:' frontiers ‘ Frontiers in Marine Science

ORIGINAL RESEARCH
published: 03 May 2022
doi: 10.3389/fmars.2022.819943

OPEN ACCESS

Edited by:

Travis Blake Meador,

Academy of Sciences of the Czech
Republic (ASCR), Czechia

Reviewed by:

William Ross Hunter,
Queen’s University Belfast,
United Kingdom

Catherine J. Stevens,
University of Victoria, Canada

*Correspondence:

Rita M. Franco-Santos
rita.franco-santos@outlook.com
Barbara Niehoff
barbara.niehoff@awi.de

TPresent address:

Rita M. Franco-Santos,
Department of Process Engineering
and Applied Science, Dalhousie
University, Halifax, NS, Canada

Specialty section:

This article was submitted to
Marine Biogeochemistry,

a section of the journal
Frontiers in Marine Science

Received: 23 November 2021
Accepted: 24 March 2022
Published: 03 May 2022

Citation:

Franco-Santos RM, Auel H,
Boersma M, De Troch M, Graeve M,
Meunier CL and Niehoff B (2022) To
Regulate or Not to Regulate:
Assimilation of Dietary Fatty

Acids in the Temperate

Copepod Temora longicornis.

Front. Mar. Sci. 9:819943.

doi: 10.3389/fmars.2022.819943

Check for
updates

To Regulate or Not to Regulate:
Assimilation of Dietary Fatty Acids
in the Temperate Copepod
Temora longicornis

Rita M. Franco-Santos ">*" Holger Auel?, Maarten Boersma?®*, Marleen De Troch®,
Martin Graeve®, Cédric Leo Meunier? and Barbara Niehoff"*

' Polar Biological Oceanography, Alfred-Wegener-Institut Helmholtz-Zentrum fir Polar- und Meeresforschung,

Bremerhaven, Germany, 2 Marine Zoology, University of Bremen, Bremen, Germany, 3 Marine Biology, Ghent University,
Gent, Belgium, 4 Biologische Anstalt Helgoland, Alfred-Wegener-Institut Helmholtz-Zentrum fiir Polar- und Meeresforschung,
Helgoland, Germany, © Ecological Chemistry, Alfred-Wegener-Institut Helmholtz-Zentrum f(ir Polar- und Meeresforschung,
Bremerhaven, Germany

Consumer regulation of lipid composition during assimilation of dietary items is related to
their ecology, habitat, and life cycle, and may lead to extra energetic costs associated with
the conversion of dietary material into the fatty acids (FAs) necessary to meet metabolic
requirements. For example, lipid-rich copepods from temperate and polar latitudes must
convert assimilated dietary FAs into wax esters, an efficient type of energy storage which
enables them to cope with seasonal food shortages and buoyancy requirements. Lipid-
poor copepods, however, tend to not be as constrained by food availability as their lipid-
rich counterparts and, thus, should have no need for modifying dietary FAs. Our objective
was to test the assumption that Temora longicornis, a proxy species for lipid-poor
copepods, does not regulate its lipid composition. Isotopically-enriched (*°C) diatoms
were fed to copepods during a 5-day laboratory experiment. Compound-specific stable
isotope analysis of algae and copepod samples was performed in order to calculate
dietary FA assimilation, turnover, and assimilation efficiency into copepod FAs.
Approximately 65% of the total dietary lipid carbon (C) assimilated (913 + 68 ng C ind™’
at the end of the experiment) was recorded as polyunsaturated FAs, with 20 and 15%
recorded as saturated and monounsaturated FAs, respectively. As expected, T.
longicornis assimilated dietary FAs in an unregulated, non-homeostatic manner, as
evidenced by the changes in its FA profile, which became more similar to that of their
diet. Copepods assimilated 11% of the total dietary C (or 40% of the dietary lipid C)
ingested in the first two days of the experiment. In addition, 34% of their somatic growth (in
C) after two days was due to the assimilation of dietary C in FAs. Global warming may lead
to increased proportions of smaller copepods in the oceans, and to a lower availability of
algae-produced essential FAs. In order for changes in the energy transfer in marine food
webs to be better understood, it is important that future investigations assess a broader
range of diets as well as lipid-poor zooplankton from oceanographic areas throughout the
world’s oceans.

Keywords: compound-specific stable isotope analysis (CSIA), fatty acid trophic markers, homeostasis, lipid
dynamics, metabolic requirements, omega-3 fatty acids, tracer experiment, 13C labelling

Frontiers in Marine Science

www.frontiersin.org 1

May 2022 | Volume 9 | Article 819943


https://www.frontiersin.org/articles/10.3389/fmars.2022.819943/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.819943/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.819943/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.819943/full
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
http://creativecommons.org/licenses/by/4.0/
mailto:rita.franco-santos@outlook.com
mailto:barbara.niehoff@awi.de
https://doi.org/10.3389/fmars.2022.819943
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.819943
https://www.frontiersin.org/journals/marine-science
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.819943&domain=pdf&date_stamp=2022-05-03

Franco-Santos et al.

Copepod Assimilation of Dietary Lipids

1 INTRODUCTION

Conventional methods for estimating the dietary composition of
a consumer, such as direct observations of feeding activity and
analyses of stomach content and feces, only provide snapshots of
its recent diet (Michener and Kaufman, 2007; Newton, 2010).
Essential qualitative and quantitative information on pathways
of energy flow between prey and predators can, however, be
obtained through the combined use of compounds such as fatty
acids (FAs) and stable isotopes (Graeve et al., 2005; De Troch
etal., 2012; Boissonnot et al., 2016), as these integrate the feeding
history of a consumer over a longer time frame.

Compound-specific stable isotope analysis (CSIA) is a state-
of-the-art tool ideally suited to measure the stable isotope values
of single FAs, which enables its use in the investigation of
biochemical processes in detail (Evershed et al., 2007; Guilini
et al., 2010; Rix et al.,, 2018). Interest in the methodology has
grown in recent decades. Most studies in the aquatic sciences
report natural isotopic abundances and their relevance for food
web architecture, movement ecology, and biogeochemical
cycling (for examples, see McMahon and Newsome, 2019;
Whiteman et al., 2019; and references therein). There are fewer
studies in aquatic sciences which are of an experimental (tracer)
character. These introduce stable isotopes into a monitored
system or compartment and are able to report on labelled/
enriched abundances in excess of the natural value (for
examples, see Middelburg, 2014; Twining et al.,, 2020; and
references therein). Such tracer studies have, for example, used
CSIA to quantify processes such as the assimilation, turnover,
and synthesis of important molecules at the plant-animal
interface in marine food webs (Graeve et al., 2005; De Troch
et al., 2012; Boissonnot et al., 2016; Franco-Santos et al., 2019;
Helenius et al., 2019; Graeve et al., 2020; Helenius et al., 2020a;
Helenius et al., 2020b). These processes can be investigated by
adding compounds enriched in stable isotopes of biogenic
elements (e.g, NaH'?CO3) to algae cultures, whose isotopic
signature will then become enriched with this isotope. Any
consumers experimentally fed with labelled algae will also
become enriched in relation to natural abundances, making it
possible to follow the incorporation and modification of
isotopically-enriched dietary molecules into consumer tissues
(i.e., specific compounds) using CSIA.

