowest trophic levels were found in S. thompsoni and
R. gigas, followed by T. gaudichaudii, Thysanoessa spp., Chaetognatha,

Table 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 v 4 v
POM stable isotope data v v v
Zooplankton lipid data X v v
Zooplankton stable isotope data X v v



http://www.iupac.org

E.L.-R. Savineau et al.

POM 5N (%)

4 6 8
07 L L L
Mixed layer
¥ A
200 P Upper MZ
£
L
°
[
a
400
* A
* P3A
P3B
6004 p3c

Fig. 1. 5'°N 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 be-
tween 8'°N of POM and depth. y = -90.55x (+50.91) + 62.88 (+12.55). R? =
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).

Table 2
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E. triacantha and lastly Paraeuchaeta spp.
3.2. Fatty acid signatures of particulate organic matter

The lipid composition of POM is described in Preece et al. (Submit-
ted). Briefly, the fatty acid composition (mol%) of the <53 pm 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 3). The fatty
acid composition of the >53 pm 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 3). The percentage of the 18:1(n-9) fatty acid in POM
increased with depth (Fig. 4) in both <53 pm and >53 pm 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 pm: F = 7.77(1 20y, p =
0.011,R? = 0.28; >53 pm: F = 6.16(; 20y, p = 0.022, R? = 0.24) and 18:0
for the <53 size fraction (F = 42.6(1,20), p < 0.001, R? = 0.68; Supple-
mentary Fig. S2; Table S3). The percentage composition of 14:0
decreased with increasing depth in the >53 pm size fraction (F = 7.54,
20y p = 0.012, R% = 0.27; Supplementary Fig. 52; Table $3). No other
POM fatty acid changed with depth (Supplementary Table S3).

The fatty acid composition of the POM varied as a function of particle
size (<53 pm or >53 pm) and sampling depth (RDA, F = 13.67(1 42), p <
0.001 and F = 6.34(1,42), p < 0.001 respectively; Fig. 5; see also Preece
et al., Submitted). Including time of collection (P3A/P3B/P3C) had no
effect on the model fit (F = 1.73(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 pm and >53 pm 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 pm fraction. All other fatty acids were more closely
associated to the >53 ym POM.

Dry weight (DW, mg), organic nitrogen content per DW (mg N), organic carbon content per DW (mg C), mg of lipid to DW content (mg lipid g DW 1), lipid to organic
nitrogen content (mg g N™1) and lipid to organic carbon content (mg g C™') and 8'°N 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 calculating 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 within the §'°N row for each station visit.

Calanoides Chaetognatha Euphausia Paraeuchaeta Rhincalanus Salpa Themisto Thysanoessa
acutus triacantha spp. gigas thompsoni gaudichaudii spp.

n 3 3 3 0 4 1 0 2

P3B  mgDW 1.9+1.1 7.4+5.0 76.6 + 43.7 - 31+1.2 4.4 - 23.4 £ 6.2

mg N 0.1 £+ 0.06 0.4+0.1 51+3.2 - 0.2 £+ 0.09 0.2 - 2.2+04

mg C 1.1+0.7 1.6 £ 0.4 40.8 £ 23.6 - 1.7 £ 0.7 0.8 - 9.1+29

mg lipids g 516.9 +£117.5 118.8 +52.3 100.0 + 38.5 - 427.3 + 28.6 43.2 - 154.0 + 145.0

pw!

mg lipids g 30.6 + 6.5 8.9+58 6.4+1.5 - 25.8 + 4.7 1.70 - 141 +12.5

N-!

mg lipids g 289.8 £ 61.1 37.1 +£25.9 54.9 + 31.5 - 231.6 + 25.0 8.0 - 60.9 + 59.3

!

815N (%o) 54+14(m= 6.2+ 0.6(n= 6.3+09(m= 73(m=1) 49+03(m= 50+1.1(n= 54+01(m=4) 6.3+0.7(n=
3) 9) 12) 3) 10) 16)

n 3 4 2 1 3 1 2 3

mg DW 3.0+ 04 6.5+9.6 45.6 £ 8.1 1.7 48+ 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

mg C 1.7 £0.1 2.4 +35 19.6 + 3.2 0.8 2.6 +£0.9 0.7 25+1.7 17.5 +21.9

P3C  mglipids g 438.7 £106.4 61.9+153 155.5 + 16.6 194.1 276.0 + 42.8 28.3 122.4 + 36.1 107.8 £ 66.5

Dw!

mg lipids g 31.5+5.9 58+15 16.9 + 4.4 18.4 185+ 1.0 0.3 9.2+24 11.1+79

N—l

mg lipids g 245.8 + 48.4 23.7+71 67.2 +£ 8.3 93.4 152.7 + 31.4 1.5 46.4 £ 10.7 42.6 +29.1

!

