Open Research Online
The Open University’s repository of research publications
and other research outputs

Trophic Ecology of Gelatinous Zooplankton in the Gulf
of Naples
Thesis
How to cite:
Merquiol, Louise (2022).
Open University.

Trophic Ecology of Gelatinous Zooplankton in the Gulf of Naples.

PhD thesis The

For guidance on citations see FAQs.

c 2021 Louise Merquiol

https://creativecommons.org/licenses/by-nc-nd/4.0/
Version: Version of Record
Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.21954/ou.ro.0001428e

Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.

oro.open.ac.uk

Trophic Ecology of Gelatinous Zooplankton in the Gulf of Naples

TROPHIC ECOLOGY OF
GELATINOUS ZOOPLANKTON
IN THE GULF OF NAPLES

Louise Merquiol

i

ii

Trophic Ecology of Gelatinous Zooplankton in the Gulf of Naples

iii

THE OPEN UNIVERSITY, MILTON KEYNES (UK)
STAZIONE ZOOLOGICA ANTON DOHRN, NAPLES (ITALY)

School of Life, Health and Chemical Sciences
Doctor of Philosophy (PhD)

TROPHIC ECOLOGY OF GELATINOUS ZOOPLANKTON
IN THE GULF OF NAPLES
Louise Merquiol (MSc)
Personal ID: H8888671

Director of study

Advisor

Dr. Isabella D’Ambra

Dr. Maria Grazia Mazzocchi

Stazione Zoologica Anton Dohrn, Italy

Stazione Zoologica Anton Dohrn, Italy

Department of Integrative Marine Ecology

Department of Integrative Marine Ecology

Internal supervisor

External supervisor

Dr. Giovanna Romano

Dr. Jonathan Houghton
Queen’s University Belfast,
Northern Ireland

Stazione Zoologica Anton Dohrn, Italy
Department of Marine Biotechnology

October 2021

iv

Trophic Ecology of Gelatinous Zooplankton in the Gulf of
Naples

Trophic Ecology of Gelatinous Zooplankton in the Gulf of Naples

v

Abstract
Gelatinous zooplankton are an important component of marine ecosystems
and they play a key role in transporting organic matter within and between
ecosystems. This PhD thesis addresses the trophic interactions of gelatinous
zooplankton within the planktonic food web of the Gulf of Naples (southern
Tyrrhenian Sea) using a combination of trophic biomarkers. To achieve this goal, I
started with a throughout review of the literature on fatty acid composition of marine
plankton. Using a review synthesis, I concluded that the different solvents used to
extract lipids may alter the fatty acid composition, which limits their comparability
across studies. Indeed, compared to the most commonly used solvent (chloroform),
other solvents tend to recover slightly different proportions of fatty acids according
to their affinity towards lipids classes, depending also on biological features of the
organisms of interest. Thus, I performed an experiment comparing the effect of
widely used solvents (chloroform and dichloromethane) and methyl-tert-butyl ether
(MTBE) on fatty acids and stable isotopes of in situ collected plankton. Results
indicated that all three solvents yielded an extraction recovery above 80% in
phytoplankton, mesozooplankton and the scyphomedusa Pelagia noctiluca.
However, while proportions and contents of total fatty acids slightly differed across
solvents using the statistical tools, they fell within natural variability or analytical
accuracy. In addition, stable isotope values (δ13C and δ15N) of lipid-extracted
organisms and tissues did not significantly differed across solvents. This indicates
that MTBE is comparable to the most used solvents and is suitable to extract lipids
from planktonic organisms in ecological studies. It can therefore be used as a
substitute for toxic and polluting solvents such as chloroform and dichloromethane,
suggesting larger applications than the restricted tissue types for which it was
originally developed.
The literature review on fatty acid composition of marine plankton also
highlighted that primary producers (heterotrophic bacteria and phytoplankton) can
be identified at a low taxonomic level (class) using a restricted selection of fatty
acid trophic markers, while fatty acid composition of planktonic consumers
(zooplankton) relates primarily to their trophic guilds. These results were based on
multivariate analyses on a large set of published papers and support the fact that
fatty acid trophic markers can track trophic pathways within the planktonic food
web. Out of 60 fatty acids identified by authors, only 22 can be used as trophic
biomarkers for the different marine planktonic groups, which highly simplifies the
assessment of dietary composition and trophic pathways using fatty acid trophic
markers.
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Abstract

Finally, the dietary composition of gelatinous zooplankton (the scyphomedusa
P. noctiluca and three species of Salpida (Salpa fusiformis, Salpa maxima and
Thalia democratica)) was analysed seasonally in the Gulf of Naples using a
combination of stable isotopes and fatty acid trophic markers. Based on the findings
from the previous chapters, the potential prey of gelatinous zooplankton were
collected at sea concomitantly with gelatinous predators and the most abundant
groups were sorted according to their trophic guilds (detritivore, herbivore,
omnivore, carnivore). Seasonal variations in trophic biomarkers (δ13C, δ15N and
fatty acid trophic markers) indicate that P. noctiluca and Salpida opportunistically
feed on the most available prey at sea, i.e. copepods and cladocerans. Additionally,
stable isotope values, in particular δ15N, indicate that gelatinous zooplankton feed
in different trophic webs within the Gulf of Naples according to offshore/inshore
advection occurring during the year. These results emphasize the importance of
using stable isotopes and fatty acids to examine spatio-temporal patterns in
gelatinous zooplankton populations and determine their complex interactions within
planktonic trophic webs.
Overall, this thesis explores different aspects of using trophic biomarkers for
ecological studies with an emphasis on gelatinous zooplankton. The potential of
fatty acids as trophic biomarkers within the planktonic community is reviewed here
with considerations of the solvents employed to extract fatty acids and the
determination of specific fatty acid trophic markers that can be used to track trophic
interactions within food webs.
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matter (POM), phytoplankton and bulk mesozooplankton) collected in the
Gulf of Naples in 2019. Significant differences are indicated by (*) (p-values
≤ 0.05).
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Annex 5.2 p-values of pairwise post-hoc TukeyHSD comparing δ13C (‰), δ15N
(‰) and fatty acid (FA) composition across months of the scyphomedusa
Pelagia noctiluca and Salpida and their potential prey (particulate organic
matter (POM), phytoplankton and bulk mesozooplankton) collected in the
Gulf of Naples in 2019. Significant differences are indicated by (*) (p-values
≤ 0.05).
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Annex 5.3 Fatty acid (FA) composition (% of total FAs) of phytoplankton
collected in the Gulf of Naples in 2019 across seasons. SFAs, saturated;
MUFAs, monounsaturated; PUFAs, polyunsaturated; HUFAs, highly
unsaturated FAs. Significant differences were tested using one-way
ANOVAs and are indicated in bold, different superscript letters (a,b) indicate
significant differences (p-value £ 0.05) tested using Tukey post-hoc pairwise
comparisons.
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Annex 5.4 Stable isotope values (‰, mean ± SD) of δ13C and δ15N of potential
prey of gelatinous zooplankton collected in the Gulf of Naples in 2019.
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Annex 5.5 Fatty acid (FA) composition (% of total FAs, mean ± SD) of
mesozooplankton sortings (mean ± SD) collected in the Gulf of Naples along
the year 2019.
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PART I
GELATINOUS ZOOPLANKTON,
RATIONALE AND RESEARCH
QUESTIONS
Trophic ecology of gelatinous zooplankton
Gelatinous zooplankton, especially during blooming events, have long
been considered a ''nuisance'' and a sign of degraded environment (Condon et
al., 2012). In recent years, the anthropocentric perception of gelatinous
zooplankton emphasized mostly the negative aspects related to their massive
appearance by focusing on socioeconomic impacts (for e.g. Graham et al., 2014;
Montgomery et al., 2016; Purcell et al., 2007). In addition, the resonance of
blooms and outbreaks has been amplified by media and Internet availability
which drew public attention towards the negative effects of gelatinous
zooplankton. Conversely, recent reviews highlighted positive effects and
societal benefits linked to ecosystem services provided in particular by
gelatinous organisms (Doyle et al., 2014; Graham et al., 2014; Palmieri et al., 2015)
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and potential biotechnological applications (Merquiol et al., 2019). From the
ecological point of view, while in the past gelatinous zooplankton were
considered a dead end of pelagic food webs and potential competitors and
predators of fish (D’Ambra et al., 2018; Link and Ford, 2006; Lynam et al., 2006;
Purcell and Arai, 2001), recent studies have recognised the importance of
jellyfish as prey for higher-trophic-level predators (Cardona et al., 2012; Hays et
al., 2018; Houghton et al., 2006; Thiebot and McInnes, 2019) and microhabitats
for invertebrates (Gasca and Haddock, 2004; Fleming et al., 2014), fish larvae
and juveniles (D’Ambra et al., 2015; Griffin et al., 2019; Purcell and Arai, 2001).
These findings are leading to a shift in the paradigm which defined gelatinous
zooplankton as a detrimental component of trophic webs and are helping to
define the nuanced role of this group within marine ecosystems.
Data collected over recent decades indicate that the trophic role of
gelatinous zooplankton within marine food webs is complex and potentially
changes during blooming events compared to non-blooming conditions
(Graham et al., 2014). Gelatinous zooplankton have multiple trophic
interactions with other organisms but they can play a key role in the transfer of
organic matter and energy from lower to higher trophic levels, by feeding upon
many types and sizes of planktonic organisms (Paffenhöfer, 2013) and, in turn,
being preyed upon by ecologically important predators from the pelagic (Diaz
Briz et al., 2017; Henschke et al., 2016; Pauly et al., 2009) and also the benthic food
webs (Marchessaux et al., 2021; Musco et al., 2018; Sweetman and Chapman,
2015; Willis et al., 2017). Dietary composition of gelatinous zooplankton has
been described extensively via the analysis of gut contents (Giorgi et al., 1991;
Malej, 1989b; Rosa et al., 2013; Sabatés et al., 2010; Tilves et al., 2016). However,
only the most recently ingested items or prey that require long digestion times
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(Purcell et al., 2014) can be identified by such methods (Hyslop, 1980). This is
why in time, trophic biomarkers, such as stable isotopes (SIs) of carbon (δ13C)
and nitrogen (δ15N), and fatty acids trophic markers (FATMs), have been used
to complement gut content analysis, providing information on the assimilated
diet (Dalsgaard et al., 2003; Minagawa and Wada, 1984). However, while the
trophic interactions of an increasing number of gelatinous zooplankton species
have been studied worldwide (Javidpour et al., 2016; Pitt et al., 2008; Stowasser
et al., 2012; Syazwan et al., 2021; Ying et al., 2012), these biomarkers have not
been extensively used to assess the dietary composition of gelatinous
zooplankton of the Mediterranean Sea, and have focused almost exclusively on
scyphomedusae (for e.g. Malej et al., 1993; Milisenda et al., 2018; Tilves et al.,
2018). In addition, gelatinous zooplankton are often considered as outliers
compared to fish and mesozooplankton which trophic ecology has long been a
subject of study (da Silveira et al., 2020; Hopkins et al., 1993), which critically
underestimate their contribution within trophic webs.

Rationale of the thesis and research questions
The main aim of this PhD was to determine the trophic ecology of
gelatinous zooplankton, particularly scyphomedusae and Salpida, in a specific
location, the Gulf of Naples (GoN) (southern Tyrrhenian Sea, Italy). The
biodiversity of the GoN has been explored for more than 100 years within the
research activities carried out at the Stazione Zoologica Anton Dohrn (SZN) and
its position at the border between the central and the southern Tyrrhenian Sea
makes it a transition site for native and alien species translocating across

6
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different climate regimes (Orsi Relini et al., 2010). Additionally, the GoN is a
highly urbanized area, where anthropogenic stressors, mainly the large use of
coastal areas for fisheries activities, boating and tourism (Cianelli et al., 2012),
make the area vulnerable to ecosystem changes driven by global shifts.
Although early studies of gelatinous zooplankton provided an important
contribution to the taxonomy of the gelatinous community within the GoN
(Brinckmann-Voss, 1985; Chun, 1880), the role of gelatinous organisms remains
still undefined within the ecosystem of the GoN, which limits the description
of their trophic interactions within planktonic food webs. Therefore, defining
the complex role(s) of gelatinous zooplankton within this ecosystem, which is
representative of several urbanized coastal systems, will help to understand
better their role in similar systems at present and likely in the future. Moreover,
trophic biomarkers (stable isotopes and fatty acids) were used in the present
study to assess the dietary composition of gelatinous zooplankton in the GoN,
which expands the present data for gelatinous zooplankton ecology.
Within the context of an extensive literature search on the methods to assess
the dietary composition of zooplankton, I found the opportunity to broaden the
breath of my thesis. In particular, the fatty acid composition of numerous
species of marine heterotrophic bacteria (for e.g. Mergaert et al., 2001; Zabeti et
al., 2010), phytoplankton (for e.g. Dunstan et al., 1992; Mitani et al., 2017),
mesozooplankton (for e.g. Broglio et al., 2003; Connelly et al., 2014; Lavaniegos
and López-Cortés, 1997) and gelatinous zooplankton (for e.g. Nelson et al., 2000;
Phleger et al., 1998; Wang et al., 2015) has been extensively assessed over time.
However, several protocols and solvents for lipid extraction were used to obtain
fatty acid profiles and their efficiency in extracting fatty acids may vary
according to structural and metabolic differences within and across organisms
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(Cequier-Sánchez et al., 2008). Accordingly, a comparative study on the effect of
various solvents on the extraction of fatty acids was required, and particularly
in marine planktonic organisms which present specific biological features that
can affect lipid extraction and therefore limit the comparability of fatty acid
profiles across studies.
Additionally, the aforementioned literature review highlighted that
although specific fatty acid trophic markers enable the determination of marine
phytoplankton at the class taxonomic level (Cañavate, 2019; Taipale et al., 2013),
the definition of fatty acid trophic markers in marine heterotrophic bacteria and
zooplankton is challenged by the diversity of physiological pathways and
trophic guilds (Graeve and Greenacre, 2020; Happel et al., 2017). In this respect,
an analysis comparing fatty acid profiles of marine planktonic organisms was
needed in order to determine fatty acid trophic markers indicating specific
groups, which subsequently improves the accuracy of the assessment of trophic
interactions within planktonic food webs.

In line with the aims defined above, the objectives of this thesis were:
(i)

To assess the use of various solvents for lipid extraction in the analysis
of fatty acids in marine planktonic organisms with different biological
features;

(ii)

To determine fatty acid trophic markers of specific groups of marine
planktonic organisms;

(iii) To describe the dietary composition of scyphomedusae and Salpida
along the year 2019 in the GoN and to determine their trophic position
within the planktonic food web.
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Assessing the use of fatty acids as trophic markers allowed to answer the
following questions:
- Are the fatty acid profiles obtained in studies using different solvents for
lipid extraction comparable?
- Is the solvent methyl-tert-butyl ether (MTBE) a reliable substitute for the
carcinogenic and pollutant solvents chloroform and dichloromethane for
lipid extraction and fatty acid analysis?
- What is the resolution of fatty acid trophic markers in the assessment of
trophic interactions within marine planktonic organisms?

Assessing the dietary composition of scyphomedusae and Salpida and
their interactions within the planktonic trophic web of the GoN allowed to
answer the following research questions:
- What was the dietary composition of Pelagia noctiluca and Salpida in a
dynamic coastal ecosystem?
- Was there an effect of seasonality on the dietary composition and trophic
position of both taxa?
- Was there a dietary overlap between Pelagia noctiluca and Salpida?
- What was the structure of the planktonic trophic web of the GoN and what
role(s) did gelatinous zooplankton play?

To answer these questions, I used a combination of two approaches, stable
isotope (SI) analysis and fatty acids trophic markers (FATMs). These
approaches reflect the principle that natural stable isotope ratios and specific
fatty acids move along food chains unchanged (or changing in a predictable
way), so that they can be tracked from one trophic level to another.
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Gelatinous zooplankton
Gelatinous zooplankton are included, together with Chaetognatha, in the
''gelata'' which is an ecological grouping that is comprised of taxonomically
and functionally diverse planktonic organisms sharing a gelatinous body
(Haddock, 2004) (Fig. 1.1). Gelatinous zooplankton are a polyphyletic
assemblage which contain transparent and slow-moving macrozooplankton
(³ 1 mm) with an obligate planktonic phase (Haddock, 2004). Within the
gelatinous zooplankton, scyphomedusae – referring to the planktonic form of
the class Scyphozoa (phyla Cnidaria) – and pelagic tunicates of the order
Salpida are the most conspicuous groups due to their propensity to bloom
(Lucas and Dawson, 2014) and the following sections will focus on the
description of their biology and ecology.
From an evolutionary perspective, Cnidaria are one of the earliest
metazoans which originated during the Pre-Cambrian, 740 million years ago
(Park et al., 2012) with the scyphomedusae starting to radiate around 600
million years ago (Park et al., 2012). Currently, there are approximately 200
recognized species of scyphomedusae (Arai, 1997; Mianzan and Cornelius,
1999) but it is estimated that the true species diversity is at least double that
number (Dawson, 2004). Scyphomedusae are divided into the sub-classes
Coronamedusae and Discomedusae, with Discomedusae comprising the
majority of described species, which are classified into the two orders of
Semaeostomeae and Rhizostomeae (Kayal et al., 2018; Zapata et al., 2015).
On a quite opposite branch of the evolutionary tree, Tunicata are the
closest living relatives of vertebrates (Delsuc et al., 2006) from which pelagic
tunicates have independently diverged (Swalla, 2006). However, the origin of
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pelagic tunicates, from which evolved Salpida (Fig. 1.1), remains enigmatic
and evolutionary pathways still need to be defined (Braun et al., 2020; Piette
and Lemaire, 2015). Salpida are strictly planktonic and comprise about 40
known species (Braun et al., 2020; Deibel and Lowen, 2012).

Chaetognatha
GELATINOUS ZOOPLANKTON

Chordata
(subphylum: Tunicata)

Pyrosomatida

Thaliacea

Salpida
Doliolida

Appendicularia

Copelata
Bivalvia
Pteropoda
Littorinimorpha

Gastropoda

Mollusca

Cubozoa

Cnidaria

Rhizostomeae
Semaeostomeae

Scyphozoa

Coronatae
Hydrozoa

Ctenophora
Platyctenida
Cydippida

Tentaculata

Cestida
Lobata
Beroida

Nuda

Figure 1.1 Taxonomy of ''gelata'' including Chaetognatha and the polyphyletic
assemblage of gelatinous zooplankton, with phyla (bold), classes (regular) and
orders (italic) that contain planktonic gelatinous forms (modified after Lucas and
Dawson, 2014).

CHAPTER I Scyphomedusae: Biology and ecology

11

Scyphomedusae: Biology and ecology
Life cycle
The scyphozoan life cycle is metagenic in most species comprising two
distinct adult stages, an asexually-reproducing sessile polyp and a sexuallyreproducing pelagic medusa (Fig. 1.2). The medusa stage, or scyphomedusa,
typically reaches a large size (bell diameter up to 200 cm at extremis), whilst
the benthic polyp is substantially smaller (0.5 – 1.0 cm). Scyphomedusae have
separate sexes, but some species can be hermaphroditic (Mayer, 1910).
Fertilization of the gametes is usually external and generates a planktonic
larva, called planula, that settles and develops into a benthic polyp, the
scyphistoma. This stage reproduces asexually by budding to generate new
polyps which strobilate to generate planktonic ephyrae that develop into adult
scyphomedusae. Strobilating polyps, called strobila, produce either one
(monodisk strobilation) or several ephyrae (polydisk strobilation) (Arai, 1997;
Lucas et al., 2012). In both strobilation types, polyps regenerate their tentacles
after releasing ephyrae and continue their life cycle by budding and
strobilating again. An alternative reproductive strategy has been recently
observed in Aurelia relicta Scorrano, Aglieri, Boero, Dawson and Piraino, 2016
and Cotylorhiza tuberculata (Macri 1778), whereby given polyps released a
single ephyra before regressing to a stalk (D’Ambra et al., 2021). Unlike most
scyphozoans, some species, such as Pelagia noctiluca (Forsskål 1775), lost the
scyphistoma stage (Russell, 1970) and planulae directly develop into medusae,
lacking a benthic stage (Arai, 1997; Ramondec et al., 2019) (Fig. 1.2).
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Mature
medusae

♂
Ephyra

♀
Fertilized
egg

Pelagia
noctiluca
Mature
medusae

Planula
Cone
larva

♂

♀

Fertilized
egg

Aurelia
relicta

Ephyra

Planula
Strobila

Scyphistoma

1. MONODISK
STROBILATION

2. POLYDISK
STROBILATION

3. INDIRECT
DEVELOPMENT

Planktonic
Benthic

Figure 1.2 Metagenic life cycle of Aurelia relicta with planktonic sexual and benthic
asexual phases, and holoplanktonic life cycle of Pelagia noctiluca (modified after
D’Ambra et al., 2021). © L. Merquiol.
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Feeding behaviour and prey capture
Like all cnidarians, scyphomedusae possess specialized cells, the
cnidocytes, that are involved in prey capture and defence from predators
(Arai, 1997). These mechano-receptors contain organelles called nematocysts
that, by mechanical stimulation due to contact, fire a coiled thread into the
surface of contact and release toxins (Mariscal, 1974).

The two orders of scyphomedusae, Semaeostomeae and Rhizostomeae,
possess diverse morphological features which affect prey capture and feeding
patterns. Both orders capture prey with a succession of two phases by creating
a flow field around the body (Costello and Colin, 1994). During bell relaxation,
the umbrella opens to its maximum width and englobes water in the
subumbrella. During the following contraction phase, the bell expels water
from the subumbrella and creates vortices around the body of the
scyphomedusa (Costello and Colin, 1994). The vortices entrap prey which, by
contact with the medusa surface, are paralyzed within few seconds by toxins
discharged by nematocysts (Costello and Colin, 1994; Rottini Sandrini and
Avian, 1989).
Medusae of Semaeostomeae have marginal hollow tentacles which
capture prey and, by retraction, transport them to a single central mouth
opening surrounded by four distinct oral arms (Kramp, 1961a). Rhizostomeae
medusae do not possess marginal tentacles (Kramp, 1961b) and in lieu of a
single central opening, they bear numerous small mouth openings (ostia)
upon a fused oral-arm cylinder, which convey prey through a network of
channels (Arai, 1997). In both orders, ingested prey end up in the gastric

General Introduction

14

pouches where extracellular digestion occurs within a few hours, depending
on scyphomedusae species and prey type (Table 1.1), as well as
environmental conditions (Martinussen and Båmstedt, 1999, 2001).

Table 1.1 Digestion times (DT, h) of scyphomedusae feeding on diverse prey types.
Scyphomedusa
Semaeostomeae
Aurelia aurita

Aurelia labiata
Chrysaora quinquecirrha
Cyanea sp.
Cyanea capillata

Drymonema larsoni
Pelagia noctiluca

Rhizostomeae
Stomolophus meleagris

Prey

DT (h)

Reference

Zooplankton

0.9 – 4.0

Copepods

1.0 – 23.1

Fish larvae
Hydrozoa
Cirriped nauplii
Rotifera
Mollusc veligers
Larvaceans
Copepods
Mollusc veligers
Copepods

2.0 – 18.9
1.9 – 9.3
4.0 ± 0.9
9.8 ± 2.1
2.3 ± 0.6
1.5
3.1
1.8 – 20.6
2.0 – 5.0

Ishii and Tanaka, 2001; Lo
and Chen, 2008; Matsakis
and Conover, 1991
FitzGeorge-Balfour et al.,
2013; Suchman and Sullivan,
2000
Bailey and Batty, 1983;
Heeger and Möller, 1987;
Sullivan et al., 1994

Larvaceans
Ctenophora
Hydrozoa
Scyphozoa
Scyphozoa
Copepods
Fish larvae
Salps
Ctenophora
Scyphozoa

1.5
1.8 ± 0.9
1.7 ± 1.0
15.1 – 71.0
2.0 – 3.0
1.2 – 7.8
0.8 – 8.3
0.4 – 6.9
0.5 – 3.3
8.0 – 10.0

Copepods
Cirriped nauplii
Mollusc veligers
Tintinnids
Fish eggs
Larvaceans

0.5 – 23.3
2.0
2.0 – 4.0
1.5
3.0
1.5

Dawson et al., 2001
Purcell, 2003
Purcell et al., 1991
Purcell, 2003; Suchman and
Sullivan, 2000
Purcell, 2003
Hansson, 1997; Martinussen
and Båmstedt, 1999
Bayha et al., 2012
Purcell et al., 2014

Tilves et al., 2013
Larson, 1987
Larson, 1991; Martinussen
and Båmstedt, 1999, 2001
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Although scyphomedusae can feed upon a wide range of prey, items
entrapped within the flow field are not always captured. Capture success
depends on the scyphomedusae morphology (Higgins et al., 2008), bell
pulsation strength (D’Ambra et al., 2001), nematocyst composition (Peach and
Pitt, 2005), mucus secretion (Arai, 1997) and the escape ability of prey (Costello
and Colin, 1994).