Fatty acid dynamics have been well characterized for larger,
mainly herbivorous, Calanus and Neocalanus copepod species
that inhabit environments characterized by strong variation of
food supply, such as polar and high latitude boreal areas and
upwelling systems (Attwood and Peterson, 1989; Ohman et al.,
1989; Kattner and Hagen, 1995; Scott et al., 2002; Campbell et al.,
2004). The wealth of research conducted into their lipid
biochemistry is due to the fact that they are an important
source of energy (especially omega-3 and -6 FAs) to their food
webs, but also to better understand how they adapt to marked
seasonal variations in food supply. Lipid-rich copepods generally
exhibit long life cycles, slow growth rates, and few generations
per year (Arndt and Swadling, 2006). Given the seasonal

character of food availability in high latitudes and upwelling
systems, they must store lipids when possible, so that their
energy reserves can fuel gonad maturation and, in some cases,
pre-bloom spawning in the absence of food (Niehoff, 2007).
Furthermore, the matter of whether energy reserves are
triacylglycerols (TAGs) or wax esters (WEs) depends on the
presence/absence of diapause in their life cycle (Conover, 1988;
Lee et al., 2006; Pond, 2012). This is because of the biophysical
properties of WEs, which enable copepods to achieve neutral
buoyancy and deep-water diapause (Pond, 2012).

In general, fewer studies are available on the lipid
biochemistry of smaller copepods (Kattner and Hagen, 2009;
Boissonnot et al., 2016; Helenius et al., 2020a), which tend to
store little to no energy reserves, to not undergo post-hatching
diapause, and to not be as limited by food quantity as their lipid-
rich counterparts. One of the species for which information is
available is Temora longicornis (Miiller, 1785), a small planktonic
copepod (~ 1 mm prosome length) which inhabits, and often
dominates, temperate and boreal environments (Holste et al.,
2009; Martynova et al., 2011; Johnson and Allen, 2012). In the
North Sea, this species is abundant and reproduces year-round,
and its grazing can have a substantial impact on the
phytoplankton standing stock (Maar et al., 2004; Wesche et al.,
2007; Gentsch et al., 2009). Like many other small copepods
which are typical of highly productive shelf seas, T. longicornis
has a limited ability to store energy (lipid) reserves (Evjemo and
Olsen, 1997; Kreibich et al., 2008; Niehoff et al., 2015). Studies
have shown that, for T. longicornis (a) the FA profile can change
within 24h of introduction to a new dietary source (Kreibich
etal., 2008; Kreibich et al., 2011), and the response is related to its
feeding history (Nichoff et al., 2015); and that (b) egg production
rates and hatching success are positively related with the
availability of omega-3 (or n-3) FAs (Arendt et al., 2005;
Jonasdottir et al., 2009).

Given the differences in habitat, ecology, and in overall life
history strategies between lipid-rich and lipid-poor copepods, it
is to be expected that these groups will display distinct FA
dynamics (for a review on the topic, see Kattner and Hagen,
2009). As previously stated, the former must store energy in an
effective (dense) manner in order to survive food shortages
during the winter, to achieve buoyancy, and to fuel annual
reproduction (Sargent and Falk-Petersen, 1988). In order to do
so, they need to synthesize energy-rich WEs, molecules with a
dietary-derived FA component and a de novo biosynthesis-
derived fatty alcohol component (Sargent et al., 1981). Lipid-
poor copepods, by definition, do not store significant energy
reserves and, thus, should have no need to modify dietary FAs
upon assimilation. Building upon the results from previous
research, the objective of the present study was to test the
assumption that T. longicornis, a proxy species for lipid-poor
copepods, exhibits mild (if any) lipid homeostasis. We expect,
thus, that T. longicornis will assimilate dietary FAs in a mostly
unmodified manner; i.e., that the FA profile of experimental
copepods should resemble the dietary composition rather than
reflect the biochemistry of the field-collected copepods. In
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order to test this hypothesis, we conducted a feeding tracer
experiment, in which the copepods were fed with isotopically-
enriched (*°C) diatoms and their FA assimilation, turnover
rate, and assimilation efficiency (AE) were quantified
with CSIA.

2 METHODS

2.1 Field Sampling and Experimental
Design

On May 17", 2016, zooplankton were sampled with a 500 um
mesh-size CalCOFI net, which was towed horizontally for 15
minutes at 5 m depth off the German island of Helgoland (54°
11’N, 07°54’E), in the southern North Sea. Samples were taken to
the laboratory, where intact and active adult females of the
copepod T. longicornis were immediately sorted under an
Olympus SZX16 stereoscopic microscope. A total of 720
females were sorted, 540 for a feeding experiment and 180 for
the determination of in situ elemental and biochemical
compositions. This study was conducted concomitantly with
that from Franco-Santos et al. (2018b).

The feeding experiment with T. longicornis was initiated
immediately after sorting. Copepods were distributed among
triplicate 3L plastic beakers fitted with a 300 um meshed-bottom
cylinder (75 females L), used to keep females from eating their
own eggs and fecal pellets. Food was provided ad libitum (> 350
ug C L', Klein Breteler et al.,, 2002, at a concentration of 8,000
cells mL™). Feeding occurred on a daily basis for five days after
partial water exchanges (approx. two thirds), which removed
most of the food from the previous day. The copepods were kept
in a dark, temperature-controlled room at 10 + 0.3°C, simulating
the natural environment at the time of sampling. The beakers
were gently stirred three times a day for food resuspension in
the water.

Sampling was conducted before (day 1 or in situ composition,
ton), during (day 3, tgp,), and at the end (day 6, f1505) of the
experiment. A total of 10 females per replicate were pooled for
elemental analysis (body C and nitrogen (N) contents and molar
C:N ratio). Another 50 females per replicate were pooled for
biochemical analyses (FA content and profile, and FA-specific
content and "’C isotopic enrichment). Copepods were gently
washed in distilled water and placed into pre-weighed tin
capsules (5x9 mm, IVA Analysentechnik) for elemental
analysis or pre-combusted lipid vials for FA analyses. Tin
capsules with copepods were dried at 60°C for 48 h and stored
in a desiccator until analysis, whereas lipid vials were stored at
-80°C until further analyses.