815N (%o) 70+£17mn= 71+04(@m= 7.2+08(n= 7.7+15m = 51+08(1m= 50+£08n= 62+£08n=9) 62+07{n=
5) 6) 10) 2) 16) 9) 14)
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Fig. 2. 8'°N signatures of Rhincalanus gigas and Themisto gaudichaudii in rela-
tion 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 and 250 m or a MOCNESS net sampling 10-62 m (see
Supplementary Fig. 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 8'°N values of the zooplankton
and depth (T. gaudichaudii = blue: y = 0.779x (£+0.218) + 4.106 (+0.536) (R?
= 0.54); R. gigas = red: y = —0.238x (+£0.066) + 6.268 (+0.364) (R = 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).

3.3. Fatty acid and alcohol signatures of zooplankton

Fatty acids made up > 60 mol% of the total lipids within each taxa
sampled (Table 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 con-
tained a greater amount of MUFAs (49.4 mol%) and less PUFAs (9.2 mol
%; note only one Paraeuchaeta specimen was sampled; Table 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 PUFAC(s) in all taxa (Table 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 and 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 5). All non-copepod zooplankton
taxa had low or moderate contributions of fatty alcohols (<12 %j;
Table 5). By contrast, fatty alcohols in the three copepod species rep-
resented >25 % of the total lipid pool. C. acutus alcohols were domi-
nated by unsaturated compounds, specifically ALC-20:1 and ALC-22:1,
whereas R. gigas alcohols were dominated by saturated alcohols, pre-
dominately ALC-14:0 and ALC-16:0 (Table 7). Paraeuchaeta spp. had a
more equal distribution of saturated and unsaturated alcohols.

3.4. 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; Fig. 6), with the first and second axes accounting for 36.0 % and
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Fig. 3. Estimated trophic level for the 8 zooplankton taxa at station P3 (P3B +
P3C) in the Scotia Sea. The boxplot represents the minimum, maximum, me-
dian, first quartile and third quartile values. Circles represent outliers. Trophic
level was calculated from §'°N, assuming a trophic enrichment factor of 2.5 %o
per trophic level. The baseline consumer 8'°N signature used to calculate tro-
phic levels was based on the mean 8!°N of Calanoides acutus (8'°N = 6.38 +
1.73; asterisk) and a baseline consumer trophic level = 2.0 (asterisk). C. acutus
5'°N signatures were not affected by sampling depth (F = 0.002(; ¢, p = 0.963).

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 asso-
ciated with unsaturated alcohols and MUFAs.

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 (Fig. 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 pos-
itive 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 partic-
ularly associated with 20:1(n-9), with the composition of this MUFA
being higher in C. acutus (12.5 mol%) compared to all other species (<6
mol%; Table 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
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Fig. 4. Relationships between depth and the relative abundance of the
biomarker 18:1(n-9) (mol%) fatty acid in the <53 pm (filled squares) and >53
pm (filled triangles) size-fractions of particulate organic matter (POM) sampled
at station P3 (P3A + P3B + P3C) in the Scotia Sea. This fatty acid is bio-
synthesized by animals (Dalsgaard et al., 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 pm (solid line): y = 16.06x (+5.61) +
59.44 (+43.92) (R? = 0.29); POM >53 um (dashed line): y = 11.08x (+2.28) +
24.41 (+43.19) (R? = 0.54). Standard errors are illustrated either side of the
regression line and given in brackets next to the equation coefficients. Hori-
zontal 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).

16:4 and 16:1(n-7). Paraeuchaeta spp. was strongly associated with 18:1
(n-9) and 16:1(n-7).

4. Discussion
4.1. 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. (Submitted) 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 3; Preece et al.,
Submitted) is entirely consistent with the occurrence of diatoms at
depth. The differences in the fatty acid compositions of the two particles
size classes (Fig. 5) were driven by the increased relative abundances of
the PUFAs, 20:5(n-3) and 22:6(n-3), in the <53 pm samples, and
increased relative abundances of 18:1(n-9), 18:2(tr-9), and 20:1(n-9) in
the >53 pm 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 pm POM fatty acids, compared to 6.3 % in the <53 pm size
fraction (Table 3) and increased in relative concentration with
increasing depth (Fig. 4). Similar contributions of 18:1(n-9) in POM
have previously been observed (Richoux, 2011), and its increased
relative abundance with depth suggests that zooplankton-sourced ma-
terials become increasingly more important in midwater particle pools
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Fig. 5. Fatty acid composition (mol%) of size-fractionated particulate organic
matter (POM) from station P3 (P3A + P3B + P3C) in the Scotia Sea. Redun-
dancy 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.
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Fig. 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.