Biochemical composition
Scyphomedusae are mostly made of water (between 93.4% and 99.8%)
with a reduced organic matter content (Doyle et al., 2007; Lucas et al., 2011). In
both Semaeostomeae and Rhizostomeae, lipid reserves are low (about 2.0%
and 1.4% of dry mass (DM) in Semaeostomeae and Rhizostomeae,
respectively) and they are mostly confined to gonads and oral arms (Fig. 1.3).
The organic fraction is essentially made of carbon and nitrogen that build up
proteins (which account for most of the organic matter), lipids and
carbohydrates (Table 1.2).

Fatty acids (FAs), which are the basic units of complex lipids, build up
storage units of energy and find large applications in scyphomedusae for
ecological studies and biotechnological use (Merquiol et al., 2019; Prieto et al.,
2018). They are categorised into saturated (SFAs), monounsaturated
(MUFAs), polyunsaturated (PUFAs) and highly unsaturated (HUFAs) FAs
(see Part II for more details). The FA composition of a few species of
scyphomedusae has been published (Table 1.3) with differences reflecting
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species (Leone et al., 2015), sex (Milisenda et al., 2018), tissue type (Carli et al.,
1991; Ying et al., 2012), ontogeny (Tilves et al., 2018), and prey availability
(Fukuda

and

Naganuma,

2001;

Milisenda

et

al.,

2018).

Overall,

scyphomedusae FA composition can reflect the preferential assimilation of
some dietary FAs (Nelson et al., 2000; Ying et al., 2012), consumer’s dietary
composition and temporal shifts between food webs (Fukuda and Naganuma
2001).

2018

Lipid content (% of DM)

6.0

4.0
Rhizostomeae
Semaeostomeae
2.0

0.0

B

OA
Tissue

G

Figure 1.3 Lipid content (% of dry mass (DM)) in different tissue types of
Rhizostomeae and Semaeostomeae. B, bell; OA, oral arms; G, gonads (Elaboration of
data from Bailey et al., 1995; Carli et al., 1991; Doyle et al., 2007; Khong et al., 2016;
Lucas, 1994).

Tissue

0.4
10.2

0.5 ± 0.1
0.6
1.2 ± 0.6
0.2 ± 0.1
1.6
0.3 – 0.8
0.7
1.3 – 2.9

1.2 – 3.4
2.6 – 6.0
1.3 – 4.0
0.9 – 2.9
0.7
0.4
4.1 ± 0.5
2.7
0.7

0.5
0.4
0.2
9.2
1.9

0.1

0.1 – 0.7

0.9 ± 0.0
0.9
1.0 ± 0.1
0.8 ± 0.1
1.0

22.7

19.9

13.5
2.9
14.6
2.6
1.5
0.4 – 1.1
1.1 – 2.1
0.6 – 1.5
0.3 – 0.9

Lip.
Carb.
Prot.
(% medusa DM)

W
W
W
W
4.7
W
5.9
23.7
G
OA
7.3
B
4.2
W 2.1 – 28.6
G 4.4 – 23.0
OA 4.1 – 15.3
B
2.3 – 8.3
W
W
3.5
W
Aurelia sp.1
5.7
W
Chrysaora hysocella
W
C. pacifica
7.5
W
C. quinquecirrha
G
T
W 16.5 ± 3.0
Cyanea capillata
G 28.4 ± 3.9
OA 29.8 ± 3.1
B
7.9 ± 1.5
G
9.6
W
W
C. lamarcki
W 10.9 – 19.8
Pelagia noctiluca
W
W
Poralia rufescens
0.2
Stygiomedusa gigantea W

Species
Semaeostomeae
Aurelia aurita
5.3

0.5

0.2

0.2
5.5 – 6.1
4.1

0.03 – 0.04

2.0

0.0
3.4

Lip.
Carb.
Prot.
(% medusa WM)

Bailey et al., 1995
Sipos and Ackman, 1968
Holland et al., 1990
Malej, 1991; Malej et al., 1993
Nakhel et al., 1988
Bailey et al., 1995
Nelson et al., 2000

Doyle et al., 2007

Kariotoglou and Mastronicolis, 2001
Wakabayashi et al., 2016
Leone et al., 2015
Holland et al., 1990
Wakabayashi et al., 2016
Joseph, 1979

Lucas, 1994

Joseph, 1979
Hooper and Ackman, 1973
Holland et al., 1990
Abdullah et al., 2015
Schneider, 1988

Reference
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Table 1.2 Biochemical composition (mean ± SD) as a percentage of dry (DM) or wet

mass (WM) of different tissue types in scyphomedusae. B, bell; BM, bell margin; G,

gonads; M, manubrium; OA, oral arms; T, tentacles; W, whole body; Prot., proteins;

Lip., lipids; Carb., carbohydrates.

Coronatae
Atolla wyvillei

Stomolophus meleagris

R. esculentum

R. luteum
Rhopilema hispidum

R. pulmo

Rhizostoma octopus

Cotylorhiza tuberculata

Species
Rhizostomeae
Acromitus maculosus
(A. hardenbergi)
Catostylus tagi

W
W
W

B
OA
W
OA
B
W
OA
B
BM
G
W
OA
B
G
W
W
B
BM
G
OA
W
OA
B
OA
B
B
M

Tissue

16.9

6.0
8.7
13.7
18.0
27.0
0.8 – 1.9
43.8 ± 0.2
19.9 ± 0.7
53.9 ± 2.1
38.1 ± 1.1

2.2
20.0
12.0
7.6
36.8
12.8 ± 2.3
13.4 ± 0.4
6.6 ± 2.3
12.1 ± 9.8

1.1
4.2
0.3

1.4 ± 0.2
0.5 ± 0.3
1.8 ± 0.3
0.6 ± 0.1

12.3 ± 0.7
6.4
0.7
0.5
6.0
0.3
0.3 ± 0.1
0.3 ± 0.1
0.6 ± 0.4
2.3
4.0 ± 0.1
0.7
1.0
1.2
0.8

0.4 ± 0.2
1.1 ± 0.2

1.7

10.7
18.2
7.7
8.9

0.8
0.7 ± 0.3
0.7 ± 0.0
0.9 ± 0.0

17.7
6.0

Carb.
Lip.
(% medusa DM)

21.4 ± 0.3
33.7 ± 1.1

Prot.

0.8 ± 0.3
0.0

2.0 ± 1.6
0.5 ± 0.2
2.7 ± 0.9
1.6 ± 0.8
1.1 ± 0.2
1.0 ± 0.1

4.3
1.8

0.2 ± 0.1

0.4
0.5
0.2

0.1 ± 0.0

Lip.
Carb.
(% medusa WM)

0.8 ± 1.2
1.3 ± 1.0

Prot.

Reinhardt and Van Vleet, 1986
Clarke et al., 1992
Nelson et al., 2000

Huang, 1988

Prieto et al., 2018
Khong et al., 2016

Gubareva et al., 1983
Leone et al., 2015
Carli et al., 1991

Doyle et al., 2007

Leone et al., 2015
Carli et al., 1991

Morais et al., 2009

Khong et al., 2016

Reference
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Table 1.3 Categories of fatty acids (FAs) (% of total FAs, mean ± SD) in
scyphomedusae. SFAs, saturated FAs; MUFAs, monounsaturated FAs; PUFAs,
polyunsaturated FAs; HUFAs, highly unsaturated FAs.
Total
SFAs

Total
MUFAs

Total
PUFAs

Total
HUFAs

29.4

37.7

1.8

26.1

54.0
46.7

13.8
19.2

2.7
3.4

29.4
24.9

76.7

15.3

1.8

2.1

29.8
41.0
53.4

12.0
8.4
12.2

1.3
0.0
4.1

55.4
19.8
26.6

Aurelia sp.1
Chrysaora isoceles
Chrysaora pacifica

26.6
43.3
46.1
69.5
22.7
45.9

7.5
9.0
8.7
4.7
22.4
13.0

3.3
7.7
4.7
1.3
2.8
3.2

62.6
36.4
38.6
24.5
50.5
32.0

C. quinquecirrha
Cyanea lamarcki
C. capillata

23.5
40.2
26.1

8.2
19.2
23.3

1.0
1.4
2.9

58.5
37.8
45.0

C. nozakii
Pelagia noctiluca

29.9
85.6
63.4
24.2

6.0
0.4
21.1
41.3

1.4
0.0
5.6
2.6

55.6
9.3
4.6
28.4

Leone et al., 2015
Holland et al., 1990
Wakabayashi et al.,
2016
Joseph, 1979
Holland et al., 1990
Sipos and Ackman,
1968
Ying et al., 2012
Cardona et al., 2015
Tilves et al., 2018
Nelson et al., 2000

33.5
54.8

9.4
15.2

8.3
8.3

40.5
21.7

Morais et al., 2009
Leone et al., 2015

30.2
59.8
68.2
31.8
23.0
36.2

20.8
15.3
7.0
9.5
6.8
5.5

15.6
6.0
2.5
5.8
2.5
2.0

33.4
19.1
22.3
53.0
57.4
54.2

Prieto et al., 2018
Holland et al., 1990
Leone et al., 2015
Svetashev, 2019
Joseph, 1979
Ying et al., 2012

30.9

30.6

8.5

25.7

Nelson et al., 2000

Species
Semaeostomeae
Aurelia aurita

A. labiata

Stygiomedusa gigantea
Rhizostomeae
Catostylus tagi
Cotylorhiza
tuberculata
Rhizostoma luteum
R. octopus
R. pulmo
Rhopilema esculentum
Stomolophus meleagris
Coronatae
Atolla wyvillei

Reference
Hooper and Ackman,
1973
Holland et al., 1990
Fukuda and
Naganuma, 2001
Kariotoglou and
Mastronicolis, 2001
Ying et al., 2012
Wang et al., 2015
Wakabayashi et al.,
2016
Svetashev, 2019
Schaub, 2021
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Salpida: Biology and ecology
Life cycle
The life cycle of Salpida is complex and includes an alternation of sexual
(blastozooid, usually several individuals aggregated in colonies) and asexual
(oozooid, solitary individuals) phases or generations (Fig. 1.4). The cycle starts
with solitary oozooids that reproduce asexually by budding from a ventral
stolon (Berrill, 1950). The buds, that are presumably genetic clones of the
parent, develop in aggregate forms – the blastozooids – that produce long
chains of about 25 to 75 individuals in Thalia democratica (Forskål 1775) (Deibel
and Lowen, 2012) and up to 200 in Salpa fusiformis Cuvier 1804 (Bone, 1998).

Blastozooid
(aggregate form)

♀

Embryo

♂

Stolon (developing
blastozooid chains)

Oozooid
(solitary form)

Figure 1.4 Life cycle of Salpa fusiformis Cuvier 1804. © L. Merquiol.
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In all species, blastozooids have separated sex and females are fertilized
by collecting sperm produced by males through a feeding net (Miller and
Cosson, 1997). Fertilisation occurs internally and female blastozooids usually
bear a single egg (Deibel and Lowen, 2012). The developing embryo grows
into a juvenile oozooid that remains attached to the female blastozooid via a
placenta-like organ (Berrill, 1950). Hence, Salpida do not have a larval stage.
The single oozooid is eventually released from its parent and becomes
solitary, completing the life cycle (Fig. 1.4).

Feeding behaviour and prey capture
Both Salpida forms swim continuously through rhythmic contractions of
body muscle bands (Loeb and Santora, 2012). Movements are created via
water intake through the anterior (inhalant) oral opening and through water
expulsion out of the posterior atrial opening. The flow intake produced by the
muscle bands allows salps to filter large volumes of water, ranging from 1.5
to 55 l h-1 for individual oozooids (Bone et al., 2003). During the filtration
process, the pumped-in water flows through a mucous net located in the
pharyngeal cavity (Loeb and Santora, 2012) that retains and concentrates prey
(Bone, 1998). When the mucous net is renewed, it is transported posteriorly to
the stomach and food particles are ingested. Salpida are considered nonselective suspension feeders (Sutherland et al., 2010) because the range of
ingested and assimilated prey is highly variable among species and forms
(Table 1.4).
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Table 1.4 Most abundant prey and their size (µm) ingested by Salpida species
according to their form (solitary or aggregate).

Species
Cyclosalpa affinis

Form
Aggregate

Salpa cylindrica

Aggregate

S. fusiformis

Solitary

Aggregate

Dominant prey
Bacteria and
nanoflagellates
Dinophyceae

Prey size
(µm)
<2
20 – 50

Cryptomonada,
Cryptophyta,
Cyanobacteria,
Chlorophyta
Picoeukaryotic algae
Bacillariophyta,
Prymnesiophyta,
Chromophyta,
Cryptomonada,
Cryptophyta,
Cyanobacteria,
Chlorophyta
Picoeukaryotic algae

8 – 1400

Reference
Vargas and
Madin, 2004
Vargas and
Madin, 2004
Dadon-Pilosof et
al., 2019; Ishak et
al., 2017

~1
5 – 100

Dadon-Pilosof et
al., 2019; Ishak et
al., 2017

~1

Ishak et al., 2017
Dadon-Pilosof et
al., 2019; Ishak et
al., 2017; Vargas
and Madin, 2004
Dadon-Pilosof et
al., 2019; Ishak et
al., 2017; Vargas
and Madin, 2004

S. maxima

Solitary

Thalia
democratica

Solitary

Bacillariophyta,
Prymnesiophyta

10 – 1400

Aggregate

Picoeukaryotic algae
Bacillariophyta,
Dinophyceae,
Prymnesiophyta,
Chromophyta,
Cryptomonada,
Cryptophyta

~1
2 – 250

–

Ihlea racovitzai

S. thompsoni

S. maxima

S. fusiformis

Salpa cylindrica

Prot.
0.5 – 3.8

(% DM)

Lip.

2.35

0.94

3.5

Solitary

7.7 ± 1.4

4.0
3.8

3.9 – 4.0

Solitary

Aggregate
–

–

Aggregate 6.4 ± 0.9

3.1

7.7 ± 1.8

4.4 ± 1.6

0.9 ± 0.8
0.8 ± 0.3

6.8 ± 2.3

2.1 ± 0.8

0.28

1.4 ± 0.6

Carb.

5.7 ± 4.4

6.3 ± 1.9 10.1 ± 2.8 2.9 ± 1.7

4.7 ± 0.3

6.2 ± 1.4 31.6 ± 7.4 3.6 ± 1.4

Aggregate

–

–

Aggregate

–

–

Solitary

–

Pegea confoederata Aggregate

Form
–

Species
Salpida ND

DM (%
of WM)

Lip.

Carb.

36.1

5.9

25.1

Morris et al., 1984

22.5

61.0

15.4

23.6

Ikeda and Bruce, 1986

Ikeda and Mitchell, 1982

Huntley et al., 1989

Dubischar et al., 2006

Iguchi and Ikeda, 2004

Dubischar et al., 2012

Morris et al., 1984

Madin et al., 1981

Clarke et al., 1992

Madin et al., 1981

Morris et al., 1984

Madin et al., 1981

Dubischar et al., 2012

Reference
Wang et al., 2015

11.7

23.2

76.9 ± 1.2 9.4 ± 0.8 13.7 ± 0.5

41.3

82.5

51.7

81.3 ± 1.1 10.2 ± 0.4 8.5 ± 0.9

(% total prot. + lip. + carb.)

Prot.
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Table 1.5 Biochemical composition (mean ± SD) as a percentage of dry mass (DM) or

percentage of total protein + lipid + carbohydrates in Salpida. WM, wet mass; Prot.,

proteins; Lip., lipids; Carb., carbohydrates.
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Biochemical composition
Like scyphomedusae, Salpida are mostly composed of water that accounts
for 92.3% to 96.9% of total body mass (Table 1.5). The organic fraction is made
of proteins (2.4 – 31.6% of DM), lipids (0.9 – 6.8% of DM) and carbohydrates
(0.3 – 2.1% of DM) and variations have been observed between solitary and
aggregate forms (Table 1.5). In addition, FA composition of Salpida greatly
varies according to species and biogeographical location (Table 1.6) (Tilves et
al., 2018; Wang et al., 2015).

Table 1.6 Categories of fatty acids (FAs) (% of total FAs, mean) in Salpida. SFAs,
saturated FAs; MUFAs, monounsaturated FAs; PUFAs, polyunsaturated FAs;
HUFAs, highly unsaturated FAs.

Species
Cyclosalpa affinis
Cyclosalpa spp.
Salpa thompsoni

S. fusiformis
S. maxima
S. cylindrica
Salpa sp.

Soestia zonaria
Thalia democratica
Thetys vagina

Total
SFAs
28.3
31.0
24.4
26.8
27.5
27.2
28.8
49.1
31.5
34.2
28.6
51.8
28.4
24.1
33.8
32.4

Total
MUFAs
11.7
15.3
12.5
13.4
17.7
9.9
7.9
18.7
11.2
18.1
7.1
22.3
14.3
12.1
20.8
20.0

Total
PUFAs

1.4
12.6
9.5

4.5

5.2

Total
HUFAs
34.4
27.8
45.2
57.5
35.0
41.0
40.4
25.4
37.4
33.2
46.4
15.8
35.0
27.3
40.3
28.5

Reference
Wang et al., 2015
Phleger et al., 1998
Mimura et al., 1986
Wang et al., 2015
Culkin and Morris, 1970
Wang et al., 2015

Tilves et al., 2018
Wang et al., 2015
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Scyphomedusae and Salpida of the Mediterranean Sea
The Mediterranean Sea is inhabited by about 10% of the 200 known
scyphomedusae species (Daly et al., 2007). Abundance and population
dynamics of scyphomedusae have been defined in some detail since the
beginning of the 20th century (Bernard et al., 2011; Boero, 2013; Brotz and
Pauly, 2012; Goy et al., 1989). The distribution of scyphomedusae is seasonal
and appears to be periodic (Goy et al., 1989; Kogovšek et al., 2010). The
dominant species in the Mediterranean Sea are the Semaeostomeae Pelagia
noctiluca (Forsskål 1775), Aurelia spp. Lamarck 1816 and Chrysaora hysoscella
(Linnaeus 1767), and the Rhizostomeae Rhizostoma pulmo (Macri 1778) and
Cotylorhiza tuberculata (Macri 1778) (D’Ambra and Malej, 2015) (Fig. 1.5).

Pelagia noctiluca is an abundant bloom-forming scyphomedusa across the
Mediterranean Sea (for e.g. Bernard et al., 2011; Canepa et al., 2014; Goy et al.,
1989). Due to its holoplanktonic life cycle (Fig. 1.2), P. noctiluca is mainly an
oceanic species which is found nearshore at high densities when it is pushed
by currents toward the coasts (Berline et al., 2013; Goy et al., 1989). It is
abundant on shelf slopes where plankton generally aggregate, but it also
performs nocturnal vertical migrations, in co-occurrence with zooplankton
(Ferraris et al., 2012; Malej, 1989b). The Mediterranean Sea appears to have
conditions that are suitable for P. noctiluca, where it breeds all the year (Goy et
al., 1989; Lo Bianco, 1909). In the Gulf of Naples, it has been observed that
ephyrae are mostly released from winter to spring (Lo Bianco, 1909), and
adults regularly form large swarms during summer (Bernard et al., 2011).
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Except for P. noctiluca and a few other meso- and bathypelagic
scyphomedusae, most of the other species of the Mediterranean Sea have a
metagenic life cycle. Because strobilation of polyps occurs in coastal areas with
access to hard substrate, these species are usually observed nearshore (Boero,
2013; Kikinger, 1992; Kogovšek et al., 2010; Prieto et al., 2010). Aurelia spp. are
cosmopolitan scyphomedusae (Mayer, 1910) found in coastal areas and
lagoons of the Mediterranean Sea (Bonnet et al., 2012) and are regularly
observed in the northern Adriatic Sea (Kogovšek et al., 2010). Ephyrae of
Aurelia spp. are produced from winter to spring and the highest abundances
of adults are observed in summer, before a sharp decline in mid-summer, soon
after gamete release (Bonnet et al., 2012; Di Camillo et al., 2010). Sexual
maturity of the hermaphroditic species Chrysaora hysoscella occurs in winter
and strobilation of polyps produces ephyrae in late autumn (Mayer, 1910).
Occurrences of C. hysoscella are not well documented and spring blooms have
been observed once and documented in the Adriatic Sea (Del Negro et al.,
1992).
Similar to the Semaeostomeae, the two Rhizostomeae Rhizostoma pulmo
and Cotylorhiza tuberculata have reproductive seasonal dynamics in the
Mediterranean Sea (Fuentes et al., 2011; Kikinger, 1992). In the western
Mediterranean Sea, R. pulmo ephyrae are released during spring and adult
medusae appear in coastal waters in summer months before slowly
disappearing in early autumn (Fuentes et al., 2011). C. tuberculata produces
ephyrae during the whole summer with a slight offset in comparison with R.
pulmo and the adult generation appears in late summer and autumn (Kikinger,
1992), and occasionally during winter months (Lo Bianco, 1909; Mayer, 1910).
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A

D
C

E

Figure 1.5 The five most abundant species of scyphomedusae in the Mediterranean
Sea: A Pelagia noctiluca (Forsskål 1775), B Aurelia spp. Lamarck 1816, C Rhizostoma
pulmo (Macri 1778), D Chrysaora hysoscella (Linnaeus 1767) and E Cotylorhiza
tuberculata (Macri 1778). © L. Merquiol.
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Salpida are abundant throughout the ocean (Casareto and Nemoto, 1986;
Hereu et al., 2010) but their population dynamics have been seldom defined in
the Mediterranean Sea (Licandro et al., 2006). Some species are found mainly
on the continental shelf (for e.g., Thalia democratica) while others are more
common offshore (Hereu et al., 2010). While some species, such as Salpa aspera
Chamisso 1819, S. fusiformis and T. democratica, perform diel vertical
migrations (Madin et al., 2006; Pascual et al., 2017; Sardou et al., 1996), most
salp populations are typically distributed in the upper 100 m of the water
column (Dadon-Pilosof et al., 2019; van Soest, 1975).

The dominant species of Salpida in the Mediterranean Sea are T.
democratica and S. fusiformis (Braconnot, 1971) (Fig. 1.6). Both species have a
seasonal pattern related to temperature oscillations and populations reach
their maximum abundance generally in early and late spring for T. democratica
and S. fusiformis, respectively (Licandro et al., 2006; Sardou et al., 1996). T.
democratica, for example, commonly reaches abundances of over 1,000
individuals m-3 during phytoplankton bloom (Henschke et al., 2013). Although
a third species, Salpa maxima Forskål 1775 (Fig. 1.6), can be found in lower
abundance and does not show a strong seasonality in the Mediterranean Sea
(Braconnot, 1971), it appears episodically in large and dense swarms close to
the coast (Boero et al., 2013). In the Gulf of Naples, records indicate that both
forms (oozooid and blastozooid) of T. democratica, S. fusiformis and S. maxima
can be seen all year long, mainly in spring and winter (Lo Bianco, 1909).
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C

Figure 1.6 Solitary forms (oozooid) of the most abundant species of Salpida in the
Mediterranean Sea: A Salpa fusiformis Cuvier 1804, B Salpa maxima Forskål 1775, C
Thalia democratica (Forskål 1775). © L. Merquiol.
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PART II
BIOMARKERS AND THEIR APPLICATION
IN

MARINE TROPHIC WEB STUDIES

Stable isotope analysis
What are stable isotopes?
Stable isotopes (SIs) are naturally occurring atoms with the same number
of electrons and protons but a different number of neutrons in the nucleus.
Isotopes of the same element are located in the same place within the periodic
table but they differ for their atomic mass and notation. As an example, 12C
and 13C are SIs of carbon and both have four electrons in the outer most orbital,
but the former has 12 neutrons and the latter 13. The atoms with less neutrons
are defined as ''light'' because their mass is lighter, in contrast with the ''heavy''
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isotopes, which contain more neutrons and have a higher mass (Michener and
Lajtha, 2007). The difference in their atomic mass generates different
physicochemical properties (Peterson and Fry 1987). The light isotopes are
usually selected preferentially in reactions while heavy isotopes react when
light isotopes are not available anymore (Fry, 2006). The products derived
from physical, chemical and biological processes have different, but
predictable, isotope ratios compared to the reagents and these ratios can be
used to track and identify these processes (Peterson and Fry 1987).