2.2 Prey Culture

The centric diatom Thalassiosira weissflogii (Grunow) (Fryxell
and Hasle, 1977), presently accepted as Conticribra weissflogii
(Grunow) (Stachura-Suchoples and Williams, 2009), was used in
this feeding experiment. This diatom is a common prey for T.
longicornis in nature (Evans, 1981), and is well taken up by the
copepod under laboratory conditions (Jonasdottir et al., 2009;

Niehoff et al., 2015; Franco-Santos et al., 2018b). Batch cultures
of C. weissflogii were started on a daily basis for five consecutive
days by diluting a stock solution with fresh f/2 medium (details
in Franco-Santos et al., 2018b). Isotopic enrichment of the batch
cultures was achieved by adding '’C-enriched sodium
bicarbonate (NaH'’COj;) powder to the f/2 medium at a
concentration of 4 mg L. Diatoms were allowed to grow for
five days to uptake labeling. Cultures were sampled daily during
the experiment for determination of cell elemental (C and N
contents and molar C:N ratio) and biochemical (FA content and
profile, and FA-specific content and 3¢ isotopic enrichment)
compositions, and subsequently used as food suspension. Cell
density in the cultures was determined with a BD Accuri C6 Flow
Cytometer. Subsamples of 5.2 *10° cells were filtered through
pre-combusted (500°C for 24h) Whatman GF/F filters (0.7 pm
pore size, 25 mm diameter). Filters with samples for elemental
analysis were dried at 60°C for 48 h, folded inside tin foil, and
stored in a desiccator until analysis. Filters with samples for FA
analyses were placed into pre-combusted lipid vials and stored at
-80°C until analyses.

2.3 Elemental, Biochemical, and
Compound-Specific Stable Isotope (CSIA)
Analyses

The C and N contents of copepod and prey culture samples were
measured with an elemental analyzer (detection limit: 2 pg C/0.5
pg N; maximum error: + 3%, Euro EA 3000, EuroVector S.P.A.,
Milan, Italy) using acetanilide as a standard. Prior to C and N
determination, tin capsules with copepods were weighed on a
microbalance (readability: 0.1 pg, XP6U, Mettler Toledo,
Switzerland) in order to obtain copepod dry mass (DM).

The methodology used for lipid extraction (modified after
Folch et al., 1957) and subsequent FA identification is described
in Boissonnot et al. (2016) and Franco-Santos et al. (2019).
Briefly, lipids were extracted from samples after homogenization
in a dichloromethane:methanol (2:1, v:v) solution. A known
amount of the internal standard tricosanoic acid methyl ester
(23:0) was added to each sample in order to calculate the fatty
acid methyl ester (FAME) content. A biphasic system was
created with the addition of potassium chloride (KCI, 0.88%
solution). The (separated) lipid layer was then transesterified for
4 h with sulfuric acid (H,SOy4, 3% solution) in methanol at 80°C
under nitrogen atmosphere. Cyclohexane was used to extract the
FAMEs, which were subsequently determined with a gas
chromatograph (HP 6890 N, Agilent Technologies
Deutschland GmbH & Co. KG). The software ChemStation
(Agilent) was used to evaluate the chromatograms generated.
The A:B(n-X) shorthand notation was used to refer to FAs,
where A is the number of carbon atoms, B is the number of
double bonds, and (n-X) gives the position of the double bond
closest to the terminal methyl group. Temora longicornis does
not have major storage reserves and exhibits TAG as its primary
neutral lipids (Fraser et al., 1989; Peters et al., 2013); therefore,
lipid classes were not separated and FAMEs were assumed to be
TAG in the present study. The sum of all FAs (TFA) was used to
calculate the total lipid content (TLC) of copepods based on the
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notion that, in species which store FAs as TAG, FAs comprise
approximately 80-90% of total lipids (i.e., the saponifiable
fraction of lipids; Vogedes et al., 2010).

The *C isotopic enrichment of FAMEs was measured with a
Thermo GC-c-IRMS (gas chromatography-combustion-isotope-
ratio mass spectrometry) system, equipped with a Trace GC
Ultra gas chromatograph, a GC Isolink operated in combustion
mode at 1,000°C and a Delta V Plus isotope ratio mass
spectrometer connected via a Conflo IV interface (Thermo
Scientific Corporation, Bremen, Germany), according to
Boissonnot et al. (2016). The instrument-specific software
Isodat 3.0 (Thermo Scientific) was used to generate the
chromatograms containing FA peak areas and peak-specific C-
isotope ratios. The 14:0 and 18:0 FAME reference standards
(Iowa University) with known &-values were used for further
calculations and normalizations (Paul et al., 2007). The equations
used by Boissonnot et al. (2016) and Franco-Santos et al. (2019)
to calculate lipid C assimilation and turnover were also applied in
the present study, and are provided in the supplementary
material. Briefly, FA-specific C assimilation was calculated by
multiplying the FA mass (in C units) by its excess isotopic signal
(atom percent excess, APE) and dividing this number by the
average isotopic signal of the dietary FAs. Total lipid C
assimilation was, thus, the sum of all FA-specific assimilation
values. The exchange of copepod FAs by labeled dietary FAs was
obtained by dividing the total lipid C assimilation at tsg, or t;0p
by the absolute mass of TFAs (in C units) at the respective time.
Turnover rates were derived from dividing the latter (C
exchange) by the number of days passed at the respective time
(2 days for tyg), or 5 days for t;z).

All raw data and associated equations and calculations can be
accessed in the data sets stored with the repository PANGAEA
(Franco-Santos et al., 2022). It should be noted that these
PANGAEA data sets contain results from two different
experiments conducted with Temora longicornis. The data
included and analyzed in this study only refer to the
experiment which used a nutrient-replete culture of C.
weissflogii (identified by the experimental treatment diet
abbreviation “Diat+”) to feed the copepods.

2.4 Fatty Acid C Assimilation Efficiencies
Lipid C assimilation efficiency (AE), the percentage of (**C
isotopically-enriched) dietary content ingested by copepods
that was assimilated into FAs, was calculated for (a) TFA, (b)
saturation-specific sums of FAs (saturated, monounsaturated,
and polyunsaturated FAs - SFA, MUFA, and PUFA,
respectively), and (c) each individual FA that was both
available from the diet and assimilated by copepods (> 1%
TFA in copepods). It was calculated in two steps:

Ingestion rate of FA-derived dietary C by copepods
(FAmgpierc (1), in ug C ind! day'l), which multiplies copepod
cell ingestion rates (Cellsy,g, in cells ind™! day'l, obtained from
Franco-Santos et al., 2018a; Franco-Santos et al., 2018b) by FA-
specific dietary C contents (FAgieic (Y), in pg C cell!):

FApgpieic(Y) = Cellspug*FA gieic(Y);

where “Y” indicates either TFA, the saturation-specific sum of
FAs, or the specific FA for which the calculation was carried.