(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
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Fig. 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.

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 ym POM size
fraction in the upper mesopelagic possibly derived from Oithona
(Table 4; Supplementary Fig. S3; up to 35 %, Preece et al., Submitted).
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, 2020; Koski et al., 2020).

Table 3
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4.2. Trophic ecology of the zooplankton

The calculated zooplankton trophic levels ranged between 3.6 and
5.5 (Fig. 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 sup-
ports the idea that these species are broadly herbivorous (Kattner et al.,
1994; Kates and Volcani, 1966; 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 (Hopkins, 1985; @resland,
1991; @resland and Ward, 1993). Isotopic and fatty acid data for the
euphausiids were broadly consistent with these species being omnivores
(Phleger et al., 1998; Falk-Petersen et al., 1999; Richoux, 2011), as
suggested by the presence of both phytoplankton and calanoid bio-
markers. The high percent contributions of ALC-20:1 and ALC-22:1 in
both species moreover suggests their feeding on C. acutus (Table 7), the
most abundant copepod. Other Southern Ocean calanoid species such as
Calanus propinquus and Calanus simillimus also biosynthesize the cala-
noid 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 5'°N 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 in-
dividuals sampled and was also abundant in alcohol form (Table 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,

Fatty acid composition (mol%, mean + standard deviation) of <53 ym and >53 pm 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 composition). 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., Submitted.

POM <53 pm POM >53 pm
Depth 5-30 n 49-80 n 150-185n 250-258 n 448-460 n Mean n 5-30n 45-65 n 150-180 n 250-260 n 430-462 n Mean n
bin (m) =5 =5 =6 =3 =3 =22 =4 =4 =5 =4 =5 =22
14:0 29+ 3.1+ 1.8+ 0.5 1.3+0.6 2.1 +0.7 22+ 4.4 + 6.3 £ 22+21 2.3+0.7 1.5+1.2 3.2+
1.6 0.3 1.0 3.3 3.4 2.8
16:0 2.6 + 6.4 + 39+ 1.4 3.7+ 0.8 84+ 1.2 4.8 + 7.8 £ 9.4 + 49 +3.2 8.7 + 3.0 8.7 +£3.7 7.8+
0.9 8.2 4.2 6.5 4.7 4.2
18:0 0.2+ 0.3+ 0.5+ 0.3 0.8+ 0.4 3.7+1.9 0.9 + 31+ 1.4+ 1.4+06 3.1+1.1 3.9+21 2.6 £
0.0 0.1 1.3 4.2 0.5 2.2
16:1(n- 17.1 + 131 + 11.4 + 6.5 15.1 + 1.9 17.5 + 2.6 145 + 26.1 + 36.7 + 21.5 + 22.8 +6.2 28.0 £ 4.2 26.8 +
7) 3.6 7.1 5.1 11.8 7.0 10.4 9.3
18:2(n- 1.9 + 3.0+ 28+1.2 34+13 3.5+ 0.9 29+ 2.4 + 2.3+ 2.6 + 0.4 4.9+ 5.0 41+1.2 3.3+
6) 1.4 0.3 1.1 1.1 1.4 2.3
18:1(n- 2.8+ 24+ 6.0 + 1.4 11.2 £ 4.1 8.8 + 8.9 6.3 + 4.2 + 59+ 18.9 + 5.6 22.3+9.9 24.7 + 15.8 +
9) 0.4 0.9 4.8 1.9 2.0 10.1 10.7
18:2(tr- 1.9+ 2.7 + 3.2+ 0.4 48+ 1.5 41+1.1 33+ 4.2+ 55+ 4.6 +2.1 6.8+ 1.4 8.0 +3.2 59+
9 0.8 0.8 1.4 3.7 2.4 2.9
20:5(n- 41.0 = 40.4 + 47.7 £ 4.6 37.3+£5.7 345+£7.0 40.7 £ 11.7 + 53+ 19.1 + 13.9+ 9.6 5.6 + 6.9 11.2 +
3) 5.2 3.1 6.4 12.6 6.2 16.0 11.4
20:1(n- 2.4 + 0.2 + 0.3+ 0.2 2.2 +3.2 0.7 + 0.3 1.2+ 0.2 + 55+ 6.9 + 3.9 5.8 + 2.5 3.1+17 4.4+
9 2.8 0.1 2.0 0.4 6.5 4.0
22:6(n- 9.1 + 11.7 + 13.3+7.9 139 + 3.8 10.3 +3.1 119+ 2.5+ 0.6 + 52+7.5 2.2 + 4.40 1.1+17 2.4 +
3) 6.4 6.6 5.8 4.1 0.6 4.4
22:1 2.8 + 0.6 + 0.9 + 0.9 0.6 + 0.6 3.6 +3.1 1.6 + 6.5 + 51+ 8.1 +6.8 3.7+ 25 3.3+26 5.4+
3.4 0.2 2.2 9.9 5.5 5.7
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Table 4