Stable isotope values are expressed as a ratio of heavy-to-light isotopes (δ)
in part per thousand (‰) relative to a standard of known isotopic composition
(Peterson and Fry, 1987):
δ13C or δ15N = [(Rsample – Rstandard) – 1] × 103
where R is the ratio of heavy-to-light isotopes (13C/12C or 15N/14N) in the sample
(Rsample) and in the standard (Rstandard). δ values increase when heavy isotope
content increases and decrease when the number of heavy isotopes decreases
(Peterson and Fry, 1987).

SI ratios are expressed relative to an international standard. For δ13C and
δ15N, these references are PeeDee Belemnite (PDB) and atmospheric N2 (AIR),
respectively. Due to the limitation of supplies in some standards (i.e. PDB),
secondary isotopic reference materials (SIRMs) such as Vienna PDB (VPDB)
(Coplen, 1996) with known and stable isotopic compositions are routinely
used in analytical facilities (Bond and Hobson, 2012).
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Application of stable isotopes in marine food web studies
Stable isotopes have diverse applications in ecology and biology, ranging
from depicting natal fidelity in tuna (Rooker et al., 2008) to tracing
contaminant throughout food webs (Madgett et al., 2019). Ecosystem and
physiological processes are two domains where SIs are widely used. Naturally
occurring SIs move between trophic levels with often predictable
modifications, and they are used to define trophic interactions and the
structure and dynamics of trophic webs (Fry, 2006; Peterson and Fry, 1987;
Post et al., 2000).
In a food web context, the most commonly used isotopes are carbon (C)
and nitrogen (N) (Layman et al., 2012). The two naturally occurring isotopes
of C, 12C and 13C, have relative proportions of 98.9% and 1.1%, respectively,
and N stable isotopes, 14N and 15N, have atmospheric proportions of 99.6% and
0.4%, respectively. The ratio of carbon isotopes δ13C (13C/12C) is highly variable
among primary producers (DeNiro and Epstein, 1978; France and Peters, 1997;
Post, 2002) but varies little (~ 1‰) between prey and predator (McCutchan et
al., 2003; Post, 2002). δ13C can consequently be used to discriminate among
food sources in the environment as well as in consumers (France, 1995;
Peterson and Fry, 1987). Conversely, the ratio δ15N (15N/14N) has specific
enrichment patterns (1 – 3.4‰) throughout trophic levels (McCutchan et al.,
2003; Post, 2002; Vanderklift and Ponsard, 2003) and is used to determine
dietary composition of consumers and trophic levels (Post, 2002; Vander
Zanden and Rasmussen, 1999). In addition to stable isotope ratios of C and N,
the stable isotope ratios of other elements are used in ecological studies.
Sulphur stable isotope ratios (δ34S) vary within primary producers but change
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little through trophic levels (Fry, 1988) and together with C isotopes, δ34S has
been used to discriminate between benthic and pelagic sources (Duffill Telsnig
et al., 2018), marine and freshwater inputs (Peterson et al., 1985), and sewagederived organic matter (Van Dover et al., 1992). Stable isotope ratios of oxygen
(δ18O) and deuterium (δ2H) exhibit a high spatial variability and are
preferentially used to differentiate geographic regions (Bowen et al., 2005) or
environmental gradients (Solomon et al., 2009).
At the base of the food web, photosynthetic organisms synthetize organic
compounds with distinct isotopic signatures. Heterotrophic consumers
assimilate C and N from their prey and their isotopic composition reflects the
proportional contribution of different prey in the diet (Hopkins and Ferguson,
2012; Newsome et al., 2007). Changes in the isotopic composition of an
organism are detected within a time window, which corresponds to the time
necessary to incorporate the isotopic signature into the tissues (Newsome et
al., 2007). SI values depend on the consumer’s physiology, balanced by three
major factors: diet-tissue discrimination factors, isotopic incorporation, and
lipid content (Post, 2002; Post et al., 2007). An accurate interpretation of stable
isotopes requires a detailed understanding of these factors.

Diet-tissue discrimination factors
As a result of different physiological processes, the ratio of heavy-to-light
isotopes changes between diet and consumer. Isotopic discrimination through
trophic consumption is due to metabolic processes taking place during
digestion, assimilation and storage of dietary compounds (McCutchan et al.,
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2003). The difference between the isotope value of the diet and the consumer
is referred as the diet-tissue discrimination factor (DTDF, ∆):
∆13C = δ13Cconsumer – δ13Cdiet

and

∆15N = δ15Nconsumer – δ15Ndiet

where ∆13C and ∆15N denote the change in isotope ratios between the diet
(δ13Cdiet and δ15Ndiet) and the consumer (δ 13Cconsumer and δ15Nconsumer).

DTDFs of consumers can be determined by conducting experimental
work using a diet of known SI composition until the consumer reaches an
isotopic balance with the diet (Martínez del Rio and Anderson-Sprecher,
2008). However, ∆13C and ∆15N are available only for a limited number of
species and environments. Extensive reviews of the literature have thus led to
the definition of generic factors based on experimentally determined DTDFs
(Table 1.7) that have been widely used in ecological studies. Nevertheless, the
use of generic DTDFs reduces the accurate estimation of the contribution of
sources to consumers and when species-specific DTDFs are not available, an
estimation of DTDF based on ecologically or taxonomically similar species can
be used (Bond and Diamond, 2011).
Ranges of DTDFs currently used in stable isotope analysis are all based on
studies that did not include gelatinous zooplankton. Estimates of DTDFs in
scyphomedusae are scarce and highly variable (Table 1.8). While P. noctiluca
DTDFs estimated in the laboratory fall within the range of general mean ∆13C
(Schaub et al., 2021; Tilves et al., 2018), for other scyphomedusae species, ∆13C
determined in the field suggested a higher discrimination of carbon with
respect to their natural prey (Malej et al., 1993; Ying et al., 2012). The variety of
estimated DTDFs reflects differences in physiological processes and metabolic
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pathways across species under different prey regimes. Considering the high
variability and the lack of determinations of DTDFs for several species, DTDFs
need to be applied cautiously in the analysis of trophic webs including
scyphomedusae.

Table 1.7 General diet-tissue discrimination factors (DTDFs (∆), ‰) of δ13C and δ15N
determined by revising laboratory experiments upon different organisms: mean ±
standard deviation (SD)/standard error (SE)/variance (V)) and range. n, number of
samples. Ecosystem types: C, coastal waters; F, freshwater; L, lakes; M, marine; O,
open ocean; V, various.
DTDFs (‰)
Mean
Range
∆13C

+ 0.7
+ 1.4
+ 0.8 ± 1.1 (SD)
+1
+ 0.2
+ 0.5 ± 1.2 (SD)

n

Ecosystem

Reference

41
4

Rau et al., 1983

42

O
C
V
M, F
V
V

111
290
87

L
V
V
M

– 0.6 to + 2.7
– 3.0 to + 3.0
– 2.1 to + 2.8

+ 0.4 ± 1.3 (SD)
+ 0.4 ± 0.1 (SE)
+ 0.7 ± 0.1 (SE)
+ 1.0
15
∆ N
+ 3.0 ± 2.6 (SD)
+ 3.4 ± 1.1 (SD)
+ 3.2
+ 2.9 ± 1.8 (SD)

– 3 to + 4
– 3.0 to + 3.5
– 8.8 to + 6.1
– 3.4 to + 5.5

+ 3.4 ± 1.0 (SD)
+ 2.0 ± 0.2 (SE)
+ 2.5 ± 0.1 (V)
+ 1.5
+ 2.7 ± 0.1 (SE)
+ 2.7

+ 0.5 to + 5.5
– 2.5 to + 6.0
– 3.2 to + 5.9
+ 1.9 to + 5.0
– 3.2 to + 9.2
– 1.0 to + 9.2

– 0.5 to + 9.2
+ 1.3 to + 5.3
– 1 to + 10
– 0.7 to + 9.2
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V
M, F
V
V

56
83
134
27
268
90

L
V
V
M
V
M

16

DeNiro and Epstein, 1978
Fry and Sherr, 1984
Peterson and Fry, 1987
Vander Zanden and Rasmussen,
2001
Post, 2002
McCutchan et al., 2003
Caut et al., 2009

DeNiro and Epstein, 1981
Minagawa and Wada, 1984
Peterson and Fry, 1987
Vander Zanden and Rasmussen,
2001
Post, 2002
McCutchan et al., 2003
Vanderklift and Ponsard, 2003
Caut et al., 2009
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Table 1.8 Diet-tissue discrimination factors (DTDFs (∆), ‰) of δ13C and δ15N (mean ±
SD) defined for scyphomedusae. NA, not available.

Species
Aurelia aurita
Aurelia spp.
Chrysaora pacifica
Pelagia noctiluca

Diet
Artemia sp.
Euphausia superba
Cyclops spp.
Artemia sp.
Aurelia aurita
NA

DTDFs (‰)
∆ C
∆15N
+ 1.4 ± 0.5
+ 2.0 ± 0.6
+ 2.0 ± 0.5
+ 4.1 ± 0.6
+ 4.2 ± 0.3
+ 0.1 ± 0.2
+ 0.9 ± 0.2
+ 2.1 ± 0.5
+ 1.6 ± 0.7
+ 1.3 ± 1.7
+ 0.7
+ 2.4
13

Reference
Schaub et al., 2021
D’Ambra et al., 2014
Schaub et al., 2021
Tilves et al., 2018

Isotopic incorporation
The rate of isotopic incorporation in an organism is a consequence of two
distinct processes: anabolism, during which complex molecules are assembled
from simple ones, and catabolism, during which complex molecules are
broken down to produce energy (Fry and Arnold, 1982; Hesslein et al., 1993).
The dynamics of isotopic incorporation in heterotrophs vary among tissues
within a single individual and across species (Martínez del Rio et al., 2009). In
general, fast-growing organisms (or tissues) have fast turnover rates (Mohan
et al., 2016) and the isotopic integration co-varies with body mass (Vander
Zanden et al., 2015). Dietary protein intake may also have an effect on
endogenous protein synthesis and degradation (Waterlow, 2006), which can
affect both δ13C and δ15N in consumers (Gaye-Siesseger et al., 2004). As a
consequence, amino acid content and composition cause variations of ∆15N
among tissues, while ∆13C depends on lipid content (Martínez del Rio et al.,
2009; Post et al., 2007). The temporal resolution of isotopic incorporation in
gelatinous zooplankton has been determined in few scyphomedusae species.
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Turnover rates of whole medusae, although variable between δ13C and δ15N,
can reach stable isotopic steady state 18 – 36 days after a change of diet
(D’Ambra et al., 2014; Schaub et al., 2021).

Lipid content
Because metabolic processes and tissue synthesis significantly and
positively discriminate the light isotope 12C against the heavy 13C during lipid
synthesis, lipids are usually depleted in 13C (DeNiro and Epstein, 1977; Post et
al., 2007). The incorporation of δ13C by lipids can result in differences of about
6‰ relative to protein (McConnaughey and McRoy, 1979) and 3‰ relative to
muscle tissues (Tieszen et al., 1983). Consequently, the δ13C in organisms or
tissues with high lipid content is lower than the value in organisms or tissues
with low lipid content (Post et al., 2007). As a result, a high lipid concentration
in a tissue can bias the determination of their diet (Focken and Becker, 1998;
Lorrain et al., 2002; Tieszen et al., 1983). In order to standardize SI analysis,
Post et al. (2007) determined that the C:N ratio is a proxy of lipid content, and
a correction on δ13C is needed in organisms with a C:N > 3.5 (or lipid content
> 5%). While uncorrected δ13C reflect both assimilated C and synthesised
lipids, the lipid-corrected values obtained after lipid extraction reflect only the
assimilated carbon (DeNiro and Epstein, 1977). Consequently, lipid
extractions have been largely applied prior to SI analysis to correct δ13C
(Bergamo et al., 2016; Post et al., 2007; Sotiropoulos et al., 2004).

An alternative to time-consuming and expensive lipid extraction
procedures, McConnaughey and McRoy (1979) proposed a mathematical
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correction based on δ13C and C:N of marine organisms. Since then,
mathematical lipid correction models have been developed (Table 1.9). These
models are based on the relationship between the difference of δ13C of lipidextracted and non-lipid-extracted organisms and their lipid content (Smyntek
et al., 2007). Although mathematical corrections have obvious advantages (no
chemical extraction, gain of time), they have been developed for a limited
number of organisms and they may be inaccurate for specific analyses
(D’Ambra et al., 2014; Logan et al., 2008). A mathematical lipid correction has
been determined only for the species Aurelia spp. among gelatinous
zooplankton and most studies including scyphomedusae have used
generalized equations derived from other organisms (Table 1.9).

Table 1.9 Equations and diagnostic statistics (R2) resulting from mathematical
normalization of lipids in various marine organisms. D, isotopic difference between
proteins and lipids.
Marine
organisms
ND

Fish and
invertebrates
Aquatic
heterotrophs
Aurelia spp.
Plankton
Zooplankton
Copepods,
cladocerans

Equation

R2

Reference

δ13Ccorrected = δ13Cbulk + D ×
[– 0.207 + 3.90/(1 + 287/L)]
where L = 93/[1 + (0.246 × C:N – 0.775)-1]
δ13Ccorrected = 0.967 × δ13Cbulk + 0.861

–

McConnaughey and
McRoy, 1979

0.94

Logan et al., 2008

δ13Ccorrected = δ13Cbulk – 3.32 + 0.99 × C:N

0.91

Post et al., 2007

δ13Ccorrected = δ13Cbulk – 9.43 + 2.69 × C:N

0.69

D’Ambra et al., 2014

δ Ccorrected = δ Cbulk – 2.45 + 0.62 × C:N

–

D’Ambra et al., 2018

δ Ccorrected = δ Cbulk + 6.0 ×
[1 – (C:Ncorrected/C:N)]
δ13Ccorrected = δ13Cbulk + 6.3 × [1 – (4.2/C:N)]

–

Fry et al., 2003

1.00

Smyntek et al., 2007

13

13

13

13
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Fatty acid analysis
What are fatty acids?
Lipids are heterogeneous molecules found in all living organisms. The
main structural components of most forms of complex lipids are fatty acids
(FAs) (Budge et al., 2006). FAs are made of unbranched and even-numbered
chains of – CH2 – groups with a methyl terminal (– CH3) at one end and a
carboxyl group (– COOH) at the other. The international nomenclature of FAs
uses the notation of A:B(n-X), where A indicates the number of carbon atoms,
B is the number of double bonds and X is the position of the first double bond
relative to the methyl end (Table 1.10). FAs vary in the length of their carbon
chain and in the degree of saturation which is used to distinguish fatty acids
into saturated (SFAs, single carbon-to-carbon bonds), monounsaturated
(MUFAs, one double bond along the chain), polyunsaturated (PUFAs, more
than two double bonds within the same chain) and highly unsaturated FAs
(HUFAs, PUFA with 20 or more carbon atoms and 2 or more double bonds)
(Table 1.11).

In marine organisms, FAs are either found as free forms (Budge et al., 2006)
or, most commonly, they are stored into three main lipid classes (Parrish,
2013): triglycerides, wax esters and phospholipids. Triglycerides (TAG) are
the common form of storage lipids and consist of three FA molecules (Budge
et al., 2006). In animals, triglycerides make up the majority of lipids found in
fat tissues and blubber and their storage occurs through consumption of prey
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Table 1.10 General fatty acid (FA) chemical structure and nomenclature within the
international notation system.
Chemical structure
FAs
Saturated fatty
acids (SFAs)
Monounsaturated
fatty acids
(MUFAs)
Polyunsaturated
fatty acids
(PUFAs)
Highly
unsaturated fatty
acids (HUFAs)

Carboxyl group

Methyl terminal

Nomenclature
Palmitic acid
16:0
Oleic acid
18:1(n-9)
(or 18:1⍵9)
Linoleic acid
18:2(n-6)
(or 18:2⍵6)
Eicosapentaenoic
acid
20:5(n-3)
(or 20:5⍵3)

when energy intake exceeds the demand (Budge et al., 2008). Conversely,
triglycerides are mobilized if FA requirements are not met during low food
availability and starvation (Kattner et al., 2003). Thus, the FA composition of
triglycerides in major lipid storage depots is relatively dynamic and most
readily influenced by the diet (Budge et al., 2008). Wax esters (WE) are a
second type of lipids relevant in the marine environment and consist of a FA
esterified to a fatty alcohol (Budge et al., 2006). They are largely found in fish
and cetaceans (Budge et al., 2008), but they are the dominant storage lipids in
many zooplankton taxa (Lee et al., 2006). Wax esters are formed by copepods
in response to short periods of abundant prey availability followed by long
periods of low prey abundance in deep-sea environments and high latitudes
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(Lee et al., 1971; Lee and Hirota, 1973). A third common lipid class is the
phospholipid (PL) group. Phospholipids are the structural components of all
cell membranes and normally consist of two FAs (Budge et al., 2006). Because
of the structural function of these lipids, FAs in phospholipids are resilient to
dietary changes and conserved throughout the developmental stages of
organisms (Budge et al., 2008). Thus, phospholipids are not informative
indicators of the diet. Other classes of complex lipids include glycolipids,
sphingolipids and ceramides, but these classes are relatively rare and
contribute little to the overall FA composition of organisms (Gunstone et al.,
1986).

Table 1.11 General structure of fatty acids (FAs). SFAs, saturated; MUFAs,
monounsaturated; PUFAs, polyunsaturated; HUFAs, highly unsaturated FAs.

FAs
SFAs
MUFAs
PUFAs
HUFAs

Chain length
(number of carbon)
4 to 24
10 to 24
16 to 18
20 to 24

Number of
double bonds
0
1
From 2 to 6
From 2 to 6

Position of
double bonds
⌀
3, 5, 7, 9, 11
1, 3, 4, 5, 6, 7, 9, 11
1, 3, 4, 5, 6, 7, 9, 11

Application of fatty acids to marine food web studies
Fatty acid trophic markers (FATMs) are a useful tool in food web studies
owing to their specific characteristics and storage patterns. FATMs are
transferred conservatively through consumption of prey and are found
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unchanged or predictably altered in the consumer’s body (Dalsgaard et al.,
2003; Rossi et al., 2006). In addition, some FAs are biosynthesised de novo by
consumers and can also be tracked along the food web when transferred to
higher trophic levels. Because FAs are either acquired through the diet or
biosynthesised de novo by the organism, FA composition of a secondary or
tertiary consumer reflects both the baseline composition of the food web made
by primary producers and de novo biosynthesis in heterotrophic prey
(Dalsgaard et al., 2003).

Phytoplankton are the major producers of FATMs in pelagic marine food
webs (Dalsgaard et al., 2003) and most of this endogenous production is
essential to the metabolism of higher trophic levels (Graeve et al., 2008).
Typically, primary producers build long-chain FAs ranging from 12 to 24
carbons with various degrees of unsaturation (Iverson, 2009). Except for a few
heterotrophs, autotrophs are the only organisms able to biosynthesise PUFAs
and HUFAs (Dalsgaard et al., 2003).
The FA composition of heterotrophic consumers reflects both internal
biosynthesis and uptake of FATMs from the diet (Brett et al., 2009; Lee et al.,
2006). In contrast with autotrophs, heterotrophic organisms generally
synthesise fewer and simpler FAs and lack the enzymes necessary to produce
long-chain FAs (Dalsgaard et al., 2003). De novo biosynthesis can be highly
specific in heterotrophs and is mostly dependent on the nutritional input
(Dalsgaard et al., 2003) and the lipid metabolism of the species (Iverson, 2009).
Because of specific conservative digestive processes, FATMs with a carbon
chain-length ≥ 14 are deposited in consumer tissues with no or minimal
modification (Dalsgaard et al., 2003; Iverson et al., 2004). As a result, FATMs
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from primary producers can be distinguished from non-dietary FAs
biosynthesised endogenously (Iverson et al., 2004). The general feature of a
lipid pool depends on the physiological status of a species and can reflect the
different feeding modes of consumers (Graeve et al., 1994).
Consumers accumulate lipids that can be either stored in specific tissues
or mobilized to provide fuel for energy demands (Athenstaedt and Daum,
2006; Lee et al., 2006). Because accumulation and storage of lipids by
consumers depend on their metabolic needs, the use of FATMs is constrained
by metabolization and alteration of dietary FAs (Dalsgaard et al., 2003). The
timeframe of FATM analysis is therefore mostly determined by the turnover
rate of the lipids accumulating in storage units and their use during anabolism
and catabolism (Dalsgaard et al., 2003). Thus, FA composition of a consumer
can reveal the dietary input integrated over days, weeks or months (Dalsgaard
et al., 2003).
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PART III
OUTLINE OF THE THESIS

Outline of the thesis
This thesis is composed of five chapters:
Chapter I is a general introduction about the biology and ecology of
gelatinous zooplankton, focusing on scyphomedusae and Salpida. It includes
a brief description of the trophic biomarkers that have been used for the work
presented in the following chapters, as well as the rationale and the research
questions on which the thesis has been developed.
Chapter II is a review synthesis of the effect of diverse solvents for lipid
extraction on fatty acid composition in three marine planktonic groups:
heterotrophic bacteria, phytoplankton and zooplankton. This analysis
highlighted that the use of different solvents for lipid extraction may affect
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fatty acid composition. Hence, the results of this review synthesis became the
rationale to perform the experimental work described in Chapter III.
In Chapter III, I compared the effect of three solvents (chloroform,
dichloromethane and methyl-tert-butyl ether (MTBE)) on the fatty acid
composition and stable isotope values after lipid extraction of phytoplankton,
mesozooplankton and the scyphomedusa Pelagia noctiluca. This study was
based on the results of the review synthesis performed in Chapter II and the
fact that, although chloroform and dichloromethane are carcinogenic and
potentially hazardous for the environment while MTBE is safe for human
health and the environment, MTBE was never used in field-collected samples
of phyto- or zooplankton nor in scyphomedusae. By comparing the effect of
the three solvents on the fatty acid composition and stable isotope values, I
extended the use of MTBE to a broader range of marine organisms and sample
types and ensured the comparability among data.
Chapter IV is a meta-analysis of the fatty acid composition in planktonic
organisms (heterotrophic bacteria, phytoplankton and zooplankton) in order
to identify the fatty acid trophic markers that may be tracked throughout
planktonic food webs. My results indicated that while fatty acid composition
reflected the class level in heterotrophic bacteria and phytoplankton, in
zooplankton the fatty acid composition was driven by trophic guilds more
than taxonomic ranking. Overall, a restricted selection of fatty acid trophic
markers can be used to track trophic pathways within the planktonic food
web.
Based on these findings, in Chapter V I present the results of the fieldwork
carried out during the year 2019 (the COVID-19 pandemic highly restricted
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the sample collection, which could be carried out only one year) in the Gulf of
Naples. I determined the stable isotope values and fatty acid composition in:
particulate organic matter, phytoplankton, mesozooplankton, three species of
thaliaceans (Salpa fusiformis, S. maxima and Thalia democratica) and the
scyphomedusa Pelagia noctiluca. Using the two types of biomarkers, I defined
(i) seasonal patterns of the trophic biomarkers, (ii) spatio-temporal variations
in the dietary composition of the gelatinous zooplankton taxa, and (iii) trophic
positions of planktonic groups and a structure of the planktonic food web in
the GoN highlighting the interaction of gelatinous zooplankton with the
planktonic community.
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CHAPTER II
THE EFFECT OF SOLVENTS FOR LIPID EXTRACTION ON
FATTY ACID COMPOSITION IN MARINE PLANKTON:
A REVIEW SYNTHESIS

CHAPTER II - The Effect of Solvents for Lipid Extraction on Fatty Acid
Composition in Marine Plankton: A Meta-Analysis
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Chapter II
THE EFFECT

OF

COMPOSITION

SOLVENTS

IN

FOR

LIPID EXTRACTION

ON

FATTY ACID

MARINE PLANKTON: A REVIEW SYNTHESIS

Abstract
Fatty acids (FAs) are used in marine ecological studies as trophic biomarkers to track
organic matter throughout food webs. A crucial step to recover FAs from organisms
and tissues is the extraction of total lipids. Several methods and protocols have been
developed for lipid extraction during the years. Mixtures of solvents with different polarity
allow the extraction of most FAs but, while the recovery of lipids has been assessed
across the most used solvents, the FA profiles obtained with different protocols have
not been compared. Because the interpretation of proportions recovered during lipid
extraction is used largely in ecology, FA profiles need to be unbiased to lead to their
correct interpretation. In this review synthesis, FA profiles obtained after lipid extraction
using chloroform, dichloromethane, hexane, toluol, and methyl-tert-butyl ether (MTBE)
were compared in three planktonic groups: heterotrophic bacteria, phytoplankton and
zooplankton. Within the same group, I compared (i) the number of FAs, (ii) the
categories of FAs, and (iii) the proportions of FAs extracted by each solvent. The results
indicated that although the number of FAs extracted by the different solvents was
comparable across most solvents, categories and proportions varied within the same
planktonic group according to the solvent. Compared to the most commonly used
chloroform, all other solvents recovered slightly different FAs according to their affinity
towards lipid classes. Overall, these findings indicate that FA profiles obtained using
different solvents may not be completely comparable across studies and therefore
suggest that laboratory work is required to obtain unbiased FA profiles which are
comparable across studies and can find large application in different fields.
Keywords: chloroform, dichloromethane, MTBE, toluol, hexane, heterotrophic bacteria,
phytoplankton, zooplankton.
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Introduction
Fatty acids (FAs) are organic compounds renowned for their broad range
of bioactivities (Bergé and Barnathan, 2005; Simopoulos, 1999), including their
benefits for human health (Arts et al., 2001), structural functions (Guschina
and Harwood, 2006), capacity to store energy (Dalsgaard et al., 2003) and
potential use as trophic markers (Budge et al., 2006). FAs are divided into two
major lipid classes: polar lipids, such as phospho- and glycolipids, and nonpolar lipids, such as triacylglycerides, wax esters and free FAs (Arts et al.,
2009). A total extraction of lipids is of critical importance to isolate, identify
and quantify FAs from organisms and usually requires relatively long
analytical protocols (Bligh and Dyer, 1959; Folch et al., 1957; Guckert et al.,
1988; Thomann and Hill, 1986).