AE of lipid C (%), which divides the C assimilation of “Y”
(obtained in the present study, available for t,g), and for t,50;,) by
the multiplication of the ingestion rate of FA-derived dietary C
by copepods for “Y” and the number of days (Aday) for which C
assimilation of “Y” was calculated (2 or 5 days for f4g, and #;50p,
respectively):

Cassim(Y)

AE =
(FAIngDietC(Y) * Adﬂ)’)

The above-mentioned parameter values are available from the
PANGAEA data sets (Franco-Santos et al., 2018a; Franco-Santos
et al, 2022). In the data sets, they are referred to as “T.
longicornis f assim eff FA” (AE), “T. longicornis f IR FA/ind”
(FAmmgpierc (1)), “T. longicornis f IR cells/ind” (Cellsy,g), and “FA
C cell” (FAgierc (V).

2.5 Statistical Analyses

The statistical significance of differences in DM, C and N
contents, molar C:N ratio, and TFA content between the
different copepod samples (fon, tagh, and t50,) was investigated
with one-way analyses of variance (ANOVAs). The origin of
differences was identified by applying the Tukey HSD (Honestly
Significant Difference) post-hoc test with a 95% confidence limit.
Prior to the ANOVAs, the data were tested for normality and
homogeneity of variances with Shapiro-Wilk and Bartlett tests,
as well as graphically tested with histograms/QQ-plots and
conditional boxplots (Zuur et al., 2010), respectively. All
univariate analyses were performed using R v. 3.4.4 (Team,
2013). Average values given in the text are often accompanied
by standard deviation values.

Differences in the FA profile of diatoms and copepods were
investigated with multivariate analyses in order to infer copepod
lipid accumulation patterns. Data were analyzed as logit-
transformed percentage data (as suggested by Warton and Hui,
2011) for FAs with relative content > 1% TFA and for the sum of
FAs with < 1% TFA. A principal component analysis (PCA) was
computed for visualization of FA profiles. In addition, a
similarity percentages (SIMPER) analysis was conducted on
the logit-transformed percentage data to identify the specific
FAs contributing to the differences visualized in the PCA.
Multivariate analyses were performed with PRIMER 7.0
software (Clarke and Gorley, 2015).

3 RESULTS
3.1 Prey Cultures

Cell C, N, and TFA contents in diatom cultures averaged 71 + 5
pg Ccell’, 14 + 2 pg N cell'’, and 13 + 1 pg cell’, respectively,
and molar C:N ratio was 6.2 + 0.6. The >C isotopic enrichment
was similar for all FAs with the exception of 18:0, as accounted
for by the CSIA calculations described in the supplementary
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(n-4), 16:1(n-7), and 16:0 (Table 1, Figure 2). 2 % £
=
3.2 Copepods _ N g & c| 5/895999799933353939% |5 8
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during the experiment (ANOVA; F=53.68; df=2,6; p=1.5*10"*/ Tglc(ig/ 2 o s e i é 5
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0.1, and then decreased to 4.7 + 0.1 (not statistically significant). 273 . . o e o i; § .‘g
Average TFA content also increased significantly (ANOVA; £ 2 S| 3288333328838 3835 |88=
F=36.6; df=2,6; p=4.4*10"/Tukey; p<0.001) from 2.0 + 0.1 to S g = 85
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(2.8 +0.2 pgind ! at f150p). Using the previously mentioned TFA £ F§ o Isiaiilialiiasgis SEeS
equivalence to 80-90% of TLC, we estimated that TLC increased & g > z § ;é
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A total of 27 FAs were identified in copepod samples, though ~ § o S gRTEaNaTITCR58 38 | 7 § %
only 11 had a relative abundance >1% TFA (Table 1, Figure 2). & & S8s
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(n-4), and 16:3(n-4), increased in copepods throughout the g i’ Sy asadiidas tan 'l *q% 5
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the last three days. The relative EPA content, on the other hand, =~ § 5 § 2
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FIGURE 1 | Principal component analysis (PCA) illustrating the relative FA profile (for FAs >1% TFA and the sum of FAs <1% TFA) of copepods (at the three
sampling times) and of their diatom prey. Important FAs for characterizing overall FA profile were overlaid as vectors.

during the experiment. On the horizontal scale, the FA profile of
experimental copepods (f4gn and ti50n) changed from that
observed for the individuals in situ (to, samples, far right on
plot) towards that of their prey (diatom samples, far left on plot),
being situated approximately half way between these two. On the
vertical scale, the PCA seems to indicate that differences in FA
profile between the experimental copepods and their prey is
likely due to FAs such as 18:1(n-7), 18:0, and DHA. The SIMPER
confirmed these patterns, and revealed that differences in FA
profile between (a) to, copepods and diatoms were mainly due to
the FAs 16:3(n-4) and 16:2(n-4), which were present in low
concentrations in the field copepods and contributed to 23 and

14% of the variation, respectively; (b) field and experimental
copepods were due to the FAs 16:3(n-4), 16:2(n-4), and18:4(n-3),
which were present in lower concentrations in o, copepods and
contributed to 33, 20, and 10% variation, respectively; and (c)
diatoms and experimental (t4g,/t120n) copepods were mainly due
to the FAs 18:1(n-7), 18:0, 16:3(n-4), and DHA, which were all
present in lower relative concentrations in diatoms (except for
16:3(n-4)) and contributed to 16, 14, 12, and 11% of the
variation, respectively.

The average '*C isotopic enrichment of copepods, calculated as
the difference between the atom% of field and experimental
individuals, increased as the experiment progressed, from 0.74 +

40
30
Sample
< .
w20 Diatom
= Temora_tOh
N Temora_t48h
Temora_t120h
10
0 [ S| jj allla m u]
AN » » N N B\ B\ B\
Q ,Q Q 4 Q % s % s % oy
N N N '\@ .‘]/Q ."‘3@ N '\@ vé\ .v@ Q)Q .Q)@ 6‘6\6
© o N ’ Nl N o W
FA
FIGURE 2 | Fatty acid profile of diatom cultures and copepods (at the three sampling times). Mean relative values (% TFA) and standard deviation bars (atop each
FA bar) are shown for major FAs (>1% TFA) and for the sum of minor FAs (referred to as “other”).