Fatty alcohol composition (mol%, mean + standard deviation) of <53 pm and >53 pm 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 averaged across 5 depth bins. The number of replicates (n) is indicated for
each depth bin. Data reproduced from Preece et al., Submitted.

POM <53 pm POM >53 pm
Depth bin 5-30n 49-80 n 150-185n 250-258 n 448-460 n Mean 5-30 n 45-65 n 150-180 n 250-260 n 430-462 n Mean
(m) =5 =5 =6 =3 =3 =22 =4 =4 =5 =4 =5 =22
ALC-14:0 1.1+ 26+30 15+1.1 25+3.0 1.0+ 0.9 1.7 & 1.3+ 1.14+08 6.9+54 41+27 4.2+ 3.6 3.7+
0.9 1.9 1.8 3.8
ALC-16:0 1.1+ 28+34 28+£32 4.5+ 4.1 21+1.2 25+ 1.3+ 1.1+£1.2 104 +49 7.0 £4.3 10.3 £ 8.7 6.4 +
1.1 2.8 2.1 6.3
ALC-20:1 3.7+ 06+07 16+27 0.9+1.2 0.3+0.5 1.6 + - 1.1+£08 99+74 7.6 £5.0 42+1.7 4.8 +
4.8 2.8 5.4
ALC-22:1 1.7 £ 03+£03 01+£0.1 0.1+0.2 - 0.5+ 2.1+ 01+02 39+28 1.6+19 0.1 +0.2 1.6 £
2.4 1.3 4.1 2.6
Table 5

Lipid class composition (mol%, mean + standard deviation) of each zooplankton taxa sampled at station P3 (P3B + P3C) in the Scotia Sea. Saturated-, mono-
unsaturated- 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 Chaetognatha  Euphausia Paraeuchaeta Rhincalanus Salpa Themisto Thysanoessa

acutus triacantha spp. gigas thompsoni gaudichaudii 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 25+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+04 0.9 + 0.5 0.6 + 0.4
MUFA 23.7 £2.6 26.4 + 2.9 225+ 4.8 49.4 219+1.8 13.6 + 5.3 25.6 + 2.7 17.1 + 2.6
PUFA 32.4+6.6 454+ 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+17 51+1.4 21.6 20.7 £ 1.8 2.3+3.0 20+1.3 0.4+0.3
Unsaturated 27.5+33 3.2+6.2 44 +1.2 16.5 4.6 £ 0.7 9.5+ 8.7 7.0 +3.6 11.6 + 6.4

Alcohols

Sterols 0.3+0.2 74+34 23+03 0.5 0.6 +£0.2 5.5+ 0.7 24+1.2 3.2+25
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 95+1.8 38.1 25.2+1.8 11.8 £9.2 89+38 12.0 £ 6.5

Table 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 assigned hereafter as 22:1(n-11) based on the knowledge of 22:1(n-11) being
a fatty acid only biosynthesized 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 Chaetognatha  Euphausia Paraeuchaeta Rhincalanus Salpa Themisto Thysanoessa

acutus triacantha spp. gigas thompsoni gaudichaudii 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 09+0.5 12.3 +£ 0.4 10.0 + 2.5 179+ 8.4
16:0 3.6 £ 0.6 10.7 £ 1.8 9.1+1.7 2.3 2.2+05 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 89+1.8 6.9 + 3.8 40.0 144 +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 19+ 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 34+13 0.7 £ 0.3
18:2(n-6) 2.3+04 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+ 34 84 +3.0 34.1 129 +1.2 2.2+0.8 6.6 £ 2.8 7.0 +£0.3
18:1(tr-9) 0.8 +0.3 29+1.6 3.8+2.0 1.3 21+1.0 29+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) 125+ 2.3 31+19 2.6 £ 0.6 2.0 0.3+0.1 3.3+38 54+09 2.5+ 0.6
22:6(n-3) 89+1.6 21.8 £ 5.8 115+ 1.7 4.5 5.2+ 0.6 18.4 + 5.9 9.2+6.5 142+ 7.0
22:1(n-9) 1.9+05 2.0+23 0.8 + 0.4 0.1 0.0 + 0.0 0.9+ 0.5 0.9 +0.1 0.7 £ 0.2
20:4 23+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