Lipid extractions are generally performed using chemical approaches
(Halim et al., 2012) preceded by pre-treatment methods to break cells
mechanically (Lee et al., 2010). Chemical extraction of lipids is performed
using a mixture of polar – that isolate lipids from cell membranes and tissues
– and non-polar organic solvents – that favour the dissolution of less polar and
non-polar lipids (Arts et al., 2009; Parrish, 2013).
The mixture of chloroform (CHCl3) and methanol (MeOH) is the most
used chemical to extract lipids from organisms. In the late 1950s, Folch et al.
(1957) and Bligh and Dyer (1959) developed two protocols based on a biphasic
solvent mixture by mixing chloroform, methanol and water. The protocol by
Folch et al. (1957) was applied at the beginning to animal tissues containing 1
– 4% lipids with the recommendation to use chloroform and methanol in the
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proportion 2:1 and a ratio of 1 part of sample to 20 parts of solvent. The
protocol by Bligh and Dyer (1959) proposed a proportion of 1:2
chloroform:methanol and reduced the solvent/sample ratio to 1 part of
sample/3 parts of solvent. The protocol by Bligh and Dyer (1959) was
originally developed for fish tissues containing about 1% lipids. In the
following years, these protocols found larger application than the restricted
biological matrices and lipid content ranges for which they were originally
developed for (Graeve et al., 1994; Wang et al., 2015). However, the extensive
application of the protocols to a variety of sample types with diverse lipid
content highlighted that the protocol by Bligh and Dyer (1959) was likely
underestimating the amount of total lipids in samples containing more than 2
– 10% lipids (Iverson et al., 2001).

In addition to potential limitations of the protocols due to tissue type and
lipid content, the wide use of the two protocols highlighted the highly
carcinogenic

(IARC,

1979)

and

potential

environmental

(European

Community, 2000) risks of chloroform, which has been replaced in time by
less hazardous solvents. Dichloromethane has been extensively used for lipid
extractions, even though it has been classified as a health hazard with
potential environmental risks (WHO, 2000). In marine organisms, extractions
with dichloromethane:methanol (2:1) according to the protocol by Folch et al.
(1957) have been largely performed in mesozooplankton (Broglio et al., 2003;
Lischka and Hagen, 2007; Peters et al., 2004, 2006) and jellyfish (Ying et al.,
2012). In phytoplankton, solutions of dichloromethane:methanol (Giner et al.,
2008) or dichloromethane:ethanol (Ryckebosch et al., 2012) have seldom been
used to extract lipids and FAs. Although in fish, terrestrial plants and
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microalgae, a lower lipid recovery was found using dichloromethane in
comparison with chloroform, differences in FA composition were not detected
using any of the two solvents, which suggests that dichloromethane may be
as efficient as chloroform in the recovery of FAs (Cequier-Sánchez et al., 2008;
Honeycutt et al., 1995; Ryckebosch et al., 2012).

In addition to dichloromethane, less polar solvents, such as hexane and
toluol, have replaced chloroform to extract lipids from a variety of organisms
(dos Santos et al., 2015; Somashekar et al., 2001; Vansteenbrugge et al., 2016).
Several FA compositions of marine plankton were obtained from lipid
extractions using hexane or toluol (Lang et al., 2011; Thompson et al., 1992;
Vansteenbrugge et al., 2016) but only few comparisons have been made with
other solvents (Guckert et al., 1988). In the microalga Chlorella sp., hexane
extracted a lower amount of lipids compared to chloroform due to the low
polarity of hexane and the relatively high content of polar lipids in microalgae
(Guckert et al., 1988; dos Santos et al., 2015). However, when used in the
Soxhlet extraction apparatus, a higher lipid yield was produced by hexane,
toluol and ethanol compared to chloroform in microalgae, although
chloroform alone extracted a higher FA content (Ramluckan et al., 2014). While
differences in FA composition using the diverse solvents were not remarkable
in Chlorella sp., hexane still appeared to recover more polyunsaturated
(PUFAs) and highly unsaturated (HUFAs) FAs and less saturated (SFAs) and
monounsaturated (MUFAs) FAs than chloroform (Guckert et al., 1988).
Moreover, a possible degradation of PUFAs has been observed using the
Soxlhet extraction apparatus (Guckert et al., 1988).
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Because chloroform and dichloromethane are toxic while toluol and
hexane have a reduced lipid recovery compared to more polar solvents, a lipid
extraction procedure using methyl-tert-butyl ether (MTBE) was developed
(Thomann and Hill, 1986). The protocol using MTBE was first applied to
bacteria (Thomann and Hill, 1986) and simplified the recovery of the lipidcontaining organic phase which, unlike Folch or Bligh and Dyer protocols, is
located at the top layer after separation of the protein-containing phase from
the lipid phase (Matyash et al., 2008). This protocol yielded a similar or higher
recovery of lipids in mouse tissues, worm eggs and bacteria, in comparison
with the Folch protocol using chloroform (Matyash et al., 2008). To date, MTBE
has been applied to extract lipids and FAs only in a few marine organisms,
mostly heterotrophic bacteria (Bertone et al., 1996; Thomann and Hill, 1986)
and microalgae (Cutignano et al., 2016; Russo et al., 2021; Ryckebosch et al.,
2012). Although MTBE extracted lower total lipids than chloroform in the
freshwater

microalga

Chlorella

vulgaris

Beyerinck

[Beijerinck]

1890

(Ryckebosch et al., 2012), it has efficiently extracted total lipids in other
microalgae (Cutignano et al., 2016; Russo et al., 2021), but no comparisons in
FA composition using other solvents were performed.

Most lipid extractions based on chemical methods are tailored to specific
matrices. The solvent mixtures and sample-to-solvent ratios were optimized
for the original tissues and organism types where they were originally applied
but they were used subsequently with other biological matrices (Iverson et al.,
2001). Consequently, the efficiency of the solvent mixture in extracting all lipid
classes and FAs may vary according to structural and metabolic differences
within and across groups (Cequier-Sánchez et al., 2008).
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Within the large range of applications, FAs have been used extensively in
pelagic food webs, especially to identify primary producers such as
heterotrophic bacteria and phytoplankton, and determine the dietary
composition of zooplankton (Dalsgaard et al., 2003). These groups have
different and specific biological features. The majority of FAs in heterotrophic
bacteria are bounded within proteins and carbohydrates, while free FAs are a
minor proportion of total FAs (O’Leary, 1962). In addition, bacteria
incorporate FAs mainly into phospholipids and do not store triacylglycerides
(Dalsgaard et al., 2003). The different phytoplankton phyla possess mostly
polar lipids ranging from 40 to 95% of total lipids (Jónasdóttir, 2019).
Conversely, zooplankton store essentially non-polar lipids such as
triacylglycerides and wax esters (Falk-Petersen et al., 2000; Lee et al., 2006). The
differences in structural and storage of lipids in the diverse planktonic group
along with the different affinity of solvents for the lipid classes may affect lipid
extraction and therefore FA composition obtained using different solvents and
consequently limit the comparability of FA profiles across studies.

The aim of this review synthesis is to test the comparability of FAs
extracted using different solvents in a selection of marine groups. To do so,
FA profiles obtained using five solvents (chloroform, dichloromethane,
hexane, toluol and methyl-tert-butyl ether (MTBE)) were gathered from three
marine planktonic groups with different lipid content and storage
(heterotrophic bacteria, phyto- and zooplankton). The present analysis
compared (i) the number of FAs, (ii) the categories of FAs, and (iii) the FA
compositions across solvents within the same group.
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Material and Methods
Data collection
Fatty acid profiles of three marine planktonic groups (heterotrophic
bacteria, phytoplankton and zooplankton) were collected from 113 papers
published between 1964 and 2019. Papers were selected within the literature
available on Google Scholar using the keywords 'fatty acids' and 'fatty acid
composition' associated to 'marine bacteria', 'phytoplankton', 'microalgae',
and 'zooplankton'. Out of the collected 941 FA profiles, 27 profiles belonged
to heterotrophic bacteria (Annex 2.1), 627 to phytoplankton (Annex 2.2) and
287 to zooplankton (Annex 2.3) (Table 2.1). Overall, 60 different FAs were
identified and 39 had mean proportions ≥ 1% of total FAs. In total, 23 FAs were
identified in heterotrophic bacteria, 48 in phytoplankton and 49 in
zooplankton.
Five main solvents for lipid extraction were identified within the
bibliographic references (each referenced study used a single mixture, usually
composed of one main solvent and methanol): chloroform, dichloromethane,
hexane, toluol and methyl-tert-butyl ether (MTBE). In total, 755 FA profiles
were obtained from lipid extractions using

chloroform,

80 using

dichloromethane and 94 using hexane. Toluol and MTBE were used for lipid
extraction in a limited number of studies: nine profiles were found for
phytoplankton using toluol and only three profiles using MTBE for
heterotrophic bacteria (Table 2.1). Because chloroform was the most used
solvent for all groups, it was considered a reference for all subsequent
comparisons. Hexane was the most used solvent in phytoplankton after
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chloroform, while the second most used solvent in zooplankton was
dichloromethane (Table 2.1).

Statistical analysis
The effect of solvents on the FA composition of marine planktonic
organisms was determined at group level

(heterotrophic bacteria,

phytoplankton, zooplankton). Because the number of FA profiles was highly
different among the diverse solvents (Table 2.1), profiles were transformed
into a presence/absence matrix, from which the total number of FAs extracted
by each solvent was calculated. Within each group, the total number of FAs
extracted by chloroform and the other solvents were compared using a
generalized linear model (GLM) based on a negative binomial distribution
that accounted for the over-dispersion of count data, which allowed a higher
power and reduced bias compared to multivariate methods (Hector, 2021),
and using the function glm in R (package 'stats').

Table 2.1 Number of fatty acid profiles in marine planktonic organisms
(heterotrophic bacteria, phyto- and zooplankton) collected from 113 papers and
extracted using different solvents: chloroform, dichloromethane, hexane, toluol,
methyl-tert-butyl ether (MTBE).
Solvents
Planktonic group
Chloroform Dichloromethane Hexane Toluol MTBE Total
Heterotrophic bacteria
19
3
2
3
27
Phytoplankton
538
7
73
9
627
Zooplankton
198
70
19
287
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The proportions (% of total FAs) of the diverse categories of FAs (saturated
(SFAs), monounsaturated (MUFAs), polyunsaturated (PUFAs) and highly
unsaturated (HUFAs) FAs) were averaged within each group for individual
solvent and compared across solvents using a one-way analysis of variance
(one-way ANOVA) and pairwise post-hoc comparisons (Tukey HSD). These
analyses were performed using the commands aov for ANOVA and TukeyHSD
for pairwise comparisons from the R package 'stats' after being tested for
normality and homoscedasticity.
To define the potential differences in the FAs recovered by the different
solvents, the frequency of reported FAs (number of papers reporting the
FA/total number of papers, %) was calculated for each solvent within each
planktonic group. Frequencies were compared across solvents within a single
group using chi-square pairwise comparisons (chisq.test function of the R
package 'stats') and when significant differences were observed, post-hoc
comparisons were performed using the R package 'chisq.posthoc.test'.

Differences in FA proportions between chloroform and each of the other
solvents were assessed by averaging FA proportions (% of total FAs) for each
solvent within each plankton group. The differences between proportions of
FAs extracted using chloroform and each of the other solvents were compared
using a one-way ANOVA and Student t-tests between solvents. Relationships
between FA composition and solvent were explored using non-metric
multidimensional scaling (nMDS) based on a Euclidean resemblance matrix
of log-transformed (log + 1) FA proportions. All statistical analyses were
performed in RStudio (RStudio, 2016). Significance was set at p-value £ 0.05.
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Results
Effect of solvents on the number of extracted fatty acids
All solvents used to extract FAs in heterotrophic bacteria recovered the
same number of FAs compared to chloroform except for hexane (Table 2.2).
In total, 11.2 ± 2.2, 12.0 ± 1.0 and 11.3 ± 1.1 FAs were obtained using chloroform,
dichloromethane and MTBE respectively, whereas hexane extracted 8.5 ± 3.6
FAs (Fig. 2.1 A). In phytoplankton, dichloromethane and hexane extracted a
similar number of FAs compared to chloroform, while toluol recovered
significantly fewer FAs (Table 2.2). Toluol was used only for 9 profiles of
phytoplankton and recovered 7.0 ± 2.5 FAs, in comparison to 14.1 ± 4.2, 11.1 ±
2.5 and 13.6 ± 3.2 FAs extracted using chloroform, dichloromethane and
hexane respectively (Fig. 2.1 B). The number of FAs extracted by the diverse
solvents in zooplankton was similar (Table 2.2), with 17.2 ± 6.9, 15.6 ± 6.6 and
15.6 ± 3.9 FAs extracted using chloroform, dichloromethane and hexane
respectively (Fig. 2.1 C). However, as shown by the standard deviations, the
variability was high and the number of FAs ranged from 6 to 31, regardless of
the solvent (Fig. 2.1 C).

Effect of solvents on the categories of fatty acids
Categories of FAs (SFAs, MUFAs, PUFAs, HUFAs) were affected by
solvents, although the variability was high across studies (Fig. 2.2). In
heterotrophic bacteria, all solvents extracted a similar amount of SFAs (oneway ANOVA, F-value = 1.788, p-value = 0.18), PUFAs (F-value = 0.249, p-value
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Table 2.2 Parameters (mean estimate, standard error (SE), t-statistic (t-value) and pvalue) of the generalized linear model (GLM) applied to the total number of fatty
acids extracted by chloroform (Intercept) and compared to other solvents
(dichloromethane, hexane, toluol and methyl-tert-butyl ether (MTBE)) in
heterotrophic bacteria, phyto- and zooplankton. Significant differences are indicated
by (*) (p-value £ 0.05).

Heterotrophic bacteria
Chloroform (Intercept)
Dichloromethane
Hexane
MTBE
Phytoplankton
Chloroform (Intercept)
Dichloromethane
Hexane
Toluol
Zooplankton
Chloroform (Intercept)
Dichloromethane
Hexane

Mean estimate

SE

t-value

p-value

11.16
0.84
– 3.66
0.17

0.473
1.280
1.532
1.280

23.599
0.658
– 2.388
0.137

< 0.001 *
0.52
0.03 *
0.89

14.07
– 2.93
– 0.51
– 7.07

0.176
1.552
0.509
1.371

80.009
– 1.887
– 1.000
– 5.157

< 0.001 *
0.06
0.32
< 0.001 *

17.22
– 1.65
– 1.59

0.471
0.921
1.591

36.565
– 1.786
– 0.996

< 0.001 *
0.08
0.32

= 0.86) and HUFAs (F-value = 0.718, p-value = 0.55). Overall, SFAs accounted
for 21.7 to 27.8% of total FAs, although hexane appeared to extract a higher
amount of SFAs than all other solvents with 43.3 ± 8.2% of total FAs (Fig. 2.2
A). Both PUFAs and HUFAs were found in very low quantities and
represented less than 1% of total FAs. Conversely, MUFAs were the most
abundant FAs in heterotrophic bacteria and were significantly more extracted
by chloroform and dichloromethane (60.5 ± 20.5% and 60.3 ± 15.6% of total
FAs, respectively) than by hexane and MTBE (29.2 ± 10.4% and 32.6 ± 6.6% of
total FAs, respectively) (F-value = 3.176, p-value = 0.04) (Fig. 2.2 A).
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Figure 2.1 Number of fatty acids (FAs) extracted in A. heterotrophic bacteria, B.
phytoplankton and C. zooplankton using different solvents for lipid extraction: C,
chloroform; D, dichloromethane; H, hexane; T, toluol; M, methyl-tert-butyl ether. In
the boxplots, the black solid line in the box indicates the median, the diamonds the
mean, and the lower and upper boundaries of the boxplot the 25th and 75th percentiles,
respectively. The points indicate single FA profiles and have been randomly
horizontally jittered. Significant differences were tested using a GLM and are
indicated by different superscript letters (a,b) (p-value £ 0.05).

Similarly, all solvents extracted the same amount of SFAs, PUFAs and
HUFAs in phytoplankton (one-way ANOVA, F-value = 0.751, p-value = 0.52;
F-value = 1.334, p-value = 0.26; F-value = 2.569, p-value = 0.05, respectively),
while toluol extracted a higher amount of MUFAs than all other solvents (Fvalue = 4.864, p-value = 0.002). Chloroform, dichloromethane and hexane
recovered a percentage of 19.0 ± 13.4%, 19.5 ± 9.1% and 23.3 ± 12.6% of MUFAs,
while the MUFAs extracted by toluol represented 32.1 ± 17.1% of total FAs
(Fig. 2.2 B).
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Figure 2.2 Categories of fatty acids (FAs) (% of total FAs) (SFA, saturated FA; MUFA,
monounsaturated FA; PUFA, polyunsaturated FA; HUFA, highly unsaturated FA)
extracted from A. heterotrophic bacteria, B. phytoplankton and C. zooplankton using
different solvents for lipid extraction: C, chloroform; D, dichloromethane; H, hexane;
T, toluol; M, methyl-tert-butyl ether. In the boxplots, the black solid line in the box
indicates the median, the diamonds the mean, and the lower and upper boundaries
of the boxplot the 25th and 75th percentiles, respectively. Comparisons were
performed using a one-way ANOVA among solvents within each FA category.
Differences are considered significant at p-value ≤ 0.05 and different superscript
letters (a,b,c) indicate significant differences obtained after Tukey post-hoc pairwise
comparisons.
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Conversely, all categories of FAs were highly affected by solvent in
zooplankton (F-value = 7.471, p-value < 0.001; F-value = 34.253, p-value < 0.001;
F-value = 13.634, p-value < 0.001 and F-value = 3.890, p-value = 0.02 for SFAs,
MUFAs, PUFAs and HUFAs, respectively). The main differences resulted
from fewer SFAs and HUFAs (22.8 ± 14.0% and 25.6 ± 11.6% of total FAs,
respectively) and more MUFAs (40.9 ± 12.9% of total FAs) extracted by
dichloromethane compared to chloroform (SFAs: 29.8 ± 13.4%, MUFAs: 25.1 ±
14.6% and HUFAs: 30.7 ± 13.1%) and hexane (SFAs: 30.3 ± 9.8%, MUFAs: 22.7
± 12.6% and HUFAs: 29.2 ± 17.0%) (Fig. 2.2 C). Additionally, all solvents
recovered different proportions of PUFAs, with 6.1 ± 6.5%, 8.9 ± 6.3% and 13.6
± 9.5% of total FAs extracted with chloroform, dichloromethane and hexane
respectively (Fig. 2.2 C).

Effect of solvents on proportions of fatty acids
The type of solvent used for lipid extraction significantly affected the
number and category of extracted FAs and appeared to preferentially select
some FAs while underestimated others (Table 2.3). In all planktonic groups,
16:0 was the most frequently extracted FA and was reported in nearly all
studies, regardless of the solvent used. Similarly, more than 63% of the studies
indicated the presence of 14:0 and 16:1(n-7).
In heterotrophic bacteria, studies using MTBE always reported the SFAs
12:0 and 18:0 but not 13:0, which was extracted using all other solvents. Only
26% and 32% of studies using chloroform found 12:0 and 13:0 respectively,
while 50% of studies using hexane found both SFAs (Table 2.3). Both 12:0 and
18:0 were identified after most chloroform extractions in phytoplankton, more
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Table 2.3 Frequency (number of papers where the fatty acid (FA) was found out of
the total number of papers, %) of FAs from 113 papers using different solvents (C,
chloroform; D, dichloromethane; H, hexane; M, methyl-tert-butyl ether; T, toluol) for
lipid extraction in heterotrophic bacteria, phyto- and zooplankton. Frequency ranges
from 0 to 100%. FAs found in < 15% of studies are not displayed. Significant

PUFA

MUFA

SFA

differences based on chi-square tests are indicated by (*) (p-value ≤ 0.05).

FAs
12:0
13:0
14:0
15:0
16:0
17:0
18:0
20:0
24:0
14:1(n-x)
15:1(n-x)
16:1(n-5)
16:1(n-7)
16:1(n-9)
17:1(n-x)
18:1(n-7)
18:1(n-9)
20:1(n-7)
20:1(n-9)
22:1(n-9)
22:1(n-11)
16:2(n-3)
16:2(n-4)
16:2(n-7)
16:3(n-x)
16:4(n-1)
16:4(n-3)
18:2(n-6)

C

Heterotrophic bacteria
D
H
M

26% * 67%
32%
33%
95% 100%
95% 100%
100% 100%
95% 100%
95% 100%

50% 100% * 47% *
50% *
*
100%
100%
91%
100%
100%
32%
100%
100%
100%
100%
100%
12%
100%
95% *
33% * 10%
8% *
58% 100% *
*
*
12%
47% 100% * 50%
67%
26% *
7%
100% 100%
100%
100%
90%
42% 0%
50% * 67% * 15% *
63% * 100%
100%
100%
3%
63% 100% * 50%
*
40%
95% 100%
*
100%
94%

*
86%
43%
100%
57%

*

20%

97%
78% *
40%
*
100%
100%
38% *
30% * 22%
7%
1%
19% *

67%
*

71% *
71%

53%
95%

*
67%

7%

16% *

37% *

6%
29%
66%

29%
*
43%

67% *

C

36% *
99%
52% *

*
*
43%
29%
14%
71%
71%
29%
100% *
29%

26% *

16%

14% *
14%
29%
57%

53%
44%
52%
44%
7%
86%
44%
40%
68%
8%
15%

27%
81%
4%
7%
7%
67%

*
*
*

*

Zooplankton
D
H

T

71%
43% *

21%
36%
34%
18%
8%
93%
70%
36%
73%
30%
9%
12%
14%
50%
84%

18:5(n-3)
HUFA

Phytoplankton
D
H

10%
3%

18:3(n-3)
18:3(n-6)
18:4(n-3)
20:2(n-6)
20:3(n-6)
20:4(n-3)
20:4(n-6)
20:5(n-3)
22:4(n-3)
22:5(n-3)
22:5(n-6)
22:6(n-3)

C

33% *
*
*
*
67%
78% *
*
56%

33%
44%

22% *
33%

91%
37%
99%
42%
92%
32%
6%
13%
6%
19%
96%
12%
5%
60%
97%
25%
70%
37%
45%
24%

21% *
14%
15%
81%
70%
11%
71%
1%
32%
18%
31%
65%
98%
4% *
50%
21% *
98%

*

16%

99%
63%
41%
58%
100% 100%
29%
32%
96% 100%
3% * 63% *
29% *
*
3% * 16%
31%
89%
39% *
87% *
99%
26%
36%
29%
20%
56% *

11%
89%
*
11% *
26% *
89%
11%
68%
5% *
26%
*
11% *

51%
53%
50% *
*
*
63% *
91% 100%
47%
95% *
6%
46%
74%
*
*
44%
39%
99%
29% *
40%
3%
96%

53% *
42% *
32%
32%
79%
*
32%
89%
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frequently than using other solvents. However, 38% of studies using
dichloromethane reported 17:0, which was only found in 12% of studies using
chloroform. Additionally, more than 56% of studies reported 18:1(n-9), 18:2(n6) and 18:4(n-3) in phytoplankton regardless of the solvent used (Table 2.3).
In zooplankton, more than 80% of the studies indicated the presence of 18:0,
16:1(n-7), 18:1(n-9), 18:2(n-6), 20:5(n-3) and 22:6(n-3), independently from the
solvent. Both chloroform and hexane frequently extracted 18:3(n-3), 18:4(n-3)
and 20:4(n-6), which were only found in less than 50% of the studies using
dichloromethane as a solvent (Table 2.3). Additionally, the SFA 14:0 was
found only in 63% of the zooplankton profiles by hexane, while it was present
in more than 91% of the profiles by chloroform and dichloromethane.