Frontiers in Marine Science | www.frontiersin.org

May 2022 | Volume 9 | Article 819943


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Franco-Santos et al.

Copepod Assimilation of Dietary Lipids

0.03 APE at t,g, to 0.95 + 0.01 APE at t;,0,. FA-specific °C
isotopic enrichment values are provided in Table 1 (for all FA-
specific values please refer to Franco-Santos et al., 2022).

3.2.3 Lipid Carbon Assimilation and Turnover

The average total assimilation of C into copepod FAs was 680 +
10 ng C ind ™" in the first two days of the experiment and 913 + 68
ng Cind ™" for the entire experiment duration (Table 1, Figure 3).
From the total lipid C assimilated by copepods, approximately
65% were PUFAs, 20% SFAs, and 15% MUFAs (Table 1,
Figure 3). Six FAs accounted for approximately 85% of all C
assimilated into FAs by copepods - EPA and 16:0 accounted for ~
30 and 15%, respectively, and DHA for another ~ 10%. Each of
the three diatom FATM, 16:1(n-7), 16:2(n-4), and 16:3(n-4),
accounted between 6 and 11% of the total C assimilated into FAs
(Table 1, Figure 3). Overall, copepod TFA, saturation-specific,
and FA-specific C assimilation rates were higher during the first
two days of the experiment (steeper slopes in Figure 3) than
during the last three days of the experiment (gentler slopes in
Figure 3). A total of 11 + 0% of the dietary C ingested by
copepods was assimilated into FAs in the first two days of the
experiment (refer to calculations for “T. longicornis f C assim/IR
C” in Franco-Santos et al., 2022). In addition, C assimilation into
FAs accounted for 34 + 3% of copepod somatic growth during
that same period (refer to calculations for “T. longicornis f C
assim/u C” in Franco-Santos et al., 2022). Furthermore,
copepods assimilated '*C isotopically-enriched FAs which were
not detected in the diet, namely 16:4(n-1), 17:0, C,o MUFA, 20:2

(n-6), C,, MUFA, and 22:5(n-3) (docosapentaenoic acid, DPA);
and failed to assimilate the FA 16:1(n-9), which was present in
the diatom cultures.

The endogenous lipid C content exchanged for dietary FAs in
copepods increased from 31 + 1% TFA on day two of the
experiment (t4g,) to 43 + 1% TFA at the end of the experiment
(Table 1, Figure 3). The TFA turnover rates, thus, decreased
with experimental time, from 16 + 0% day'1 (tsgp) 09 £ 0% day'1
(t120n)> @ pattern similar to that shown by the assimilation rates
(Table 1, Figure 3). Similar lipid C exchange values were
observed for SFA, MUFA, and PUFA at both sampling times
(Table 1, Figure 3). The diatom FATMs showed some of the
highest FA-specific C exchange, 44-53, 59-61, and 61-63% for
16:1(n-7), 16:2(n-4), and 16:3(n-4), respectively. Although C
assimilation values for the FA 18:4(n-3) were lower than those
for the above-mentioned FAs (approximately 5% TFA
assimilated), almost 60% of the initial 18:4(n-3) content had
been replaced with '*C-enriched dietary C by the end of the
experiment (Table 1). Exchange of EPA and DHA was slightly
lower, varying between 29-43% and 16-28%, respectively.

3.2.4 Lipid Carbon Assimilation Efficiency (AE)

Average AE of dietary C into copepod FAs also decreased in the
last three days of the experiment in comparison to the first two
days; this was valid whether AE was calculated for TFA,
saturation-specific sums of FAs (i.e., SFA, MUFA, or PUFA),
or individual FAs (Table 1). The average AE for TFA was
approximately 40 and 25% at t4g, and fj,0p, respectively;
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FIGURE 3 | Total (TFA), saturation-specific groups (left column), and FA-specific (right column) values for C assimilation (ng C ind™, upper row) and exchange
(%, lower row) recorded for Temora longicornis during the feeding experiment (at t4g, and tyo0n). Values are mean + standard deviation of triplicate samples.
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similar AE values were obtained for SFA and PUFA and slightly
lower values for MUFA. Approximately half of the major FAs
(>1% TFA) had higher AE values than TFA, and half had lower
values. Assimilation efficiency values of 93-212% were recorded
for the FA 18:1(n-7), and the FA 18:0 had a mean AE of almost
100% at t4g,. Copepods assimilated more than half of the dietary
EPA and DHA ingested in the first two days (60 and 63%,
respectively), though AE was lower when calculated for t;,0p,.
Although the C assimilation of diatom FATMs was among the
highest recorded for individual FAs, their AE was among the
lowest calculated.

4 DISCUSSION

In the present study we experimentally tested the hypothesis that
lipid-poor copepods exhibit little to no homeostatic regulation in
their lipid composition. Overall, the results supported our
hypothesis, as evidenced by the changes in the FA profile of
copepods, which began resembling the FA profile of their
experimental diet during the feeding experiment (Figure 1).
Although copepods assimilated dietary FA mostly in an
unmodified manner, evidence is also provided for minor
reworking of dietary FAs during assimilation. Copepods
assimilated 11% of the total dietary C (or 40% of the dietary
lipid C) ingested in the first two days of the experiment, and 34%
of their somatic growth (in C units) at t,g, was due to the
assimilation of dietary lipid C. Only 11 studies have been
published to date which use CSIA to quantify trophodynamics in
copepods. Of these, they address: benthic copepods (De Troch et al,
2012; Werbrouck et al., 2017), polar calanoids (Graeve et al., 2005;
Helenius et al., 2019; Graeve et al., 2020; Helenius et al., 2020b), T.
longicornis (Grice et al., 1998; Klein Breteler et al., 2002), and other
non-Temora small, lipid-poor copepods (Boissonnot et al., 2016;
Burian et al., 2018; Helenius et al., 2020a). Our results are discussed
below in light of relevant published data for pelagic copepods.