6.4+1.5 2.7 £39 1.1 £0.6 0.8 0.1 +0.1 1.5+ 21 2.0 £0.7 1.2+0.3

22:1(n-11)

16:1(n-7), 14:0 and 22:6(n-3), in agreement with other studies (Fricke
and Oehlenschlager, 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 8'°N 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 relatively low §'°N 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 (Richoux and Froneman, 2009; Richoux, 2011; Stowasser
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Table 7
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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- 11.3 + 1.0 24.3 +16.3 23.0 £ 0.9 30.0 35.2+ 1.0 53+6.2 8.8+3.3 1.3+1.3
14:0
ALC- 11.1 £ 0.6 23.7 £ 16.7 25.1 £ 0.7 23.5 374+19 6.6 + 6.1 9.6 +23 1.7+ 1.5
16:0
ALC- 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
18:0
ALC- 6.5+ 0.8 21+21 3.9+03 8.4 85+ 26 2.2+3.0 4.5+ 23 0.9 +04
16:1
ALC- 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
18:1
ALC- 41.6 + 2.4 24.2 +19.8 21.4+0.9 6.1 0.7 £ 0.2 58.1 +12.9 39.5+ 2.6 399 +73
20:1
ALC- 249 + 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
22:1
ALC- 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
24:1

et al., 2012). Interestingly, the 8'°N values of T. gaudichaudii increased
with corresponding increases in 5'°N of POM with depth (Figs. 1 and 2),
suggesting that this species may be tightly linked to the ambient food
supply at the depth of its capture. The increased 8'°N 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 5!°N) at depth, which is commonly observed
in pelagic amphipods (Bowman et al., 1982; Blankenship et al., 2006;
Lacey et al., 2018).

The 5'°N signatures of R. gigas decreased relative to increasing 5'°N
of POM with depth (Figs. 1 and 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,
1992b; 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 8'°N signa-
tures 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), suggesting the use of internal energy reserves (see Section
4.3).

4.3. Physiological ecology of copepod species

Differences in lipid and 515N signatures may reflect important,
species-specific aspects of zooplankton life cycles and physiological re-
quirements. 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
(Figs. 6 and 7). The lipid class RDA (Fig. 6) and compositional data
(Table 5) demonstrate that fatty alcohols were important for discrimi-
nating 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., 1995; Kattner and Hagen, 1995; Lee
et al., 2006). The copepods C. acutus and R. gigas had higher body lipid
content (Table 2) compared to the other species, consistent with the
seasonal production of large lipid reserves in polar non-carnivorous
calanoid copepods (Graeve et al., 1994). Large 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, 2012). 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 and Schnack-Schiel,
1993; Marin, 1988). 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 and Schnack-Schiel, 1996;
Pond and Tarling, 2011; Pond et al., 2012).

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
and Schnack-Schiel, 1993; Hopkins et al., 1993; Ward et al., 1997;
Marin, 1988; Pasternak and Schnack-Schiel, 2001; Tarling et al., 2007).
Intraspecific differences in life-strategies are likely related to environ-
mental 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 8'°N 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 un-
derstand how animal physiologies influence lipid and §'°N signatures,
rather than signatures being a reflection of just ecological and feeding
dynamics. If overwinter behaviour was not considered, the low 5!°N
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 epipe-
lagic and upper mesopelagic is a major determinant of subsequent car-
bon 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
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we represent their role in attenuating the flux of sinking POM in the epi-
and upper mesopelagic. 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 pref-
erential feeding on fresh, surface-derived POM rather than re-worked
particles may modify the quality and quantity of organic matter leav-
ing the upper mesopelagic.

5. Conclusion

The §1°N signatures of particulate organic matter (POM) sampled at
the P3 site in the Scotia Sea increased with depth, whereas the 5!°N
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 5°N 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 char-
acterised 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 her-
bivorous 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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