In heterotrophic bacteria, all solvents extracted similar proportions of
most FAs (Table 2.4), although dichloromethane, hexane and MTBE overall
extracted fewer FAs, as mentioned above (Fig. 2.3). Chloroform and
dichloromethane extracted significantly similar proportions of all FAs but the
variability across studies was high for most FAs (Table 2.4). Hexane and
MTBE found higher proportions of 12:0 (5.3% and 3.5 ± 1.4% of total FAs,
respectively) than chloroform (0.1 ± 0.1% of total FAs) (F-value = 27.392, pvalue < 0.001) (Fig. 2.3). The proportions of the MUFAs 16:1(n-7) and 18:1(n9) were highly variable across studies using chloroform and dichloromethane,
with standard deviations slightly lower or even higher than mean values
(Table 2.4). MTBE extracted a higher proportion of 16:1(n-7) (28.7 ± 10.8% of
total FAs) than chloroform (24.2 ± 18.2% of total FAs). Conversely, chloroform
extracted a higher proportion of 18:1(n-9) (22.5 ± 28.1% of total FAs) than
MTBE (0.6 ± 0.1% of total FAs) (Fig. 2.3), although no significant differences
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were observed due to the high standard deviation (Table 2.4). Using
dichloromethane as solvent, 18:1(n-9) was found in higher proportions (37.0 ±
31.0% of total FAs) than using chloroform, and this FA was not found with
hexane extractions (Fig. 2.3). Low proportions of PUFAs and HUFAs, such as
18:2(n-6), 20:5(n-3) and 22:6(n-3), were extracted using chloroform while none
of the other solvents extracted these FAs (Fig. 2.3).

Table 2.4 Proportions of fatty acids (FAs) (mean ± SD, % of total FAs) in heterotrophic
bacteria extracted using different solvents (chloroform, dichloromethane, hexane and
methyl-tert-butyl ether (MTBE)). Comparisons were performed using a one-way
ANOVA among solvents within each FA. Different superscript letters (a,b) indicate
significant differences (p-value ≤ 0.05) obtained using Tukey post-hoc pairwise
comparisons.

Fatty acids
12:0
13:0
14:0
15:0
16:0
17:0
18:0
20:0
14:1(n-x)
15:1(n-x)
16:1(n-5)
16:1(n-7)
16:1(n-9)
17:1(n-x)
18:1(n-7)
18:1(n-9)
18:2(n-6)
20:5(n-3)
22:6(n-3)

Chloroform
0.1 ± 0.1 a
1.3 ± 3.1
3.0 ± 3.4
3.0 ± 4.8
16.8 ± 10.4
2.7 ± 5.4
2.1 ± 3.3
0.3
3.2 ± 3.6
3.0 ± 5.6
1.6 ± 2.7
24.2 ± 18.2
5.2 ± 4.0
6.1 ± 8.9
3.2 ± 4.8
22.5 ± 28.1
0.2 ± 0.3
0.2 ± 0.5
3.7 ± 2.7

Solvents
Dichloromethane
0.1 ± 0.1 a
0.1 ± 0.1
2.9 ± 2.4
0.6 ± 0.1
13.5 ± 6.9
0.5 ± 0.2
3.9 ± 2.2

Hexane
5.3 b
5.2 ± 2.2
7.9 ± 7.5
19.3 ± 12.3

0.5 ± 0.6
0.3 ± 0.2
19.9 ± 16.2
0.8 ± 0.2
1.7 ± 1.4
37.0 ± 31.0

MTBE
3.5 ± 1.4 b
2.2 ± 2.2
1.3 ± 1.9
17.2 ± 1.0
1.1 ± 1.4
1.1 ± 0.4

0.6 ± 1.1
23.5 ± 7.9
2.3
4.5 ± 0.8

28.7 ± 10.8
0.4 ± 0.3
2.0 ± 2.8
0.6 ± 0.1
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Figure 2.3 Mean proportions of fatty acids (FAs) (% of total FAs) in heterotrophic
bacteria extracted using different solvents (C, chloroform; D, dichloromethane; H,
hexane; M, methyl-tert-butyl ether) based on six published papers. SFA, saturated;
MUFA, monounsaturated; PUFA, polyunsaturated; HUFA, highly unsaturated FA.

In phytoplankton, similar proportions of most FAs were extracted by
dichloromethane and chloroform, except for 16:4(n-1), which was found in
higher proportions using dichloromethane (6.6 ± 9.2% and 1.0 ± 2.3% of total
FAs using dichloromethane and chloroform, respectively) (F-value = 15.025,
p-value < 0.001) (Table 2.5). Most differences in FA proportions were found
between hexane and chloroform (Table 2.5). In contrast with heterotrophic
bacteria, hexane extracted significantly less 12:0 than chloroform in
phytoplankton, with proportions of 0.3 ± 0.6% and 2.7 ± 3.0% of total FAs
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using hexane and chloroform, respectively (Fig. 2.4). Overall, significantly less
18:1(n-7), 18:1(n-9), 16:4(n-3), 20:2(n-6), 22:4(n-3) and 22:5(n-6) and more
14:1(n-x), 16:1(n-7) and 16:4(n-1) were obtained when using hexane compared
to chloroform (Table 2.5). Using toluol, all proportions of FAs were
comparable to proportions extracted using chloroform, and only 18:1(n-9) was
different from chloroform (F-value = 3.999, p-value = 0.008), with higher
proportions extracted by toluol (12.3 ± 13.9% of total FAs) than by chloroform
(5.5 ± 7.1% of total FAs) (Table 2.5).
In contrast with the results found in heterotrophic bacteria and
phytoplankton, dichloromethane extracted slightly lower proportions of all
SFAs than chloroform in zooplankton, even though significant differences
were observed only for 14:0, 17:0 and 20:0 (Table 2.6, Fig. 2.5). However, most
MUFAs and PUFAs were found in similar proportions by dichloromethane
and chloroform, except for 16:1(n-7) and 18:1(n-9), which were found in higher
proportions using dichloromethane (15.2 ± 12.7% and 18.8 ± 11.5% of total
FAs, respectively) compared to chloroform (6.8 ± 7.0% and 8.3 ± 8.1% of total
FAs, respectively). Conversely, hexane extracted greater proportions of 15:0,
17:0, 18:0 and 20:0, and less 14:0 than chloroform (Table 2.6). Additionally, a
few MUFAs and PUFAs were found in significantly higher proportions using
hexane than chloroform, such as 22:1(n-11) which was found in proportions
10.8 ± 9.9% and 3.9 ± 4.7% of total FAs using hexane and chloroform,
respectively (Table 2.6). Similarly, the proportions of 18:2(n-6), 20:2(n-6) and
20:4(n-3) were significantly higher using hexane compared to chloroform.
Conversely, the HUFA 22:6(n-3) was less extracted by dichloromethane (10.1
± 6.0% of total FAs) than chloroform (15.6 ± 9.6% of total FAs) (Table 2.6).
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Table 2.5 Proportions of fatty acids (FAs) (mean ± SD, % of total FAs) in
phytoplankton extracted using different solvents (chloroform, dichloromethane,
hexane and toluol). Comparisons were performed using a one-way ANOVA among
solvents within each FA. Different superscript letters (a,b,c) indicate significant
differences (p-value ≤ 0.05) obtained using Tukey post-hoc pairwise comparisons.
Only FAs with proportions ³ 1% are displayed.

Fatty acids
12:0
14:0
16:0
18:0
20:0
14:1(n-x)
16:1(n-13)
16:1(n-7)
16:1(n-9)
18:1(n-7)
18:1(n-9)
20:1(n-9)
20:1(n-11)
16:2(n-4)
16:2(n-6)
16:2(n-7)
16:3(n-x)
16:4(n-1)
16:4(n-3)
18:2(n-6)
18:3(n-3)
18:3(n-6)
18:4(n-3)
18:5(n-3)
20:4(n-3)
20:4(n-6)
20:5(n-3)
22:5(n-6)
22:6(n-3)

Chloroform
2.7 ± 3.0 a
10.0 ± 9.1
20.5 ± 9.6
2.6 ± 3.5
1.4 ± 2.4
0.6 ± 1.0 a
1.5 ± 2.1
11.5 ± 12.8 a
1.0 ± 1.2
2.1 ± 2.3 a
5.5 ± 7.1 ab
1.1 ± 1.9
1.6 ± 2.4
2.6 ± 2.8
1.7 ± 3.3
1.7 ± 2.3
2.7 ± 5.5
1.0 ± 2.3 a
4.4 ± 7.1 a
3.8 ± 4.3
5.9 ± 8.7
0.8 ± 1.0
8.5 ± 9.2
4.2 ± 9.2
0.4 ± 0.6
4.3 ± 8.9
12.1 ± 10.4
1.1 ± 2.1 a
4.3 ± 5.6

Solvents
Dichloromethane
Hexane
0.3 ± 0.6 b
10.2 ± 8.8
10.2 ± 9.4
15.7 ± 7.6
20.6 ± 8.1
1.4 ± 2.1
2.8 ± 3.0

Toluol
12.1 ± 12.8
21.6 ± 10.5
3.2 ± 6.6

2.6 ± 3.2 b
8.7 ± 13.4 ab
1.1 ± 1.1
3.4 ± 3.2 a
6.5 ± 6.2 abc

17.1 ± 13.6 b
1.0 ± 1.6
0.9 ± 0.9 b
3.9 ± 5.8 ab
1.1 ± 1.9
2.2 ± 1.4

3.1 ± 4.6
6.6 ± 9.2 b
12.8 ab
2.3 ± 1.8
9.7 ± 12.6
2.7 ± 1.1
6.4 ± 3.2
2.6 ± 3.8
1.5
1.8 ± 3.0
12.8 ± 11.9
4.8 ± 8.0

1.5 ± 1.1
3.4 ± 3.1
2.2 ± 2.3 c
1.3 ± 3.7 b
3.3 ± 4.9
4.9 ± 9.2
1.6 ± 4.4
5.4 ± 6.1
1.1 ± 4.0
3.5 ± 3.8
12.8 ± 9.0
0.1 ± 0.5 b
2.8 ± 4.8

19.7 ± 17.2 ab

12.3 ± 13.9 c

1.6 ± 2.2

5.4 ± 6.1
11.3 ± 13.8
4.3 ± 3.9

2.5 ± 5.2
7.3 ± 8.0
0.6 ± 0.9 ab
2.8 ± 4.5
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Figure 2.4 Mean proportions of fatty acids (FAs) (% of total FAs) in phytoplankton
extracted using different solvents (C, chloroform; D, dichloromethane; H, hexane; T,
toluol) based on 64 published papers. SFA, saturated; MUFA, monounsaturated;
PUFA, polyunsaturated; HUFA, highly unsaturated FA.

Differences in FA composition of each plankton group were plotted using
a nMDS analysis which allowed to visualize the centroids of the distributions
and the extent of the variability for each solvent (Fig. 2.6). Overall, the nMDS
corroborated previous analyses. In heterotrophic bacteria, the centroids
grouped according to the first axis with no significant difference in the position
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Table 2.6 Proportions of fatty acids (FAs) (mean ± SD, % of total FAs) in zooplankton
extracted

using

different

solvents

(chloroform,

dichloromethane,

hexane).

Comparisons were performed using a one-way ANOVA among solvents within each
FA. Different superscript letters (a,b,c) indicate significant differences (p-value ≤ 0.05)
obtained using Tukey post-hoc pairwise comparisons.

Fatty acids
14:0
15:0
16:0
17:0
18:0
20:0
22:0
26:0
16:1(n-5)
16:1(n-7)
16:1(n-9)
18:1(n-7)
18:1(n-9)
20:1(n-7)
20:1(n-9)
20:1(n-11)
22:1(n-9)
22:1(n-11)
24:1(n-x)
16:2(n-4)
16:3(n-4)
16:4(n-1)
16:4(n-3)
18:2(n-6)
18:3(n-3)
18:4(n-3)
18:5(n-3)
20:2(n-6)
20:3(n-6)
20:4(n-3)
20:4(n-6)
20:5(n-3)
21:5(n-3)
22:5(n-3)
22:6(n-3)

Chloroform
5.7 ± 5.3 a
0.5 ± 1.1 a
15.7 ± 8.0
0.8 ± 1.2 a
5.4 ± 5.7 a
0.3 ± 0.8 a
1.7 ± 1.7
1.7 ± 1.5
0.6 ± 0.8 a
6.8 ± 7.0 a
1.8 ± 2.5
3.2 ± 2.0
8.3 ± 8.1 a
1.3 ± 1.7 a
3.9 ± 4.5
1.2 ± 1.3
1.6 ± 2.6
3.9 ± 4.7 a
0.9 ± 1.4
0.5 ± 0.3
1.3 ± 1.2 a
1.5 ± 3.0
2.3 ± 2.5 a
1.8 ± 3.5
2.6 ± 3.4
6.4
0.5 ± 0.4 a
1.0 ± 1.7
0.8 ± 1.2 a
2.1 ± 3.4
12.3 ± 6.2
0.3 ± 0.3 a
1.1 ± 1.3
15.6 ± 9.6 a
a

Solvents
Dichloromethane
4.0 ± 2.8 b
0.2 ± 0.6 a
13.3 ± 8.0
0.2 ± 0.4 b
4.5 ± 4.8 a
0.0 ± 0.1 b

0.4 ± 0.6 a
15.2 ± 12.7 b
1.8 ± 1.7
2.9 ± 2.8
18.8 ± 11.5 b
0.4 ± 0.4 b
2.8 ± 2.9
0.7 ± 1.6
1.7 ± 2.6 a
1.3 ± 1.0
0.8 ± 0.6
3.7 ± 3.7 b
a

2.7 ± 2.5
1.8 ± 2.8
3.2 ± 1.7

a

1.4 ± 2.3 ab
1.8 ± 4.8
13.1 ± 6.2
0.1 ± 0.0 b
1.4 ± 1.5
10.1 ± 6.0 b

Hexane
2.2 ± 2.3 b
1.2 ± 1.1 b
12.9 ± 6.8
1.9 ± 1.9 c
12.1 ± 7.0 b
1.0 ± 1.3 c
0.6
5.2 ± 0.9 b
7.3 ± 5.2 a
3.2 ± 1.9
7.8 ± 4.7 a
0.9 ± 0.0 ab
2.8 ± 4.5
0.9 ± 0.0
0.0 ± 0.1
10.8 ± 9.9 b
2.0 ± 0.0
2.2 ± 1.5 b
2.5 ± 1.5
5.8 ± 6.2 b
2.1 ± 2.0
2.5 ± 1.9
3.3 ± 2.4 b
2.0 ± 1.9
3.0 ± 4.4 b
1.9 ± 1.9
9.5 ± 8.5
0.9 ± 0.0 c
2.2 ± 3.3
12.8 ± 14.6 ab
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Figure 2.5 Mean proportions of fatty acids (FAs) (% of total FAs) in zooplankton
extracted using different solvents (C, chloroform; D, dichloromethane; H, hexane)
based on 51 published papers. SFA, saturated; MUFA, monounsaturated; PUFA,
polyunsaturated; HUFA, highly unsaturated FA.

in the nMDS (PERMANOVA, F-value = 0.592, p-value = 0.71), but because of a
low number of FA profiles obtained using dichloromethane, hexane and MTBE,
the variability around the centroids was reduced (Fig. 2.6 A). The centroids of
the distribution of the FA composition in phytoplankton aligned according to
the first axis and significantly differed (F-value = 3.269, p-value = 0.002), with a
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slight offset of hexane compared to chloroform (F-value = 8.543, p-value = 0.006)
(Fig. 2.6 B). However, because of the high variability among FA profiles, the
polygons around the centroids almost entirely overlapped. Like in
phytoplankton, the positions of the centroids of FA profiles in zooplankton
obtained using all solvents were also close in the nMDS although significant
differences were observed between chloroform and the two other solvents (Fvalue = 16.598, p-value = 0.003 and F-value = 10.629, p-value = 0.003 for
dichloromethane and hexane, respectively), and the distribution around the
centroids overlapped (Fig. 2.6 C).
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Figure 2.6 Non-parametric multidimensional scaling (nMDS) plot based on a
Euclidean distance of fatty acid (FA) composition (% of total FAs) in A. heterotrophic
bacteria, B. phytoplankton, and C. zooplankton according to the solvent used during
lipid extraction (C, chloroform; D, dichloromethane; H, hexane; M, methyl-tert-butyl
ether; T, toluol). Proportions of FAs were transformed (log + 1) prior analysis. Points
represent the centroids of the distribution.
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Discussion
The present chapter is a review synthesis based on a non-exhaustive
literature review which included only published studies that reported the FA
composition of marine planktonic organisms (Annexes 2.1, 2.2, 2.3). The
analytical approach used here allowed a quantitative synthesis of results from
multiple studies and is being increasingly used in ecology to compare large
datasets and find patterns (for e.g. Cañavate, 2019; Gurevitch et al., 2001;
Vanderklift and Ponsard, 2003). Here, FA profiles of marine planktonic
organisms were collected from a selection of published papers and the use of
different solvents for lipid extractions was compared. Overall, results
indicated that the comparability across studies using different solvents may
be limited and depends on the type of organism, lipid classes and biological
matrix.

The high toxicity and potential environmental impact of chloroform have
raised concern about its use and forced to find alternative solvents for lipid
extraction. However, solvents that have replaced chloroform to extract FAs
from organisms and tissues have been seldom tested for their efficiency to
quantitatively recover FAs in comparison with chloroform (Cequier-Sánchez
et al., 2008; Grima et al., 1994; Li et al., 2014; Ryckebosch et al., 2012; Schmitz et
al., 2019; Somashekar et al., 2001). In the present review synthesis, which
included 113 papers, the following solvents (chloroform, dichloromethane,
hexane, toluol and MTBE) were found to affect the number, categories and
proportions of FAs in marine heterotrophic bacteria, phyto- and zooplankton.
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Dichloromethane has been used extensively to extract lipids in marine
plankton, particularly in zooplankton, based on the assumption that total lipid
recovery was similar to chloroform (Cequier-Sánchez et al., 2008). Indeed, the
present findings showed that in heterotrophic bacteria and phytoplankton,
dichloromethane recovered similar numbers and relative proportions of FAs
compared to chloroform (Tables 2.4, 2.5). However, dichloromethane
extracted slightly different proportions of FAs in zooplankton (Table 2.6),
which may be explained, at least in part, by the differences in the polarity of
the two solvents (polarity index 4.1 and 3.1 in chloroform and
dichloromethane, respectively). Zooplankton essentially store non-polar
lipids (triacylglycerols and wax esters) that are mainly composed of 18:1(n-9),
16:1(n-7), 16:0 and 20:5(n-3) while polar lipids such as phospholipids consist
of 22:6(n-3), 20:5(n-3) and 16:0 (Falk-Petersen et al., 2000; Lee et al., 2006).
Dichloromethane may therefore have a higher affinity with triacylglycerols
and wax esters due to its lower polarity and therefore preferentially extract
higher proportions of 18:1(n-9) and 16:1(n-7). Conversely, chloroform may
extract higher proportions of 22:6(n-3) contained in phospholipids because of
its higher polarity. Consequently, my results suggested that proportions of
FAs obtained using either chloroform or dichloromethane may not be
completely comparable across studies and biological matrices despite the fact
that several FA profiles using either one or the other solvent are available for
zooplankton (Kattner and Krause, 1989; Lischka and Hagen, 2007; Peters et al.,
2004; Wang et al., 2015).

Even though dichloromethane is less toxic for human health, it still is a
potential environmental risk (WHO, 2000) and will need to be replaced in time
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by less hazardous solvents. Hexane and toluol have proved to be as efficient
as chloroform to extract lipids in microalgae (Guckert et al., 1988; Ramluckan
et al., 2014; dos Santos et al., 2015; Shin et al., 2014; Somashekar et al., 2001).
Both solvents are non-polar, although hexane (polarity index 0.1) has the
lowest polarity index (toluol: polarity index 2.5). Because hexane has higher
affinity for non-polar lipids and performs a lower recovery of polar lipids
(Guckert et al., 1988), some FAs located in membranes may not be extracted
completely by this solvent (Erwin, 1973). Thus, hexane has been used in
combination with more polar solvents such as ethanol (96%) and isopropanol,
which allowed to extract very similar FA compositions in microalgae
compared to chloroform and dichloromethane (Grima et al., 1994; Li et al.,
2014). Despite the addition of more polar solvents, some mixtures, like
hexane:isopropanol (3:2 volume:volume), extracted more SFAs and less
MUFAs than other solvents in heterotrophic bacteria, as observed in fungi
(Somashekar et al., 2001), and slightly less PUFAs and HUFAs than chloroform
in phytoplankton, as in microalgae (Guckert et al., 1988). Even though toluol
has been used as a solvent to extract FAs in marine phytoplankton (Lang et al.,
2011; Thompson et al., 1992; Vansteenbrugge et al., 2016), it extracted about
half FAs compared to other solvents (Table 2.2).

Only a few FA compositions have been determined after lipid extraction
using MTBE and proportions of FAs appeared to be similar between MTBE
and chloroform extractions in various biological matrices, such as mouse
tissues, worm eggs and bacteria (Matyash et al., 2008). Only three bacterial FA
profiles were extracted with MTBE and they belonged to the class
Gammaproteobacteria. This class is characterized by a low 18:1(n-9) content
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(Bowman et al., 1998; Oliver and Colwell, 1973), which may explain, at least in
part, the lower proportions obtained using MTBE compared to chloroform
and dichloromethane, where FA profiles were obtained not only from
Gammaproteobacteria but also from other bacterial classes with higher 18:1(n9) content (Carpenter et al., 1997; Zabeti et al., 2010). Because comparisons of
FA composition on other biological matrices using MTBE and other solvents
have not been performed to date, the fact that lipid yields indicate that MTBE
is an effective solvent to extract lipids in microalgae (Gorgich et al., 2020)
suggests that this solvent may replace toxic and environmentally hazardous
solvents for lipid extraction. However, a direct comparison of the FA profiles
extracted using MTBE and other solvents on the same matrix are needed to
ensure the comparability of FA profiles across studies.