4.1 Effects of Experimental Diet on the
TFA Content and Profile of Temora
Longicornis

Copepods showed an increase in TFA content (and DM) during
the experiment in comparison to in situ values, confirming their
active uptake of the diatom diet (as also confirmed by ingestion
rates reported by Franco-Santos et al., 2018a; Franco-Santos et al,,
2018b). This indicates at least one of two possibilities, though
more likely a combination of both. First, that copepods may have
been C-limited in the field (a condition previously shown for T.
longicornis in the same area and month by Niehoff et al., 2015)
and, thus, replenished their FA/energy depots when exposed to a
C-rich experimental diet. Anderson et al. (2021) calculated that
nutrient limitation of marine copepods changes from N- to C-
limitation at food C:N ratios lower than 7.3-11.5 (depending on
food quantity). At the time of sampling in Helgoland, seston C
content was 301 + 8 ug C L', and the molar C:N ratio was 7.8 +
0.2, so it is possible that copepods may have been C-limited. The

chlorophyll a concentration in the seston at the time and location
of sampling was 1.5 + 0.1 ug chl a L™, a low value in comparison to
peak values during spring and summer (Amorim et al., 2021),
further indicating limited food quantity in the field. The second
possibility is that small copepods such as T. longicornis do have
some ability to store energy reserves — from 9.5 to 11.5% body C
(this study; Evjemo and Olsen, 1997; Evjemo et al., 2003). These
values are within the range of those obtained for another small (~
5 ug C ind') and ubiquitous copepod, Acartia tonsa
(Acanthacartia) Dana (1849) (9 - 14.5% body C content; Veloza
et al., 2006).

The FA profile of copepods appeared to be influenced by that
of the diatom cultures within the first 48h of the experiment
(Figure 1), a result in agreement with those from Kreibich et al.
(2008; 2011). Copepods assimilated dietary FA in a non-
homeostatic manner, and FA-specific trends (increasing and
decreasing content) during the laboratory experiment followed
the FA-specific availability in the diet. As an example, the absolute
content of diatom FATM in copepods soared: that of 16:1(n-7)
more than doubled, that of 16:2(n-4) was about 8x as high, and
that of 16:3(n-4) increased by 20-25x (~10, 7, and 11% of all FA
assimilated, respectively). The EPA and DHA compositions of
another small, lipid-poor copepod (Eurytemora herdmani
Thompson and Scott, 1897), were also found to be influenced
by, though not tightly-coupled with, the content of these FAs in
their dietary sources. It should be noted, however, that this trend
may not be the same for all lipids. Grice et al. (1998) reported a
differentiation in profile between T. longicornis and its diets,
Rhodomonas sp. (Karsten, 1898) and Isochrysis galbana (Parke,
1949), when investigating sterols, which are isoprenoid-derived
lipids with essential roles in cell structure, function, and
physiology. Although the authors did not conduct a labeling
tracer experiment, the significant presence of sterols in the
copepods which were not observed in their diets cannot be
ignored. Similarly, earlier studies with Calanus helgolandicus
(Claus, 1863) also reported little overlap between the sterol
composition of copepods and that of its food sources, as well as
cholesterol production in copepods fed with a cholesterol-free diet
(Prahl et al., 1984; Harvey et al., 1987).

Although changes in the FA profile of T. longicornis reflected
the dietary FA composition and availability, minor modifications
of dietary FAs were also recorded. ’C isotopically-enriched
assimilation by copepods during the experiment was registered
for half of the minor FAs (<1% TFA), even though these FAs
were not detected in the diet. This observation indicates that
copepods may have biosynthesized minor FAs from a precursor
dietary FA or non-lipoidal material. These modifications were,
however, at such low levels that they cannot characterize a
pattern of regulated (homeostatic) dietary FA assimilation. In
the case of DPA (a precursor of DHA), for example, the
incorporation corresponded to only 0.3% of all the '*C
isotopically-enriched FAs assimilated by copepods. It is also
likely that copepods biosynthesized 18:1(n-7) from any
assimilated dietary precursor 16:1(n-7), which lead to the
differentiation of their FA profile in relation to that of their
prey (Figure 1). The AE values for 18:1(n-7) also support the
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claim that this FA was at least partially biosynthesized from the
diatom FATM precursor 16:1(n-7). The AE of 18:1(n-7) reached
more than 100% (up to 252% at t,g,), meaning that copepods
assimilated more 18:1(n-7) in its 1*C isotopically-enriched form
than they actually ingested from the diet. Similar results were
obtained for EPA from Calanus finmarchicus (Gunnerus, 1770)
feeding on dinoflagellates, with gross growth efficiencies (the
equivalent to our AE) reported to be well above 100% (Helenius
et al, 2020b). Conversely, the dietary FA 16:1(n-9) was not
detected in copepods, an indication that it was either
metabolized, bioconverted to another FA in its entirety during
assimilation, or egested before assimilation. The latter scenario
(egestion) was indeed reported for C. finmarchicus feeding on the
same diatom species used herein, though this result did not
include estimations of the isotopic signal of 16:1(n-9) in fecal
pellets (Helenius et al., 2020b).

It is also apparent that copepods selectively assimilated
certain dietary FAs. This pattern can be easily identified when
two or more FAs are present in similar relative proportions in the
diatom cultures but are differentially assimilated by the
copepods. In this study, copepods assimilated approximately 2-
3x as much DHA and EPA than other FAs available with similar
relative proportions in the diet (14:0 and 16:3(n-4), respectively;
Table 1). It should be reiterated that this is a minor ‘regulated’
component of overall dietary FA assimilation. It appears that
certain dietary FAs (such as PUFAs with 16 C atoms) are used by
copepods either to build energy reserves or to provide immediate
energy, but not for both, although this pattern is not yet fully
understood (Graeve et al., 2020). The assimilation and
subsequent storage of dietary C and, more specifically, FATM,
into consumer FAs depends on various factors, such as its
developmental stage, life history strategies, physiological stress,
environmental temperature, among others (Galloway and Budge,
2020; Graeve et al., 2020). C;s PUFAs such as 16:2(n-4) and 16:3
(n-4) are not essential for membranes and thought to only be
used for obtaining energy (mitochondrial B-oxidation; Leonard
et al., 2004). They were not retained in storage lipids of Antarctic
copepods (Graeve et al.,, 2020), and had some of the lowest AE
recorded in our study. EPA and DHA, on the other hand, are
dominant components in phospholipids (i.e., indispensable for
membranes). Thus, it is not surprising that EPA and DHA would
be selectively assimilated in relation to C;s PUFAs in copepods,
or in any other marine zooplankton for that matter. As a matter
of fact, experimental studies have proposed that, in order to
maintain EPA and DHA levels constant and to carry out
important physiological processes, animals might be able to
adjust their retention efficiency of these PUFAs depending on
their food quality (Twining et al., 2016).