Although the differences in FA composition observed in this study may
depend on the affinity of the solvent towards the lipid classes of the organisms
considered, the penetration of the solvent mixture in the biological matrix may
also significantly affect the extraction of lipids and FAs (Iverson et al., 2001).
The present study did not account for the use of pre-treatment (Lee et al., 2010)
and extraction time (Ramluckan et al., 2014), which may affect the process of
lipid extraction (Ryckebosch et al., 2012) and therefore the proportions of FAs
(Li et al., 2014). The majority of FAs in heterotrophic bacteria are bounded in
various proteins and carbohydrates while free FAs are a minor proportion of
total FAs (O’Leary, 1962). Free FAs are easily extracted by organic solvents but
FAs bounded to proteins and carbohydrates are not soluble in solvents and
require specific treatments before extraction (Hofmann et al., 1955). In
phytoplankton, cells are surrounded by a wall whose thickness may reduce
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the penetration of solvents (Ryckebosch et al., 2012). Pre-treatments to break
cell walls, such as bead-beating, microwaves or sonication, are thus necessary
to allow an efficient lipid extraction from plants and algae (Lee et al., 2010).
Similarly, chitin exoskeletons in crustaceans or collagen in cnidarians may
reduce the penetration of solvents into tissues.

In addition to these sources of variability, in most studies, extractions
were performed using the basic Folch method, but modifications were
sometimes made by the authors without a clear description of the protocol
they used. Few studies that compared the effect of extraction methods on lipid
content found a difference in the recovery of lipids according to the method
used, even when the same main solvents were employed (Cequier-Sánchez et
al., 2008; Honeycutt et al., 1995; Matyash et al., 2008; Ryckebosch et al., 2012).
However, the FA composition of fish and invertebrates was comparable
among some tested protocols (Iverson et al., 2001). Nevertheless, modifications
of the protocols potentially affected the proportions of extracted FAs.
Despite the large dataset used and the statistical tests applied, this review
synthesis has indeed some limitations, due to the fact that accurate estimates
and potential sources of bias coming from effect size, quality weighting or
publication bias (Lau, 1997). Therefore, the outcomes of the analysis were only
based on the proportional data of FA composition and the conclusions should
be interpreted with appropriate caution. In future works, major sources of bias
(i.e. effect size, publication bias) will be investigated in order to obtain more
rigorous results and more supported conclusions.
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Conclusions
This review synthesis highlighted that solvents affect the number and
proportions of different FAs in marine planktonic organisms. Solvents
showed selectivity toward some FAs during lipid extraction, which may be
explained in part by the nature of the biological matrices. The diverse effects
of solvents on FAs may limit their comparison across studies where different
solvents and methods were used. Although within-group variability in FA
composition may be an important source of variability within FA
compositions, the present results suggest that FA profiles obtained using
different solvents may not be comparable. Consequently, comparisons of FA
profiles extracted with diverse solvents from the same biological matrix are
required to corroborate the comparability of FA profiles across studies.
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Annexes

Annex 2.1 Taxonomic arrangement of marine heterotrophic bacteria genera included

in the review synthesis and the solvents used during lipid extraction. C, chloroform;

D, dichloromethane; H, hexane; M, methyl-tert-butyl ether.

Class
Phylum Bacillariophyta
Bacillariophyceae

H
C
C
C

5
2
1
2

Planothidium
Pseudonitzschia
Sellaphora

T
C

1
14

Phaeodactylum

C
C
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C
C
C
C
C
C
C
C
C
C
C
C
C
C

2
8
1
1
3
1
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1
1
1
3
2
1
1
1
2
14

Number of
FA profiles Solvent

Achnanthes
Achnanthidium
Amphiprora
Amphora
Asterionella
Craticula
Cylindrotheca
Eolimna
Eunotia
Fistulifera
Fragilaria
Gomphonema
Hantzschia
Haslea
Mayamaea
Navicula
Nitzschia

Genus
Mitani et al., 2017
Mitani et al., 2017
Dunstan et al., 1994
Dunstan et al., 1994
Mitani et al., 2017; Viso and Marty, 1993
Mitani et al., 2017
Dunstan et al., 1994; Liang et al., 2001; Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Dunstan et al., 1994; Mitani et al., 2017; Renaud et al., 1999
Mitani et al., 2017
Mitani et al., 2017
Dunstan et al., 1994
Mitani et al., 2017
Dunstan et al., 1994; Renaud et al., 1999
Claustre et al., 1989; Dunstan et al., 1994; Liang et al., 2001;
Mitani et al., 2017; Pratoomyot et al., 2005; Renaud et al.,
1999; Viso and Marty, 1993
Lang et al., 2011
Liang et al., 2001; Reis Batista et al., 2014; Siron et al., 1989;
Viso and Marty, 1993; Zhukova and Aizdaicher, 1995
Thompson et al., 1992
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017

Reference

CHAPTER II Annexes

83

Annex 2.2 Taxonomic arrangement of marine phytoplankton genera included in the

review synthesis and the solvents used during lipid extraction. C, chloroform; D,

dichloromethane; H, hexane; T, toluol. (1/7)

Mediophyceae

Coscinodiscophyceae

Class
Phylum Bacillariophyta
Bacillariophyceae
C
C
C
C
C
C
C
C
C

D
H
C
C
C
C
C
C

D
H
T

1
2
1
1
1
1
1
2
19

1
17
1
1
1
2
28
9

1
9
1

Tabellaria
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Thalassiothrix
Coscinodiscus
Melosira
Rhizosolenia
Triceratium
Biddulphia
Chaetoceros

Ditylum
Eucampia
Lithodesmium
Odontella
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Thalassiosira

Genus

Number of
FA profiles Solvent
Mitani et al., 2017
Dunstan et al., 1994; Mitani et al., 2017
Dunstan et al., 1994
Dunstan et al., 1994
Renaud et al., 1994
Dunstan et al., 1994
Mitani et al., 2017
Volkman et al., 1980
Liang et al., 2001; Miller et al., 2012; Mitani et al., 2017; Nanton and
Castell, 1998; Reis Batista et al., 2014; Renaud et al., 1999; Viso and
Marty, 1993; Volkman et al., 1989; Xu et al., 2012; Zhukova and
Aizdaicher, 1995
Boelen et al., 2013
Lim et al., 2012; Thompson et al., 1992
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Ackman et al., 1964; Dunstan et al., 1994; Mitani et al., 2017; Renaud
et al., 1999; Zhukova and Aizdaicher, 1995
Broglio et al., 2003; Dunstan et al., 1994; Graeve et al., 1994, 2005;
Parrish et al., 2012; Pratoomyot et al., 2005; Viso and Marty, 1993;
Volkman et al., 1989
Boelen et al., 2013
Thompson et al., 1992; Whyte, 1988
Lang et al. 2011

Reference
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Annex 2.2 Continued. (2/7)
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Cryptophyceae

Chroomonas
Cryptomonas
Hemiselmis

C
C
C

Mitani et al., 2017; Volkman et al., 1989; Zhukova and Aizdaicher, 1995
Mitani et al., 2017; Renaud et al., 1999
Mitani et al., 2017

T
T
C

1
1
1
18
22
1

Lang et al., 2011
Lang et al., 2011
Pratoomyot et al., 2005

C

1

Nannochloris

Trebouxiophyceae

Chlorella

Platymonas
Scenedesmus
Mamiellophyceae
Micromonas
Pyramimonadophyceae Pycnococcus
Pyramimonas
C
C
C
C
C
D
C

Klein Breteler et al., 2004
Thompson et al., 1992
Xu et al., 2012
Pratoomyot et al., 2005
Dunstan et al., 1992
Dunstan et al., 1992
Dunstan et al., 1992; Reis Batista et al., 2014; Tzovenis et al., 2009
Boelen et al., 2013
Dunstan et al., 1992; Guzmán et al., 2011; Matsunaga et al., 1995;
Pratoomyot et al., 2005; Renaud et al., 1994; Xu et al., 2012
Volkman et al., 1989

D
H

Chlorophyceae

1
5
1
1
2
1
3
1
12

H

4

Dunstan et al., 1992; Guzmán et al., 2011; Pratoomyot et al., 2005; Reis
Batista et al., 2014; Renaud et al., 1999; Tzovenis et al., 2009; Viso and
Marty, 1993; Volkman et al., 1989
Lim et al., 2012
Reis Batista et al., 2014
Parrish et al., 2012; Viso and Marty, 1993; Volkman et al., 1989; Zhukova
and Aizdaicher, 1995

Reference

C
C

C

15

Number of
FA profiles Solvent

1
8

Tetraselmis

Genus

Brachiomonas
Dunaliella

Class
Phylum Chlorophyta
Chlorodendrophyceae
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Pyramimonadophycea
e

Phylum Haptophyta
Coccolithophyceae

2
1
1
2

Ochrosphaera
Phaeocystis
Platychrysis
Pleurochrysis

Gephyrocapsa
Helicosphaera
Hyalolithus
Hymenomonas
Isochrysis

1
2
6
1
1
1
1
5
1
1
2
1
1
2
1
27

1

16

Calcidiscus
Calyptrosphaera
Chrysochromulina
Chrysoculter
Coccolithus
Corisphaera
Crystallolithus
Emiliania

Teleaulax

Class
Genus
Phylum Cryptophyta
Rhodomonas
Cryptophyceae

C
C
C
C

C
C
C
C
C
C
C
C
D
T
C
C
C
C
H
C

H

C

Number of
FA profiles Solvent

Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Volkman et al., 1981
Mitani et al., 2017; Volkman et al., 1981
Boelen et al., 2013
Lang et al., 2011
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017; Volkman et al., 1981
Lim et al., 2012
Dunstan et al., 1993; Guzmán et al., 2011; Mitani et al., 2017; Nanton
and Castell, 1998; Parrish et al., 2012; Renaud et al., 1991; Roncarati
et al., 2004; Volkman et al., 1981, 1989; Xu et al., 2012
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017

Drillet et al., 2006; Mitani et al., 2017; Parrish et al., 2012; Renaud et
al., 1999; Veloza et al., 2006
Jang et al., 2017

Reference
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Phylum Miozoa
Dinophyceae

C
C
C
C
C
C

3
3
3
4
8
4

Scrippsiella

Amphidinium

Gyrodinium
Heterocapsa
Karenia
Karlodinium
Prorocentrum

C
H
C
H
C
C
C
C
C

C
C
C
C
H
T

Cystodinium
ND
Fragilidium
Gonyaulax
Gymnodinium

1

16
7

1
3

2

5
1
3
1
1
1
1
1
14

Alexandrium

Class
Genus
Phylum Haptophyta
Coccolithophyceae Prymnesium
Syracosphaera
Umbilicosphaera
Pavlovophyceae
Pavlova

Number of
FA profiles Solvent

Cho et al., 2001; Leblond and Chapman, 2000
Hammann et al., 2013
Graeve et al., 1994; Řezanka et al., 2017; Viso and Marty, 1993
Jang et al., 2017
Řezanka et al., 2017
Claustre et al., 1989
Mansour, Volkman, Jackson, et al., 1999
Leblond and Chapman, 2000
Leblond and Chapman, 2000; Mansour, Volkman, Jackson, et al., 1999;
Mansour et al., 2003; Mooney et al., 2007; Nichols et al., 1984; Zhukova and
Leblond and Chapman,
Aizdaicher,
2000;
1995
Veloza et al., 2006
Leblond and Chapman, 2000
Mooney et al., 2007
Mooney et al., 2007
Leblond and Chapman, 2000; Mansour, Volkman, Holdsworth, et al., 1999;
Nichols et al., 1984; Viso and Marty, 1993
Harvey et al., 1988; Leblond and Chapman, 2000; Mansour, Volkman,
Jackson, et al., 1999; Viso and Marty, 1993

Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Dunstan et al., 1993; Mitani et al., 2017; Volkman et al., 1989; Xu et al., 2012
Lim et al., 2012; Thompson et al., 1992
Lang et al., 2011

Reference

CHAPTER II Annexes

87

Annex 2.2 Continued. (5/7)

Nannochloropsis

Symbiodinium
Takayama

Genus

Pelagophyceae

Olisthodiscus

Heterosigma

Gonyostomum
Haramonas

Chloromorum
Fibrocapsa

Chrysophaeum
Pelagomonas
Phaeothamniophyceae Aurearena
Glossomastix
Pinguiophyceae
Phaeomonas
Chattonella
Raphidophyceae

Phylum Ochrophyta
Eustigmatophyceae

Dinophyceae

Class
Phylum Miozoa

C
C
C
C
C
C
H
D
C
D
H
C
C
H
C
H
T
C
H

5
1
7
1
2
1
1
1
8
3
1
4
1

C

C
C

2
9
3
2
1
27

23

1
2

Number of
FA profiles Solvent

Mostaert et al., 1998
Marshall et al., 2002; Mitani et al., 2017; Nichols et al., 1987
Jang et al., 2017; Mostaert et al., 1998
Lang et al., 2011
Marshall et al., 2002; Mitani et al., 2017
Mostaert et al., 1998

Dunstan et al., 1993; Mitani et al., 2017; Renaud et al., 1991;
Roncarati et al., 2004
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Mitani et al., 2017
Dorantes-Aranda et al., 2013; Marshall et al., 2002; Mitani et al.,
2017; Nichols et al., 1987; Terasaki and Itabashi, 2002
Mostaert et al., 1998
Giner et al., 2008
Marshall et al., 2002; Mitani et al., 2017
Boelen et al., 2013
Mostaert et al., 1998
Mitani et al., 2017
Mitani et al., 2017

Mansour, Volkman, Jackson, et al., 1999
Mooney et al., 2007

Reference
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Porphyridium

Genus

Trichodesmium
Xenococcus

Dermocarpella
Gloeothece
Lyngyba
Myxosarcina
Nostoc
Oscillatoria
Phormidium
Pleurocapsa
Spirulina
Synechococcus

Phylum Cyanobacteria
Alphanocapsa
Cyanophyceae
Anacystis
Calothrix
Chamaesiphon
Chroococcidiopsis
Dermocarpa

Class
Phylum Rhodophyta
Porphyridiophyceae

1
2
1
1
2
2
2
1
1
1
1
1
2
3
1
1
10
1
4
1
6
1
1

39
1
C
C
C
C
H
H
C
H
C
C
H
T
C
C
H
C
C
H
C
T
C
H
C

C
H

Number of
FA profiles Solvent

Viso and Marty, 1993
Pratoomyot et al., 2005
Sahu et al., 2013
Matsunaga et al., 1995
Caudales et al., 2000
Caudales et al., 2000
Matsunaga et al., 1995
Caudales et al., 2000
Matsunaga et al., 1995
Sahu et al., 2013
Caudales et al., 2000
Lang et al., 2011
Matsunaga et al., 1995; Sahu et al., 2013
Al-Hasan et al., 1989; Matsunaga et al., 1995
Caudales et al., 2000
Al-Hasan et al., 1989
Matsunaga et al., 1995; Merritt et al., 1991; Pratoomyot et al., 2005
Yu et al., 2000
Al-Hasan et al., 1989; Pratoomyot et al., 2005; Viso and Marty, 1993
Lang et al., 2011
Carpenter et al., 1997
Caudales et al., 2000
Matsunaga et al., 1995

Cohen, 1990; Cohen et al., 1988, 1997; Zhukova and Aizdaicher, 1995
Durmaz et al., 2007

Reference

CHAPTER II Annexes

89

Annex 2.2 Continued. (7/7)

Oncaea

Scolecithrix
Oithona

Harpacticoida Amonardia

Cyclopoida

Rhincalanus

Centropages
Drepanopus
Eucalanus
Euchaeta
Labidocera
Limnocalanus
Neocalanus
Pseudocalanus

Acrocalanus
Calanoides
Calanus

Order
Genus
Phylum Arthropoda
Calanoida
Acartia
C
D
H
C
C

D
H
D
H
H
H
D
C
C
D
C
H
H
C
D
C
H
C

3
2
2
1
38

7
1
3
2
1
2
10
8
4
24
1
1
1
9

17
3
1
4

Number of
FA profiles Solvent
Drillet et al., 2006; Jeffries, 1970
Peters et al., 2004
Lavaniegos and López-Cortés, 1997
Kattner and Hagen, 1995
Connelly et al., 2014; Graeve et al., 1994, 2005; Kattner and Hagen, 1995;
Kattner and Krause, 1989; McMeans et al., 2012; Parrish et al., 2012;
Sargent and Falk-Petersen, 1988
Peters et al., 2004
Lavaniegos and López-Cortés, 1997
Peters et al., 2004
Lavaniegos and López-Cortés, 1997
Lavaniegos and López-Cortés, 1997
Lavaniegos and López-Cortés, 1997
Peters et al., 2004
El-Sabaawi et al., 2009
Kattner and Krause, 1989; Parrish et al., 2012
Lischka and Hagen, 2007; Peters et al., 2004, 2006
Kattner and Hagen, 1995
Lavaniegos and López-Cortés, 1997
Lavaniegos and López-Cortés, 1997
Barroso et al., 2015; Ben-Amotz et al., 1987; Dinesh Kumar et al., 2017;
Kattner et al., 2003; Pond and Ward, 2011; Santhanam and Perumal, 2012
Lischka and Hagen, 2007
Kattner et al., 2003
Lavaniegos and López-Cortés, 1997
Nanton and Castell, 1999

Reference
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Annex 2.3 Taxonomic arrangement of marine zooplankton genera included in the

review synthesis and the solvents used during lipid extraction. C, chloroform; D,

dichloromethane; H, hexane. (1/4)

Amonardia
Euterpina
Tisbe
Pandalus
Euphausiidae
Meganyctiphanes
Boreomysis
Erythrops
Metamysidopsis
Michthyops
ND
Mysis
Parerythrops
Pseudomma

Genus

Phylum Chaetognatha
Flaccisagitta
Aphragmophora
Parasagitta
Pseudosagitta
Sagitta
ND
Chaetognatha
Phylum Chordata
Pyrosoma
Pyrosomatida
Cyclosalpa
Salpida
Salpa

Mysida

Decapoda
Euphausiacea

Order
Phylum Arthropoda
Harpacticoida

C
C
C
C
D
C
C
C
H

1
2
10
1

C
C
C
C
C
C
C
C
C
C
C
C
C
C

3
1
4
1
1

4
1
13
2
1
14
1
1
1
1
1
1
1
1

Number of
FA profiles Solvent

Culkin and Morris, 1970
Wang et al., 2015
Culkin and Morris, 1970; Phleger et al., 1998; Tilves et al., 2018; Wang
et al., 2015
Mimura et al., 1986

Wang et al., 2015
Connelly et al., 2014
Phleger et al., 1998; Wang et al., 2015
Wang et al., 2015
Peters et al., 2004

Nanton and Castell, 1999
Ben-Amotz et al., 1987
Drillet et al., 2006; Nanton and Castell, 1998, 1999; Parrish et al., 2012
Ackman and Eaton, 1967
Tilves et al., 2018
Ackman and Eaton, 1967; Mayzaud et al., 1999
Connelly et al., 2014
Connelly et al., 2014
Guevara et al., 2005
Connelly et al., 2014
Tilves et al., 2018
Connelly et al., 2014
Connelly et al., 2014
Connelly et al., 2014

Reference
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Semaeostomeae

Trachymedusae
Coronatae
Rhizostomeae

Phylum Ciliophora
Cyclotrichiida
Oligotrichida
Euplotida
Tintinnida
Phylum Cnidaria
Anthoathecata
Siphonophorae

Order
Phylum Chordata
Salpida

C
C
C
C
C
C
C
C
C
C
C
C
C

D
H

2
1
1
2
1
1
3
1
3
1
1
1
7

1
1

Calycopsis
Chelophyes
Dimophyes
Diphyes
ND
Arctapodema
Periphylla
Cotylorhiza
Rhizostoma
Rhopilema
Stomolopus
Atolla
Aurelia

D
D
C
C

C
C
C

1
3
2
1

1
4
1

Mesodinium
Strombidium
Euplotes
ND

Soestia
Thalia
Thetys

Genus

Number of
FA profiles Solvent

Nelson et al., 2000; Phleger et al., 1998
Wang et al., 2015
Nelson et al., 2000
Nelson et al., 2000
Tilves et al., 2018
Phleger et al., 1998
Phleger et al., 1998
Leone et al., 2015
Holland et al., 1990; Leone et al., 2015; Prieto et al., 2018
Svetashev, 2019
Joseph, 1979
Nelson et al., 2000
Fukuda and Naganuma, 2001; Holland et al., 1990; Hooper and
Ackman, 1973; Kariotoglou and Mastronicolis, 2001; Leone et al., 2015;
Svetashev, 2019; Wang et al., 2015
Ying et al., 2012
Wakabayashi et al., 2016

Broglio et al., 2003; Klein Breteler et al., 2004
Broglio et al., 2003
Zhukova and Kharlamenko, 1999
Claustre et al., 1989

Wang et al., 2015
Wang et al., 2015
Wang et al., 2015

Reference
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Pleurobrachia

Lobata

Bolinopsis
Mnemiopsis
Phylum Euglenozoa
Parabodonida Bodo
Phylum Rotifera
Brachionus
Ploima

Cydippida

Pelagia
Stygiomedusa
Phylum Ctenophora
Beroe
Beroida

Cyanea

Genus
Order
Phylum Cnidaria
Semaeostomeae Chrysaora
C
H
C
D
C
C
C
H
C
H
C
H
C
C
H

2
1
2
1
2
1
6
1
3
1
1
1
2
12
2

Number of
FA profiles Solvent

Ben-Amotz et al., 1987; Drillet et al., 2006; Lubzens et al., 1985;
Rainuzzo et al., 1994; Santhanam and Perumal, 2012
Whyte, 1988

Zhukova and Kharlamenko, 1999

Nelson et al., 2000; Phleger et al., 1998; Wang et al., 2015
Vansteenbrugge et al., 2016
Nelson et al., 2000; Wang et al., 2015
Vansteenbrugge et al., 2016
Nelson et al., 2000
Vansteenbrugge et al., 2016

Holland et al., 1990; Joseph, 1979
Wakabayashi et al., 2016
Holland et al., 1990; Sipos and Ackman, 1968
Ying et al., 2012
Cardona et al., 2015; Tilves et al., 2018
Nelson et al., 2000

Reference
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CHAPTER III
COMPARISON OF THE EFFECT OF THREE SOLVENTS FOR LIPID EXTRACTION
ON FATTY ACID COMPOSITION AND STABLE ISOTOPE VALUES IN MARINE
PLANKTON

Abstract
In ecological studies, fatty acids (FAs) and stable isotopes (SIs) are often used,
alone or in combination, as biochemical markers to estimate the contribution of
different prey to the diet of predators and define food web structure and dynamics.
Both approaches require the extraction of lipids to determine SI values unbiased
by lipid content and FA composition. Current protocols for lipid extraction use
mixtures of organic solvents whose effect on FA composition and SI values have
seldom been compared. In addition, the use of halogenated solvents, which are
generally toxic to humans and the environment, is being avoided or highly reduced.
In the present study, the effect of three solvents – chloroform, dichloromethane and
methyl-tert-butyl ether (MTBE) – used in combination with methanol and water in
biphasic extraction protocols was compared on the basis of (i) the yield of extracted
lipids, (ii) the extraction recovery and content of total FAs, (iii) FA composition and
(iv) SI values after lipid removal in phytoplankton, mesozooplankton and the
scyphomedusa Pelagia noctiluca, which have different lipid content and classes.
The yields of extracted lipids were similar across solvents within each group. The
extraction recovery and content of total FAs were comparable across solvents in
mesozooplankton and P. noctiluca while in phytoplankton MTBE performed better.
In all planktonic groups, FA composition presented minor differences because of
the diverse polarities of solvent mixtures and their affinity towards lipid classes.
Slight differences were observed in δ13C after lipid extraction across solvents while
differences between bulk and lipid-extracted δ15N fell within the average analytical
error. Overall, these results suggest that MTBE is a reliable substitute for the toxic
and pollutant chloroform and dichloromethane for lipid extraction in ecological
studies which require determination of FAs and SIs.
Keywords: chloroform, dichloromethane, MTBE, phytoplankton, mesozooplankton,
scyphomedusae, Pelagia noctiluca.
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Introduction
The fatty acid (FA) content and composition of marine organisms are of
wide interest for human health because of their nutritional value and potential
biotechnological applications, for example as biodiesel (Lee et al., 2011;
Williams and Burdge, 2006). In ecological studies, analyses of FA composition
together

with

stable

isotopes

(SIs)

are

considered

complementary

methodologies to estimate the relative contributions of different prey to
predators’ diet (Cardona et al., 2015), track organic matter transfer throughout
food webs (Budge et al., 2008), and define trophic webs structure and
dynamics (Madgett et al., 2019).

The first step to determine FA composition and lipid-free SIs of predators
and prey is the extraction of lipids. Total lipid extraction is performed using
diverse organic solvent systems (Iverson et al., 2001). Solvent mixtures are
typically used to exhaustively extract all lipid classes (i.e. polar and non-polar
lipids) from biological matrices by removing non-lipid compounds (for e.g.
amino acids, sugars, peptides and other water-soluble compounds) (Matyash
et al., 2008; Reis et al., 2013). Given that FA composition varies according to
different lipid classes (Leblond and Chapman, 2000; Mastronicolis et al., 1987;
Parrish et al., 2012), incomplete lipid extraction might affect the content and
composition of total FAs.
The polarity of solvents is a crucial factor to select an appropriate mixture
for the extraction of all lipid classes (Christie, 1993; Iverson et al., 2001). Polar
solvents, such as methanol, are suitable to extract complex polar lipids (i.e.
glycolipids and phospholipids) from cellular membranes that are not
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normally extracted by non-polar solvents such as n-hexane. Conversely, less
polar solvents, such as chloroform and dichloromethane, favour the extraction
of less polar and non-polar lipids (i.e. triglycerides) (Arts et al., 2009; Parrish,
2013). As a consequence, a single solvent may not be effective for a total lipid
extraction and therefore extraction protocols typically rely on mixtures of
solvents with different polarity to maximize lipid recovery. Indeed, most
procedures include a step with water partitioning of organic phases to remove
salts and other polar components that may interfere with lipid extraction
(Christie, 1993; Iverson et al., 2001).

Amongst solvent mixtures developed over time, the mixture proposed by
Foch et al. (1957) is the most commonly used for lipid extraction (Budge et al.,
2006). The mixture includes chloroform (CHCl3), methanol (MeOH) and water
with a final ratio of 8:4:3 (Folch et al., 1957). This mixture was originally
developed for animal tissues with a reduced lipid content (i.e. 1 – 4% of total
wet mass), and later was applied to a broader range of biological matrices with
higher lipid content (Iverson et al., 2001).
Because chloroform is carcinogenic and hazardous for the environment
(European Community, 2000; IARC, 1979), dichloromethane (CH2Cl2) has
replaced chloroform (Cequier-Sánchez et al., 2008) as it has similar properties
and

fewer

restrictive

regulations

(WHO,

2000).

Extractions

with

dichloromethane and methanol according to the ratio originally suggested by
Folch et al. (1957) for chloroform have been widely performed to extract lipids
from marine planktonic organisms (Broglio et al., 2003; Lischka and Hagen,
2007; Peters et al., 2004, 2006). More recently, Matyash et al. (2008) proposed to
use methyl-tert-butyl ether (MTBE) as an alternative to chloroform, with a
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final ratio of 10:3:2.5 (MTBE:methanol:water). The combination of MTBE –
which has a lower polarity compared to chloroform – and methanol allows to
extract a broad range of lipid classes (Matyash et al., 2008).
Since potential solvent mixtures for lipid extraction are numerous and
inter-laboratory standardised protocols are lacking even for the same
biological matrices or target lipids (Couturier et al., 2020), the efficiency of
solvents to recover lipids has been extensively investigated (Gorgich et al.,
2020; Honeycutt et al., 1995; Li et al., 2014; Matyash et al., 2008; Ramluckan et
al., 2014; dos Santos et al., 2015; Ulmer et al., 2018). For example, the effect of
specific solvent mixtures on total FA composition has been examined in
terrestrial plants (Cequier-Sánchez et al., 2008), fish (Cequier-Sánchez et al.,
2008), fungal cultures (Somashekar et al., 2001) and microalgal cultures (Grima
et al., 1994; Ryckebosch et al., 2012). In Chapter II, a meta-analysis of the effect
of lipid extraction solvents on the FA composition in marine plankton has
highlighted that the diverse lipid classes have a different affinity towards the
various solvent mixtures, hence studies based on different solvents, even
when applied to the same biological matrix, may result in different
proportions of FAs and cannot be compared.

In addition to the definition of FA composition, the extraction of total
lipids is often required to determine stable isotope values (Post et al., 2007).
The ratio of 13C to 12C (δ13C) is affected by a high content of lipids, which are
approximately 6 to 7‰ depleted in

13

C compared to proteins and

carbohydrates (DeNiro and Epstein, 1977). As a consequence, a high lipid
content results in a lower δ13C that may be misinterpreted as a dietary or
habitat shift (Post et al., 2007). However, lipid extraction may result in the loss
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of some non-lipid compounds such as structural proteins and nitrogenous
compounds derived from excretion (Radin, 1981) that may alter nitrogen SI
values (δ15N) (Pinnegar and Polunin, 1999). These latter compounds are
usually depleted in 15N, which ultimately causes an increase in δ15N of lipidextracted samples (Murry et al., 2006). Considered that the calculation of
trophic levels is based on δ15N, a change in δ15N may bias the interpretation of
the food web structure (Murry et al., 2006; Sotiropoulos et al., 2004).
Lipid extraction prior to SI analyses usually follows protocols that rely on
chloroform or dichloromethane as main solvents (Ingram et al., 2007; Logan et
al., 2008; Medeiros et al., 2015; Murry et al., 2006; Smyntek et al., 2007). After
lipid removal, the residual pellet is thoroughly rinsed and the solvent residues
are removed by evaporation (Pinnegar and Polunin, 1999; Sweeting et al.,
2006). However, different solvents and extraction protocols may produce
significant differences in δ13C and δ15N of lipid-free samples (Logan and
Lutcavage, 2008; Schlechtriem et al., 2003; Søreide et al., 2006). Among various
lipid extraction protocols, including the Folch et al. (1957) protocol with
chloroform, δ13C of lipid-extracted fish tissues and crustaceans differed by
about 1‰ (Logan and Lutcavage, 2008; Søreide et al., 2006), which is above the
mean trophic fractionation of δ13C calculated for marine organisms (Post, 2002;
Vander Zanden and Rasmussen, 2001). Similarly, Schlechtriem et al. (2003)
observed a significant increase in the carbon content and δ13C of lipid-free
marine diatoms compared to other solvents, whereas δ13C of marine
invertebrates and fish extracted using the same solvent showed slight
differences that were not considered relevant (< 1‰). In addition, because
some solvents, such as chloroform and dichloromethane, are not lipid-specific,
they can extract some nitrogenous compounds (Radin, 1981). Different
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solvents including chloroform and dichloromethane made δ15N to vary
according to tissue types in fish (Logan and Lutcavage, 2008) but did not alter
δ15N in diverse marine invertebrates (Søreide et al., 2006). The differences in
the SI values of the lipid-extracted samples may be explained by the different
amount of extracted lipids and the diverse content of non-polar and polar
lipids dissolved by the solvent mixtures with different polarity (Schlechtriem
et al., 2003).

Most studies about the potential effects of solvent mixtures on FA
composition or SI values after lipid removal focused on laboratory cultures of
monospecific micro-organisms. In ecological studies, samples are often made
of an assemblage of organisms with different characteristics. For example,
phytoplankton include various microalgal phyla that exhibit a wide range of
lipid classes, mainly composed of polar lipids ranging from 40 to 95% of total
lipids (Jónasdóttir, 2019). In contrast, zooplankton essentially store non-polar
lipids such as triglycerides and wax esters (Falk-Petersen et al., 2000; Lee et al.,
2006) which account for up to 98% of total lipids in Arctic copepods (Alonzo
et al., 2000). To date, the lipid classes of scyphomedusae have received little
attention, but one study has determined that Pelagia noctiluca (Forsskål 1775)
from the Aegean Sea was composed of about 74% of non-polar lipids, mostly
free FAs and triglycerides, and 26% of polar lipids (Nakhel et al., 1988).
In addition to the heterogeneous composition of their lipid classes,
planktonic organisms have very different structural matrices. Phytoplankton
vary in terms of morphological characteristics: while some species lack an
armour (naked dinoflagellates), others have evolved complex cell wall
structures such as siliceous frustules, calcareous tests and cellulose thecae
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(Tomas, 1997). Similarly, mesozooplankton possess diverse tissue types with
most species protected by a chitin exoskeleton (for e.g. copepods and
cladocerans) while some others, like appendicularians, secrete gelatinous
houses (Flood and Deibel, 1998). Scyphomedusae are mostly made of
proteinaceous compounds such as collagen, which is built by complex fibrillar
structures (Barzideh et al., 2014; Nagai et al., 1999).

The experimental work presented in this chapter was preparatory to the
ecological study described in Chapter V, for which field samples of marine
planktonic groups – phytoplankton, mesozooplankton and gelatinous
zooplankton – were collected and their FA composition and SI values
determined to define their trophic interactions. Therefore, the aim of the
present chapter was to ensure that MTBE used in place of chloroform and
dichloromethane for lipid extraction would have not biased FA composition
and SI values determined after lipid extraction, and eventually to promote the
use of MTBE in marine ecological studies. Hence, I compared (i) the yield of
extracted lipids, (ii) the extraction recovery and content of total FAs, (iii) FA
compositions, and (iv) SI values of carbon and nitrogen after lipid removal of
three types of planktonic organisms: phytoplankton, mesozooplankton and
the scyphomedusa P. noctiluca. Lipid extractions were performed using
chloroform or dichloromethane following the protocol by Folch et al. (1957)
while extractions using MTBE were done according to the protocol by
Matyash et al. (2008).
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Material and Methods
Sample collection and preparation
Phytoplankton (20 – 200 µm), mesozooplankton (200 – 2,000 µm) and the
scyphomedusa Pelagia noctiluca were collected in the Gulf of Naples (southern
Tyrrhenian Sea) between March and April 2019 (Table 3.1). Phytoplankton
and mesozooplankton samples were collected by vertical tows of 20 µm and
200 µm plankton nets respectively, from a depth of 80 m to the surface. A
specimen of P. noctiluca (bell diameter = 7.0 cm between opposite rhopalia, wet
mass = 39.21 g, dry mass = 1.83 g) was collected at the surface with a dip net.
All samples were transported to the laboratory on ice within few hours.

Table 3.1 Sampling dates and coordinates of the collection sites of phytoplankton,
mesozooplankton and the scyphomedusa Pelagia noctiluca in the Gulf of Naples
(southern Tyrrhenian Sea).
Group
Phytoplankton
Mesozooplankton
Scyphomedusa (Pelagia noctiluca)

Sampling date
04/03/2019
02/04/2019
30/04/2019

Sampling coordinates
40°48.5' N, 14°15.0' E
40°48.5' N, 14°15.0' E
40°45.4' N, 14°12.9' E

In the laboratory, phytoplankton and mesozooplankton samples were
concentrated onto a 20 µm and a 200 µm meshes, respectively, and rinsed with
filtered and sterilized seawater. Concentrated samples were frozen at – 30°C.
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P. noctiluca was rinsed with filtered and sterilized seawater and frozen whole
at – 30°C. All samples were freeze-dried and thoroughly ground and
homogenized using a mortar and a pestle. Three homogenised subsamples (20
mg of dry mass each) were used in replicates (n = 3) to perform lipid
extractions using the solvents chloroform, dichloromethane and MTBE. The
dry mass of each replicate was chosen to ensure that enough pellet was
available after lipid extractions to determine SI values of lipid-free samples.

Lipid extractions
Lipid extractions were performed by combining methanol (MeOH) as
polar solvent with less polar solvents (polarity ranging between 2.5 and 4.1):
chloroform (CHCl3), dichloromethane (CH2Cl2) or methyl-tert-butyl ether
(MTBE) (Table 3.2). Methanol, chloroform and MTBE were purchased from
Merck (Darmstadt, Germany), dichloromethane and tricosanoic acid (C23:0),
used as Internal Standard, were purchased from Sigma-Aldrich (Milano,
Italy).

Table 3.2 Polarity index of the four organic solvents used in this study.
Solvents
Methanol
Chloroform
Dichloromethane
Methyl-tert-butyl ether (MTBE)

Polarity index
5.1
4.1
3.1
2.5
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Extractions using chloroform or dichloromethane (Folch et al., 1957)
Extractions using chloroform or dichloromethane as solvents were
performed using a final ratio of 8:4:3 chlorinated solvent:methanol:water
(Folch et al., 1957). About 20 mg of homogenised grounded dry
phytoplankton, mesozooplankton and P. noctiluca were suspended with 1.2
ml of a solution of chloroform:methanol (or dichloromethane:methanol) in the
ratio 2:1. The Internal Standard (C23:0) (9 µg) was added in order to quantify
the recovery of extracted lipids. After vortexing and sonicating for 5 min,
samples were left for 1 h under constant agitation at room temperature. To
enable phase separation, 300 µl of MilliQ water were added. Samples were
thoroughly vortexed and left for an additional 10 min under constant
agitation. A subsequent centrifugation at 1,000 rpm at 4°C for 10 min allowed
to separate two liquid phases and a solid pellet (Fig. 3.1 A): the upper phase
contained water, the lower phase contained the organic solvent with extracted
lipids, and the two phases were separated at the interface by a solid cell pellet.
The lower phase containing lipids was carefully transferred into a preweighted vial using a Pasteur pipette. A second extraction step was performed
on the upper aqueous phase and the pellet to ensure a complete lipid
extraction. Additional 1.2 ml of solvent mixture were added to the aqueous
upper phase and the pellet, after 10 min at room temperature under shaking,
samples were centrifuged (1,000 rpm at 4°C for 10 min) and a separation of
phases occurred as described above. The lower phase was collected and added
to the extracted lipids previously transferred in pre-weighted glass vials. The
excess of solvent was removed under nitrogen (N2) stream and the resulting
lipid extract was further dried under vacuum. The upper phase containing the
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water was discarded while the cell pellet was processed for stable isotope
determination (see Stable isotope determination below). The yield of extracted
lipids (mg g-1 dry mass (DM) of original sample) was determined
gravimetrically (± 0.00001 g).

Figure 3.1 Distribution of the different phases resulting from lipid extractions using
A. chloroform or dichloromethane, and B. methyl-tert-butyl ether (MTBE). O, organic
phase containing lipids; W, water phase (modified after Matyash et al., 2008).

Extractions using methyl-tert-butyl ether (MTBE) (Matyash et al., 2008)
Extractions based on MTBE as solvent were performed according to a final
composition of 10:3:2.5 MTBE:methanol:water (Matyash et al., 2008).
Homogenised samples (20 µg) were suspended with 300 µl of methanol and
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9 µg of the Internal Standard (C23:0) were added. After vortexing for few
seconds, 1 ml of MTBE was added. Samples were vortexed again, sonicated
for 5 min and then left for 1 h under constant agitation at room temperature.
MilliQ water (250 µl) was added to induce phase separation and samples were
left under agitation for 10 min at room temperature. They were then
centrifuged at 1,000 rpm at 4°C for 10 min. Unlike the previous protocol, the
upper phase was made by MTBE/methanol with extracted lipids, while the
aqueous phase was below the organic phase, and the cell pellet remained at
the bottom of the tube (Fig. 3.1 B). The upper phase containing lipids was
carefully transferred into a pre-weighted vial using a Pasteur pipette. The
extraction procedure was repeated on the lower aqueous phase and the pellet
by adding 300 µl of MTBE. The extracted lipids were combined into the preweighted vials, as described above. The extracted lipids were dried under N2
stream and vacuum. The water phase was discarded and the lipid-free pellet
was processed for stable isotope determination (see Stable isotope determination
below). As for the extractions using chloroform and dichloromethane, the
yield of extracted lipids (mg g-1 DM of original sample) was determined
gravimetrically at a precision of 0.00001 g.

Methanolysis of complex lipids and methylation of free FAs
Lipid methanolysis was performed on lipids extracted using the different
solvents (chloroform, dichloromethane and MTBE) to convert bound FAs into
their corresponding methyl esters (FAMEs). Extracted lipids were dissolved
into 500 µl of methanol and a tip of spatula of sodium carbonate (Na2CO3) was
added. The mixture was left to react overnight at 45°C. The reaction mixture
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was then diluted with MilliQ water and few drops of hydrochloric acid (HCl)
[6 M] were added to neutralize the basic solution. The aqueous reaction
mixture was subsequently extracted three times with diethyl ether (Et2O);
transferred into pre-weighted vials and dried under N2 stream and then under
vacuum to remove solvent traces. Free FAs and the Internal Standard were
converted into FAMEs by adding an excess of an ethereal solution of
diazomethane (CH2N2) freshly prepared in house. After a reaction time of 60
min, samples were dried under N2 stream, dissolved in dichloromethane (150
µl) and transferred into autosampler vials for FAME analysis by Gas
Chromatography-Mass Spectrometry (GC-MS).

GC-MS analysis of fatty acid methyl esters (FAMEs)
FAMEs were analysed by GC-MS using an ion-trap mass spectrometer
operating in EI mode (70 eV) (Thermo-Scientific, Polaris Q) connected with a
gas chromatographic system (Thermo-Scientific, GCQ) equipped with a 5%
phenylmethyl polysiloxane column (30 m × 0.25 mm × 0.25 µm, Agilent, VF5ms) using high-purity helium as the gas carrier. The following temperature
gradient was applied: initial 160°C holding for 3 min, then increase of 5°C min1

up to 260°C followed by 30°C min-1 up to 310°C, holding for 3 min at 310°C;

split flow 10 ml min-1; full scan m/z 50 – 450. Injection of 2 µl. Analytical runs
were processed by using Xcalibur software (Thermo-Scientific).
FAME peaks were identified by comparing their elution times and MS
spectra with a commercial standard pool (Marine PUFA-3, 1 mg ml-1, SigmaAldrich) and the National Institute of Standards and Technology (NIST)
database as a reference.
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The extraction recovery and total FA content after extraction were
quantified by converting into the corresponding methyl ester 9 µg of the
Standard (C23:0) and processing it by GC-MS together with the samples. The
extraction recovery (%) was calculated from the area of the integrated peak of
the Internal Standard in the lipid extract compared with that of the pure
Standard. Extraction procedures and chemical analyses were performed at the
Institute for Biomolecular Chemistry (ICB) of the National Research Council
(CNR) in Pozzuoli (Italy).
Total FA content of phytoplankton, mesozooplankton and P. noctiluca
extracted using the three solvents was expressed as the relative abundance of
FAs (% of total FAs) by dividing the area resulting from the integration of each
FA peak by the total area resulting from all integrated peaks. A semiquantitative determination of FAs was expressed as mg g-1 of DM of original
sample, calculated as follows:
[FAx] = (areax / areaC23:0) × [C23:0] × (SV/DM)
where [FAx] is the final content of the FA x (mg g-1 DM of original sample),
areax and areaC23:0 are the integrated areas of the peaks of x and the Internal
Standard C23:0 in the GC-MS trace of the lipid extract, respectively, [C23:0] is
the final concentration of C23:0 [60 ng µl-1], SV is the sample volume (150 µl)
and DM is the mass of the original dry sample (g).

Stable isotope determination
All the extractions produced lipid-free pellets. They were rinsed with
MilliQ water and centrifuged at 1,000 rpm for 5 min for three times to remove
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traces of solvents. Rinsed pellets were then freeze-dried and prepared for
stable isotope determination. Lipid extracted pellet from phytoplankton (2.0 ±
0.1 mg), mesozooplankton (2.0 ± 0.1 mg) and P. noctiluca (4.0 ± 0.1 mg) were
packed into aluminium tin capsules and sent to the Stable Isotope Facility at
the University of California in Davis (USA). In addition, non-extracted (bulk)
samples of phytoplankton, mesozooplankton and P. noctiluca were prepared
for stable isotope determination and sent to UC Davis in order to define the
effect of extraction of lipids by the three solvents on δ13C and δ15N.
SI values were determined using a PDZ Europa ANCA-GSL elemental
analyser interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer
(Sercon Ltd., Cheshire, UK), with instrumental precision of ± 0.02‰ for δ13C
and ± 0.03‰ for δ15N. The final δ13C and δ15N were expressed relative to the
international standards Vienna Pee Dee Belemnite (VPDB) and air for carbon
and nitrogen, respectively.

Statistical analyses
In order to assess the efficiency of the three solvent systems in the
extraction of all lipids, differences in the yield of extracted lipids (mg g-1 DM
of original sample) were tested within each group using a one-way analysis of
variance (ANOVA) through the command aov from the R package 'stats' after
being tested for normality and homoscedasticity. When significant differences
were found, pairwise post-hoc comparisons (Tukey HSD) were performed
using the command TukeyHSD from the same package.
Likewise, to test the efficiency of solvents to extract FAs, the extraction
recovery (%) based on the recovery of the Internal Standard (C23:0) and the
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total FA content (mg g-1 DM of original sample), calculated by summing the
contents of all individual FAs, were compared among the three solvents
within each group using one-way ANOVAs and pairwise post-hoc
comparisons (Tukey HSD).

The relative abundance of FAs (% of total FAs) was compared across
solvents within each group using a permutational analysis of variance
(PERMANOVA). Two separate PERMANOVAs were performed using the FA
categories (saturated (SFAs), monounsaturated (MUFAs), polyunsaturated
(PUFAs) and highly unsaturated (HUFAs) FAs) and the individual FAs using
the command adonis2 in the R package 'vegan' (Oksanen et al., 2018). One-way
ANOVAs were performed on each FA category as well as individual FAs in
order to identify differences among solvents. The FAs that contributed most
to the differences among solvents were identified by a similarity percentage
analysis (SIMPER) based on a Euclidean distance matrix of the proportions of
FAs (% of total FAs) within each group. Results were plotted using a principal
component analysis (PCA) to show the FAs that cumulatively contributed up
to 75% of total dissimilarity. SIMPER analysis was performed using the
command simper in the package 'vegan' while the Eigenvalues to plot the PCA
were obtained using the prcomp command of the package 'stats'. Likewise, the
semi-quantitative analysis of FA composition based on the content of FAs (mg
g-1 DM of original sample) was done using PERMANOVA and ANOVA tests
on categories and individual FAs across solvents within each group.

One-way ANOVAs were performed on δ13C and δ15N to test differences
between solvents and pairwise post-hoc comparisons (Tukey HSD) were used
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when significant differences were found. Biplots of δ13C and δ15N were used
to show the extent of the dispersion within replicates and among solvents as
well as the effect of lipid extraction compared to non-extracted values. All tests
were performed at a significance level (p-value) £ 0.05 using the open-source
software RStudio (RStudio, 2016) and graphs were made using the R package
'ggplot2'.

Results
Yield of extracted lipids
In phytoplankton and mesozooplankton, the yield of extracted lipids was
similar among solvents (ANOVA, F-value = 1.64, p-value = 0.27 and F-value =
0.36, p-value = 0.71 for phytoplankton and mesozooplankton, respectively).
Extracted lipids from phytoplankton were between 25.1 ± 2.0 and 28.3 ± 2.2
mg g-1 DM of original sample and ranged between 36.2 ± 0.7 and 36.8 ± 1.3 mg
g-1 DM of original sample in mesozooplankton (Table 3.3). In P. noctiluca, the
yield of extracted lipids was significantly different among the three solvents
(F-value = 32.75, p-value < 0.001). Chloroform extracted 21.9 ± 0.7 mg g-1 DM
of original sample, MTBE extracted 24.7 ± 1.0 mg g-1 DM of original sample
and the highest yield of extracted lipids was obtained with dichloromethane
(27.5 ± 0.8 mg g-1 DM of original sample) (Table 3.3).
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Table 3.3 Yield of extracted lipids (mean ± SD, n = 3, mg g-1 of dry mass (DM) of
original sample) from phytoplankton, mesozooplankton and the scyphomedusa
Pelagia noctiluca using three solvent systems based on chloroform, dichloromethane
or methyl-tert-butyl ether (MTBE). Comparisons were performed using a one-way
ANOVA among solvents within each group. Different superscript letters (a,b,c)
indicate significant differences (p-value ≤ 0.05) tested using Tukey post-hoc pairwise
comparisons.