The above-mentioned results are in agreement with the
predictions made by the Lipid Homeostasis Hypothesis (LHH)
for holoplankton with intermediate total lipid content (Franco-
Santos et al,, 2019); as were those of Helenius et al. (2020a).
Briefly, the LHH postulates that the strength of lipid homeostasis
in zooplankton can be predicted by the size of the lipid reserves
(i.e., total lipid content, TLC) of a species and, thus, be separated
into three categories. Zooplankton with intermediate TLC (15-

25% DM), such as many small copepods from temperate regions,
should be more flexible in their FA composition. They will
generally assimilate dietary FAs in a mostly unmodified (non-
homeostatic) manner and invest this energy into fast growth and
reproduction, and they do not produce large lipid reserves. Even
though the TLC of T. longicornis herein was < 10% DM, the
species can certainly be considered as a representative of
holoplankton with intermediate TLC in terms of their life-
history strategies. The FA dynamics recorded herein contrast
with those observed by Franco-Santos et al. (2019) for the lipid-
poor meroplanktonic larvae of the reef-building polychaete
Lanice conchilega (Pallas, 1766). According to the LHH, lipid-
poor meroplanktonic larvae (TLC < 15% DM) have specific FA
requirements to perform body functions. As such, they must
modify dietary lipids during assimilation in a regulated
(homeostatic) fashion in order to ensure that their functional
and structural requirements are met. When fed with the same
diatom diet used herein, L. conchilega regulated their lipid
assimilation. Unlike the copepods, the polychaetes barely
assimilated the diatom FATMs 16:1(n-7), 16:2(n-4), and 16:3
(n-4) (7, 2, and 1% of all TFA assimilated, respectively), despite
their high availability in the diet. Furthermore, the larvae
displayed a more significant (a) modification of dietary FAs
(e.g., DPA incorporation corresponded to 13% of all '*C
isotopically-enriched FAs assimilated, compared to 0.3% in T.
longicornis), and (b) selective assimilation (20x) of EPA in
comparison to 16:3(n-4) (for copepods, that was in the order
of 3x). The LHH also postulates that lipid-rich zooplankton
(TLC > 30% DM), such as polar calanoids, partially regulate their
lipid assimilation. Because they must store assimilated dietary
energy in a dense and effective configuration in order to survive
seasonally low food availability in winter and/or to regulate
buoyancy, they partially convert dietary FAs into longer-chain
moieties to build up WEs consisting of long-chain FAs and
fatty alcohols (>18 C atoms per molecule). According to
the LHH, lipid-rich zooplankton should be characterized as
semi-homeostatic.

It is also important to highlight that consumers will likely
always modify a fraction of the dietary matter assimilated.
Whether species-specific lipid homeostatic regulation is weak,
strict, or somewhere in between, will depend on how significant
and how extensive is the modification of dietary material during
or upon assimilation. Therefore, it would be interesting that
future experiments consider feeding zooplankton with different
diets and, more importantly, with mixed diets of varying
nutritional quality. Consumer rates of (prey) ingestion,
respiration, excretion, and production of eggs and feces are
affected by the nutritional quality of its diet (e.g., Franco-
Santos et al.,, 2018b). If lipid-poor holoplankton were to feed
on nutrient-deficient diets, they could potentially need to modify
dietary FAs during assimilation to meet their metabolic
requirements. If they are able to synthesize the necessary FAs,
they will have to spend more energy for lipid homeostasis. If,
however, they require FAs which they cannot obtain in sufficient
quantities from modified dietary material, such as essential FAs
(EFAs), then they will likely eventually die from the lack of these
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nutrients. In the case of T. longicornis, modification of dietary
FAs upon assimilation has not been observed when copepods
were fed with single diets of diatoms and dinoflagellates cultured
under Nitrogen-depleted conditions (Franco-Santos et al., 2022).

4.2 Lipid C Assimilation, Turnover, and
Assimilation Efficiency

The rate of assimilation of dietary C into copepod FAs
decreased considerably in the last three days of the
experiment in comparison to the first two - by 62-85%
(Figure 3). Eurytemora herdmani feeding on the same
diatom species used in the present study also showed
temporal changes in assimilation of EPA and DHA, though
after reaching a maximum value at day six, total FA
assimilated actually decreased (i.e., was metabolized and
lost) by day eight (Helenius et al., 2020a). The authors
found that gross growth efficiency was, thus, higher in the
first half of their experiment. The turnover of C in copepod
FAs in our study was also significantly lower in the last three
days of the experiment. These results suggest that, while
copepods were able to accumulate dietary energy when it
was made available, the speed with which they did so
decreased as saturation was approached and their depots
were replenished. Small, temperate copepod species which
have high metabolic needs may be able to switch between
herbivory and omnivory and, thus, feed year-round. They
generally do not depend on the accumulation of large lipid
reserves for guaranteed survival and reproduction. Although
T. longicornis is omnivorous and feeds opportunistically
(Gentsch et al., 2009; Loder et al., 2011; Peters et al., 2013),
its ability to store some of its body C content in lipid reserves
indicates that energy storage may be important for its life
strategy. On a shorter-term scale, stored energy could be
mobilized for demanding metabolic processes or during
events of food scarcity, thus enabling copepods to cope with
environmental changes in feeding conditions (Gentsch et al,,
2009; Boissonnot et al., 2016). On a longer-term scale, stored
energy might enable this species to actively grow and
reproduce during the winter in the North Sea (Wesche
et al., 2007). It is also possible that, once energy reserves
were rebuilt and secondary production was no longer limited
by food quantity, copepods prioritized the investment of
dietary energy into reproductive output. These copepods
produced 39 + 9 eggs female' day' (Franco-Santos et al,
2018a; Franco-Santos et al., 2018b) between tug, and f5p,
values similar to those reported in the literature for this
species (for references, see Franco-Santos et al., 2018b).
However, it would be necessary to have egg production rates
measured between ty, and t,g, in order to confirm which
process (building energy reserves or reproduction) was
prioritized at each stage of the experiment.

High efficiency in lipid assimilation is usually regarded as
an adaptation of herbivorous copepods from higher latitudes
to the seasonal fluctuations of food supply (for a review on the
topic, see Hagen and Auel, 2001). The lipid C turnover rates
deducted from Graeve et al. (2005) for larger calanoids from

high latitudes (C. finmarchicus, 5.4% day’'; Calanus glacialis
(Jaschnov, 1955), 0.6% day’l), and provided by Boissonnot
et al. (2016) for small temperate copepods (Pseudocalanus
minutus (Kroyer, 1845), 2.6% day'l; Oithona similis (Claus,
1866), 0.5% day'l) are much lower than the ones obtained in
the present study (between 9 and 15% day'l). This is true (for
all but C. finmarchicus) even if only the rates for the last three
days of the experiment, 4 + 2% day', are considered (one of
the replicates had a 1.9% day ' rate). Only E. herdmani was
inferred (from isotopic signal and gross growth efficiency) to
exhibit substantial turnover of DHA when fed with a
dinoflagellate, but without actual rates we cannot
quantitatively compare these results to ours. Together with
the C assimilation values of 11% of total C (or 40% of lipid C)
ingested, our turnover rates are an indication of how well
adapted T. longicornis is to feeding on diatoms and to rapidly
assimilating dietary lipids from this diet.

Polyunsaturated omega-3 FAs (such as EPA and DHA) play
vital physiological roles, such as structural components of
biomembranes, hormone regulation, and immune functions
(Brett and Muller-Navarra, 1997; Arts and Kohler, 2009). They
are thought to control zooplankton growth and productivity,
and their content in dietary items has been shown to be an
important food quality indicator (Jonasdottir et al., 1995;
Miiller-Navarra, 1995; Miiller-Navarra et al., 2000). EPA is a
precursor to several molecules involved in reproductive
processes; DHA is essential for neural function; and both
have an important role in cellular physiology regulating
membrane fluidity (Brett and Muller-Navarra, 1997; Sterner
and Schulz, 1998; Jonasdottir et al., 2009). As expected,
approximately 65% of all the dietary lipid C assimilated by
copepods consisted of PUFAs, mostly EPA and DHA (~ 30 and
10% of TFA assimilated, respectively, reflecting differences in
the availability of these FAs from the diet). The assimilation of
these EFAs in the first couple of days of our experiment (30
and 8 ng C ind™', respectively) was higher than that observed
for E. herdmani feeding on the same food (approximately 5
and 6 ng C ind’, respectively) for approximately the same
amount of time, though within a few more days the later had
assimilated 5-6x more EPA and DHA than T. longicornis
(Helenius et al.,, 2020a). The AE of our copepods for EPA
and DHA was among the highest between FAs, approximately
60% at t4g,. The average AEs obtained for EPA and DHA in
this study were considerably (up to 13x) higher than those
recorded for these FAs in C. finmarchicus feeding for 8 days on
B3¢ isotopically-enriched Rhodomonas salina (Wislouch) (Hill
and Wetherbee, 1989, Helenius et al., 2019). Our average AE
for the FA 18:4(n-3) in T. longicornis was also (up to 3.5x)
higher than that presented by Helenius et al. (2019) for C.
finmarchicus. To our knowledge these are the only FA-specific
AE available in the literature to have been calculated from
tracer feeding experiments. Copepods were not only efficient in
assimilating EPA and DHA, but also in retaining them, as
evidenced by their turnover rates being some of the lowest
recorded. Essential FAs such as EPA and DHA are vital for
heterotrophs, as previously mentioned, but almost exclusively
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produced by phytoplankton, such that consumers must
assimilate them from dietary sources. Although Kabeya et al.
(2018) revealed that de novo biosynthesis of omega-3 PUFAs
by marine consumers is more widespread than previously
assumed, very few species (if any) are able to biosynthesize
these compounds in large enough quantities to meet their own
metabolic needs. When the food available is deficient in EFAs,
consumers are likely to retain them (Galloway and Budge,
2020), as exemplified by our low turnover rates of DHA (6-8%
day™") in copepods feeding on a DHA-poor (~ 5% TFA) diatom
culture. However, when feeding on a DHA-rich diet, such as
dinoflagellates, lipid-poor copepods have been observed to
quickly metabolize and replace (i.e., high turnover) DHA
(Helenius et al., 2020a).

4.3 Future Studies

Although the importance of lipid-rich copepods as vital links
in the transfer of energy between primary producers and
higher trophic levels in marine food webs has long been
recognized, global warming may lead to a greater importance
of lipid-poor species in local food webs, even though their
energy reserves are not as significant. Increasing temperatures
are expected to affect the composition of the zooplankton,
potentially resulting in a greater proportion of smaller
copepods in the oceans (Richardson, 2008). The upward
energy transfer in marine food webs may be further
complicated by predictions that the primary production of
omega-3 PUFAs, such as EPA and DHA, will decrease with
climate warming (Hixson and Arts, 2016). In order for society
to be able to better predict and prepare for such changes in
marine food web dynamics, it is of the utmost importance that
more studies quantify and qualify the assimilation and
turnover of energy-rich dietary molecules (such as FAs) in
zooplankton, but especially in lipid-poor copepods and other
hot climate-favored species. Although our experiment
provided important insights into FA dynamics for one of
such species, the fact that copepods were fed with a single
diet was a limitation of our study. In nature, zooplankton will
often have access to several prey, and of varying nutritional
quality. It is, thus, important that future studies consider how
mixed diets and different prey quality may affect energy
transfer between lower trophic levels. Future studies can go
one step further and investigate what will happen when
consumers are unable to feed. One approach would be to
employ isotope tracer additions, CSIA, and lipid fractionation
(into neutral and polar fractions) to differentiate between
processes related to membrane and storage lipids. Storage
lipids are depleted more readily than membrane lipids in
conditions of starvation, and both depletions can impact
consumer survival, albeit with different intensities. In
addition, such studies would also benefit from designs which
included different developmental stages and varying seasonal
conditions, as a large gap exists in the literature regarding these
topics (Kattner and Hagen, 2009). Such an investment in
laboratory tracer studies would also generate a side benefit,
which is to test and potentially make the LHH more robust
and comprehensive.

5 CONCLUSION

The application of CSIA to samples obtained during this
feeding tracer experiment has enabled us to shed light on
the FA dynamics (assimilation, turnover, and assimilation
efficiency) of the copepod Temora longicornis, which we
showed to be non-homeostatic in terms of lipid regulation
upon assimilation of dietary material. To our knowledge, only
five other publications have offered quantitative (CSIA) data
on this topic for lipid-poor copepods, such that our study
partly fills a knowledge gap in understanding the bioenergetic
structure of lower trophic levels in marine food webs. We also
showed that, when C becomes available, C-limited copepods
are able to quickly replenish energy stores until depots near
saturation, and to replace almost half of their lipid C content
in just five days. This strategy likely enables T. longicornis,
which seems to be well adapted to feeding on diatoms and to
rapidly synthesizing lipids from this food source, to deal with
sudden changes in feeding conditions and to actively grow and
reproduce year-round. The biochemical importance of
(omega-3) PUFAs, especially EPA and DHA, in zooplankton
processes was evidenced in this study by the high relative lipid
C assimilation and AE and the low turnover rates of these FAs
(in comparison to other FAs) in copepods. We should also
note that, while this research refers to a specific copepod
species and was conducted in a specific location, the
ubiquitousness of the species enables the comparison of the
results discussed above with those from several small, lipid-
poor copepods and zooplankton in general. We strongly
encourage future experiments to employ techniques similar
to the ones used herein in order to quantify energy transfer
between trophic levels. This information will be necessary for
the better prediction of and planning for food regime shifts in
marine systems in the context of global warming and related
environmental changes.
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