Group
Phytoplankton
Mesozooplankton
Pelagia noctiluca

Yield of extracted lipids (mg g-1 DM of original sample)
Chloroform
Dichloromethane
MTBE
28.3 ± 2.2
25.1 ± 2.0
27.5 ± 2.3
36.8 ± 1.3
36.4 ± 0.4
36.2 ± 0.7
a
b
21.9 ± 0.7
27.5 ± 0.8
24.7 ± 1.0 c

Extraction recovery and total fatty acid content
Extraction recovery was different among the three solvents only in
phytoplankton (ANOVA, F-value = 7.50, p-value = 0.02) but recoveries were
on average all > 80% (Fig. 3.2 A). Chloroform and dichloromethane reached
an extraction recovery of 80.1 ± 4.9% and 88.3 ± 6.7% in phytoplankton,
respectively, while MTBE performed a recovery of 96.8 ± 3.8% (Fig. 3.2 A). In
mesozooplankton and P. noctiluca, the extraction recovery was not
significantly different among the three solvents (F-value = 0.62, p-value = 0.57
and F-value = 2.51, p-value = 0.16 for mesozooplankton and P. noctiluca,
respectively). The recovery in mesozooplankton was 82.9 ± 1.2% using
dichloromethane, while in P. noctiluca, it reached 96.5 ± 3.1% using MTBE (Fig.
3.2 A).
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Figure 3.2 A. Extraction recovery (measured as Internal Standard % recovery) (mean ±
SD, n = 3) and B. Content of total FAs (mg g-1 dry mass (DM) of original sample) (mean
± SD, n = 3) in phytoplankton, mesozooplankton and the scyphomedusa Pelagia
noctiluca extracted using C, chloroform; D, dichloromethane; M, methyl-tert-butyl ether
(MTBE). Comparisons were performed using a one-way ANOVA among solvents
within each group. Different superscript letters (a,b,c,d) indicate significant differences (pvalue ≤ 0.05) tested using Tukey post-hoc pairwise comparisons.
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In phytoplankton, the content of total FAs was higher with MTBE (0.46 ±
0.02 mg g-1 DM of original sample) compared to chloroform (0.37 ± 0.01 mg g-1
DM of original sample) and dichloromethane (0.34 ± 0.01 mg g-1 DM of original
sample) (F-value = 41.3, p-value < 0.001) (Fig. 3.2 B). In mesozooplankton and P.
noctiluca, differences were not found among solvents (F-value = 0.21, p-value =
0.82 and F-value = 0.28, p-value = 0.77 for mesozooplankton and P. noctiluca,
respectively) and the content of total FAs was about 0.60 ± 0.02 mg g-1 DM and
0.21 ± 0.01 mg g-1 DM of original sample in mesozooplankton and P. noctiluca,
respectively (Fig. 3.2 B).

Fatty acid composition
Relative abundance of fatty acids
In phytoplankton, the relative abundance of all categories of FAs
significantly differed according to the solvent used (Tables 3.4, 3.7, Annex
3.1). SFAs and MUFAs dominated the FA composition, regardless of the
solvent (Table 3.4). However, MTBE extracted a higher percentage of SFAs
(38.9 ± 0.3% of total FAs) than dichloromethane and chloroform (35.1 ± 0.5%
and 34.8 ± 0.3% of total FAs, respectively). SFAs were dominated by myristic
acid (14:0) and palmitic acid (16:0), which had both significantly higher
proportions when extracted by MTBE compared to the two other solvents
(Table 3.4). Dichloromethane extraction resulted in significantly lower 14:0
and higher 16:0 than chloroform, which explained why the sum of SFAs was
similar between solvents (Table 3.4). MTBE extracted significantly fewer
MUFAs (32.7 ± 0.2% of total FAs) compared to the other solvents (33.8 ± 0.3%
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and 33.7 ± 0.3% of total FAs for chloroform and dichloromethane, respectively)
(Table 3.4). The difference in the relative abundance of MUFAs was explained
by lower proportions of oleic acid (18:1(n-9)) and 18:1(n-7) using MTBE
compared to chloroform and dichloromethane, although significant
differences were detected only for 18:1(n-7) (Table 3.4). The dominant FA in
phytoplankton was palmitoleic acid (16:1(n-7)), which accounted for about
22% of total FAs, regardless of the solvent used (Table 3.4). Although the
relative abundance of PUFAs was overall low in phytoplankton, the highest
proportion resulted after lipid extraction with chloroform (11.8 ± 0.2% of total
FAs) while dichloromethane extracted 11.1 ± 0.2% of total FAs and MTBE a
lowest percentage (10.5 ± 0.2% of total FAs). Most PUFAs were found in higher
relative abundance when extracted with chloroform, while slightly lower
proportions of 16:2(n-3)/16:3(n-4), 16:4(n-1) and linoleic acid (18:3(n-3)) were
found using dichloromethane. Significantly lower proportions of the abovementioned FAs were extracted using MTBE compared to chloroform (Table
3.4). The proportion of HUFAs was about 20% of total FAs but all solvents
extracted significantly different proportions (Table 3.7). HUFAs were
extracted better by dichloromethane (20.4 ± 0.1% of total FAs), while they
accounted for only 19.3 ± 0.6% and 17.9 ± 0.4% of total FAs when extracted
using chloroform and MTBE, respectively (Table 3.4). These differences were
explained by a significantly higher extraction of arachidonic acid (20:4(n-6)),
eicosapentaenoic acid (20:5(n-3)) and docosahexaenoic acid (22:6(n-3)) by
chloroform and dichloromethane compared to MTBE. Although differences
were not statistically significant, dichloromethane extracted slightly higher
proportions of 20:5(n-3) and 22:6(n-3) than chloroform (Table 3.4).
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Table 3.4 Relative abundance of fatty acids (FAs) (% of total FAs) (mean ± SD) in
lipids extracted from phytoplankton (n = 3) using the solvents chloroform,
dichloromethane or methyl-tert-butyl ether (MTBE). SFAs, saturated; MUFAs,
monounsaturated; PUFAs, polyunsaturated; HUFAs, highly unsaturated FAs.
Significant differences were tested using one-way ANOVA comparisons between
solvents and are indicated in bold, different superscript letters (a,b,c) indicate
significant differences (p-value £ 0.05) tested using Tukey post-hoc pairwise
comparisons.

FAs
14:0
15:0
16:0
18:0
20:0
24:0
15:1(n-5)
16:1(n-7)
16:1(n-5)
18:1(n-9)
18:1(n-7)
20:1(n-9)
22:1(n-9)
16:2(n-3)/16:3(n-4)
16:4(n-1)
18:2(n-6)
18:3(n-3)
18:4(n-3)
18:5(n-3)
20:4(n-6)
20:4(n-3)
20:5(n-3)
22:6(n-3)
Total SFAs
Total MUFAs
Total PUFAs
Total HUFAs

Chloroform
11.9 ± 0.3 a
0.5 ± 0.0
16.8 ± 0.1 a
4.5 ± 0.1
0.3 ± 0.0
0.5 ± 0.0
0.1 ± 0.0
22.3 ± 0.3
0.6 ± 0.0
4.4 ± 0.1
5.4 ± 0.1 a
0.2 ± 0.0
0.4 ± 0.0
2.9 ± 0.2 a
3.3 ± 0.0 a
2.1 ± 0.0 a
0.8 ± 0.1 a
2.2 ± 0.1 a
0.7 ± 0.0
0.3 ± 0.0 a
0.3 ± 0.0
13.7 ± 0.4 a
4.8 ± 0.2 a

Solvents
Dichloromethane
10.7 ± 0.4 b
0.5 ± 0.0
17.3 ± 0.1 b
4.8 ± 0.3
0.4 ± 0.0
0.6 ± 0.0
0.2 ± 0.0
22.0 ± 0.3
0.6 ± 0.0
4.5 ± 0.3
5.5 ± 0.2 a
0.2 ± 0.0
0.4 ± 0.0
2.6 ± 0.1 b
3.0 ± 0.1 b
2.1 ± 0.1 a
0.5 ± 0.0 b
2.2 ± 0.0 ab
0.7 ± 0.0
0.3 ± 0.0 a
0.3 ± 0.0
14.2 ± 0.0 a
5.3 ± 0.1 a

MTBE
13.3 ± 0.3 c
0.5 ± 0.0
18.7 ± 0.2 c
4.9 ± 0.1
0.3 ± 0.0
0.5 ± 0.0
0.1 ± 0.0
22.2 ± 0.2
0.6 ± 0.0
4.1 ± 0.1
4.9 ± 0.2 b
0.2 ± 0.0
0.4 ± 0.0
2.5 ± 0.1 b
2.9 ± 0.1 b
1.9 ± 0.0 b
0.7 ± 0.1 ab
2.0 ± 0.1 b
0.6 ± 0.0
0.2 ± 0.0 b
0.3 ± 0.0
12.9 ± 0.3 b
4.3 ± 0.3 b

35.1 ± 0.5 a
33.8 ± 0.3 a
11.8 ± 0.2 a
19.3 ± 0.6 a

34.8 ± 0.3 a
33.7 ± 0.3 a
11.1 ± 0.2 b
20.4 ± 0.1 b

38.9 ± 0.3 b
32.7 ± 0.2 b
10.5 ± 0.2 c
17.9 ± 0.4 c
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In mesozooplankton, the relative abundance of the different categories of
FAs was comparable between dichloromethane and MTBE extractions but it
was significantly different using chloroform (Table 3.7, Annex 3.1). SFAs
accounted for about half of the total FAs regardless of the solvent but were
significantly higher (52.0 ± 1.2% of total FAs) when chloroform was used,
compared to about 47% of total FAs when dichloromethane and MTBE were
employed (Table 3.5). The most abundant saturated FA was 16:0 (29.4 ± 0.7%
of total FAs using chloroform), while dichloromethane and MTBE extracted
fewer 16:0 (26.2 ± 0.5% and 26.4 ± 0.6% of total FAs, respectively). Using
chloroform, 18:0 was the second most abundant FA while using
dichloromethane and MTBE the proportions of 18:0 were significantly lower
and 22:6(n-3) was the second most abundant FA (Table 3.5). In contrast with
these findings, the proportions of MUFAs and PUFAs were higher with
dichloromethane and MTBE (about 19% of total FAs for MUFAs and 8% of
total FAs for PUFAs using both solvents), while chloroform extracted only
16.1 ± 0.6% and 6.9 ± 0.4% of total FAs of MUFAs and PUFAs, respectively
(Table 3.5). Dichloromethane and MTBE extractions gave significantly higher
proportions of the MUFAs 16:1(n-7), 16:1(n-5) and 18:1(n-9) and the PUFAs
16:4(n-1) and 18:2(n-6) compared to chloroform, which explained the
differences in the proportions of MUFAs and PUFAs among solvents. Similar
to MUFAs and PUFAs, the proportion of HUFAs varied according to the
solvent, but was overall between 25% and 26% of total FAs (Table 3.5). Higher
proportions of 20:4(n-3) and 20:5(n-3) resulted after extraction with
dichloromethane and MTBE, compared to chloroform, while no difference
was observed for 22:6(n-3) (Table 3.5).
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Table 3.5 Relative abundance of fatty acids (FAs) (% of total FAs) (mean ± SD) in
lipids extracted from mesozooplankton (n = 3) using the solvents chloroform,
dichloromethane or methyl-tert-butyl ether (MTBE). SFAs, saturated; MUFAs,
monounsaturated; PUFAs, polyunsaturated; HUFAs, highly unsaturated FAs.
Significant differences were tested using one-way ANOVA comparisons between
solvents and are indicated in bold, different superscript letters (a,b,c) indicate
significant differences (p-value £ 0.05) tested using Tukey post-hoc pairwise
comparisons.

FAs
14:0
15:0
16:0
17:0
18:0
20:0
15:0 iso + anteiso
17:0 iso + anteiso
16:1(n-7)
16:1(n-5)
18:1(n-9)
18:1(n-7)
20:1(n-9)
22:1(n-11)
22:1(n-9)
24:1(n-9)
16:2(n-3)/16:3(n-4)
16:4(n-1)
18:2(n-6)
18:3(n-3)
18:4(n-3)
20:2(n-6)
20:4(n-6)
20:4(n-3)
20:5(n-3)
21:5(n-3)
22:4(n-6)
22:5(n-3)
22:6(n-3)

Chloroform
3.6 ± 0.1 a
0.4 ± 0.0
29.4 ± 0.7 a
0.7 ± 0.0
16.6 ± 0.4 a
0.4 ± 0.0 a
0.2 ± 0.0
0.4 ± 0.0
4.8 ± 0.1 a
0.3 ± 0.0 a
7.0 ± 0.3 a
1.9 ± 0.0
0.5 ± 0.0
0.4 ± 0.1
0.2 ± 0.0
0.7 ± 0.0
0.3 ± 0.0
2.0 ± 0.4 a
1.6 ± 0.0 a
0.4 ± 0.0
2.6 ± 0.1
0.2 ± 0.0
0.5 ± 0.0 a
0.3 ± 0.0
7.9 ± 0.0 a
0.2 ± 0.0
0.3 ± 0.0
0.3 ± 0.0
15.1 ± 0.3

Solvents
Dichloromethane
3.4 ± 0.1 b
0.4 ± 0.0
26.2 ± 0.5 b
0.6 ± 0.0
14.8 ± 0.2 b
0.3 ± 0.0 b
0.1 ± 0.0
0.3 ± 0.0
5.4 ± 0.1 b
0.4 ± 0.0 b
8.3 ± 0.6 b
2.0 ± 0.1
0.5 ± 0.0
0.4 ± 0.1
0.1 ± 0.0
0.7 ± 0.1
0.4 ± 0.0
3.5 ± 0.4 b
1.8 ± 0.1 b
0.3 ± 0.0
2.4 ± 0.1
0.2 ± 0.0
0.7 ± 0.0 b
0.3 ± 0.0
8.6 ± 0.1 b
0.2 ± 0.0
0.4 ± 0.0
0.3 ± 0.0
15.9 ± 0.6

MTBE
3.1 ± 0.1 c
0.4 ± 0.0
26.4 ± 0.6 b
0.6 ± 0.0
14.8 ± 0.3 b
0.3 ± 0.0 b
0.1 ± 0.0
0.3 ± 0.0
5.6 ± 0.1 b
0.4 ± 0.0 b
8.9 ± 0.2 b
2.0 ± 0.0
0.5 ± 0.0
0.5 ± 0.0
0.2 ± 0.0
0.7 ± 0.0
0.4 ± 0.0
3.5 ± 0.3 b
1.8 ± 0.0 b
0.3 ± 0.0
2.7 ± 0.2
0.2 ± 0.0
0.7 ± 0.0 b
0.3 ± 0.0
8.3 ± 0.2 b
0.2 ± 0.0
0.3 ± 0.0
0.3 ± 0.0
15.2 ± 0.5
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Table 3.5 Continued.

FAs
Total SFAs
Total MUFAs
Total PUFAs
Total HUFAs

Chloroform
52.0 ± 1.2 a
16.1 ± 0.6 a
6.9 ± 0.4 a
25.2 ± 0.3 a

Solvents
Dichloromethane
46.6 ± 0.8 b
18.3 ± 0.6 b
8.5 ± 0.5 b
26.9 ± 0.5 b

MTBE
46.6 ± 0.8 b
19.1 ± 0.2 b
8.6 ± 0.4 b
25.8 ± 0.7 ab

In P. noctiluca, the categories of FAs were dominated by HUFAs, which
accounted for up to 45.1 ± 0.4% and 45.7 ± 0.3% of total FAs using
dichloromethane and MTBE, respectively, while chloroform extracted
significantly lower proportions (42.2 ± 0.3% of total FAs) (Table 3.7). The
differences lied in the higher proportions of 20:5(n-3) extracted using MTBE
(18.9 ± 0.8% of total FAs) compared to dichloromethane (17.7 ± 0.1% of total
FAs) and chloroform (16.5 ± 0.2% of total FAs), while 20:4(n-6) and 24:6(n-3)
were both significantly extracted better by dichloromethane and MTBE than
by chloroform (Table 3.6). SFAs were the second most abundant FA category
and accounted for about 35% of total FAs using dichloromethane and MTBE,
and up to 38.0 ± 0.4% using chloroform (Table 3.6). The most abundant SFAs
were 16:0 and 18:0, which were both found in higher proportions using
chloroform (16.9 ± 0.3% and 14.5 ± 0.3% of total FAs, respectively) compared
to dichloromethane (15.6 ± 0.5% and 13.3 ± 0.3% of total FAs for 16:0 and 18:0,
respectively) and MTBE (15.6 ± 0.2% and 13.3 ± 0.4% of total FAs for 16:0 and
18:0, respectively). Similarly, the proportion of 17:0 in P. noctiluca was higher
using chloroform and MTBE compared to dichloromethane (Table 3.6). MTBE
extracted slightly lower proportions of MUFAs (16.2 ± 0.1% of total FAs) than
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other solvents (17.0 ± 0.2% and 16.8 ± 0.3% of total FAs with chloroform and
dichloromethane, respectively). Although MTBE extracted higher proportions
of 18:1(n-7), the FAs 19:1(n-x), 20:1(n-9), 22:1(n-11) and 24:1(n-9) were found
in

significantly

lower

proportions

compared

to

chloroform

and

dichloromethane, which explained the observed differences in the
proportions of MUFAs (Table 3.6). PUFAs accounted for a lower proportion
of FAs, about 3.2%, regardless of the solvent (Table 3.6).

Table 3.6 Relative abundance of fatty acids (FAs) (% of total FAs) (mean ± SD) in
lipids extracted from the scyphomedusa Pelagia noctiluca (n = 3) using the solvents
chloroform, dichloromethane or methyl-tert-butyl ether (MTBE). SFAs, saturated;
MUFAs, monounsaturated; PUFAs, polyunsaturated; HUFAs, highly unsaturated
FAs. Significant differences were tested using one-way ANOVA comparisons
between solvents and are indicated in bold, different superscript letters (a,b,c) indicate
significant differences (p-value £ 0.05) tested using Tukey post-hoc pairwise
comparisons.

FAs
14:0
15:0
16:0
17:0
18:0
19:0
20:0
24:0
17:0 iso + anteiso
15:1(n-5)
16:1(n-7)
17:1(n-5)
17:1(n-x)
18:1(n-9)

Chloroform
0.5 ± 0.0
0.3 ± 0.0
16.9 ± 0.3 a
3.3 ± 0.1 a
14.5 ± 0.3 a
0.7 ± 0.0
0.4 ± 0.0 a
0.2 ± 0.0 a
0.7 ± 0.0
0.3 ± 0.1
2.3 ± 0.1
0.2 ± 0.1
0.5 ± 0.0 a
5.0 ± 0.2

Solvents
Dichloromethane
0.5 ± 0.0
0.3 ± 0.0
15.6 ± 0.5 b
3.0 ± 0.1 b
13.3 ± 0.3 b
0.7 ± 0.0
0.4 ± 0.0 a
0.1 ± 0.0 b
0.6 ± 0.0
0.3 ± 0.1
2.1 ± 0.0
0.3 ± 0.0
0.6 ± 0.0 b
5.0 ± 0.0

MTBE
0.5 ± 0.1
0.3 ± 0.0
15.6 ± 0.2 b
3.3 ± 0.2 a
13.3 ± 0.4 b
0.7 ± 0.1
0.3 ± 0.0 b
0.0 ± 0.0 c
0.6 ± 0.0
0.1 ± 0.0
2.2 ± 0.2
0.2 ± 0.0
0.5 ± 0.0 a
5.1 ± 0.2
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Table 3.6 Continued.

FAs
18:1(n-7)
18:1(n-5)
19:1(n-x)
20:1(n-9)
22:1(n-11)
24:1(n-9)
18:2(n-6)
18:4(n-3)
20:2(n-6)
20:4(n-6)
20:4(n-3)
20:5(n-3)
21:5(n-3)
22:4(n-6)
22:5(n-3)
22:6(n-3)
24:6(n-3)
Total SFAs
Total MUFAs
Total PUFAs
Total HUFAs

Chloroform
4.9 ± 0.1 a
0.3 ± 0.0
0.6 ± 0.0 a
1.6 ± 0.0 a
0.4 ± 0.0 a
0.6 ± 0.1 a
2.1 ± 0.0 a
0.7 ± 0.0
0.6 ± 0.0
2.9 ± 0.1 a
0.8 ± 0.0
16.5 ± 0.2 a
0.2 ± 0.0 a
0.3 ± 0.0 a
5.7 ± 0.0
7.4 ± 0.1
7.4 ± 0.2 a

Solvents
Dichloromethane
4.8 ± 0.0 a
0.3 ± 0.0
0.6 ± 0.0 a
1.6 ± 0.0 a
0.4 ± 0.0 a
0.7 ± 0.1 a
2.2 ± 0.0 ab
0.7 ± 0.0
0.6 ± 0.0
3.2 ± 0.0 b
0.8 ± 0.0
17.7 ± 0.1 b
0.2 ± 0.0 a
0.3 ± 0.0 a
6.1 ± 0.2
7.9 ± 0.1
8.0 ± 0.2 b

MTBE
5.5 ± 0.1 b
0.3 ± 0.0
0.2 ± 0.0 b
1.3 ± 0.0 b
0.1 ± 0.0 b
0.4 ± 0.0 b
2.3 ± 0.1 b
0.7 ± 0.0
0.6 ± 0.0
3.3 ± 0.1 b
0.7 ± 0.0
18.9 ± 0.8 c
0.1 ± 0.0 b
0.2 ± 0.0 b
6.1 ± 0.2
7.7 ± 0.5
7.9 ± 0.2 b

38.0 ± 0.4 a
17.0 ± 0.2 b
3.1 ± 0.0
42.2 ± 0.3 a

35.1 ± 0.7 b
16.8 ± 0.3 b
3.2 ± 0.1
45.1 ± 0.4 b

35.1 ± 0.2 b
16.2 ± 0.1 a
3.2 ± 0.1
45.7 ± 0.3 b

The three solvents were differentiated by two principal components of the
PCA which cumulatively explained 63.4%, 69.8% and 72.6% of variance in
phytoplankton, mesozooplankton and P. noctiluca, respectively (Fig. 3.3).
SIMPER analyses identified the main FAs accounting for the differences
among solvents (Annex 3.2), which corroborated the results previously
obtained with one-way ANOVAs on the relative abundance of FAs (Tables
3.4, 3.5, 3.6).
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Table 3.7 Parameters (variance explained (R2), F-value and p-value) of
PERMANOVA and one-way ANOVA comparisons based on fatty acid (FA)
categories in phytoplankton, mesozooplankton and the scyphomedusa Pelagia
noctiluca using chloroform, dichloromethane and methyl-tert-butyl ether (MTBE).
SFAs, saturated; MUFAs, monounsaturated; PUFAs, polyunsaturated; HUFAs,
highly unsaturated FAs. Significant differences are indicated by (*) (p-value £ 0.05).
Category of FAs
R2
Proportions of FAs (%)
Phytoplankton
PERMANOVA
One-way ANOVA

Mesozooplankton
PERMANOVA
One-way ANOVA

F-value

p-value

94%

48.64
108.54
11.61
29.46
30.62

0.003 *
< 0.001 *
0.009 *
< 0.001 *
< 0.001 *

89%

23.77
34.01
32.81
12.31
7.74

0.01 *
< 0.001 *
< 0.001 *
0.008 *
0.02 *

94%

43.82

0.01 *

39.11
10.83
1.90
81.19

< 0.001 *
0.01 *
0.23
< 0.001 *

93%

42.57
59.47
31.67
21.56
17.95

0.004 *
< 0.001 *
< 0.001 *
0.002 *
0.003 *

61%

4.76
6.82
6.63
5.50
2.48

0.03 *
0.03 *
0.03 *
0.05
0.16

40%

2.03
8.87
2.72
0.02
0.85

0.14
0.02 *
0.14
0.98
0.47

SFAs
MUFAs
PUFAs
HUFAs

SFAs
MUFAs
PUFAs
HUFAs

Pelagia noctiluca
PERMANOVA
One-way ANOVA

SFAs
MUFAs
PUFAs
HUFAs
Content of FAs (mg g-1 DM)

Phytoplankton
PERMANOVA
One-way ANOVA

Mesozooplankton
PERMANOVA
One-way ANOVA

Pelagia noctiluca
PERMANOVA
One-way ANOVA

SFAs
MUFAs
PUFAs
HUFAs

SFAs
MUFAs
PUFAs
HUFAs

SFAs
MUFAs
PUFAs
HUFAs

126

Comparison of the Effect of Three Solvents for Lipid Extraction on Fatty
Acid Composition and Stable Isotope Values in Marine Plankton

In phytoplankton, the SFAs 16:0, 18:0, and 14:0 cumulatively contributed
47.3% and 42.8% to the dissimilarity between MTBE and both chloroform and
dichloromethane, respectively (Fig. 3.3 A, Annex 3.2). The difference between
chloroform and the two other solvents was explained by the PUFAs 16:3(n-4),
16:4(n-1) and 18:3(n-3), while the MUFA 18:1(n-7) and the HUFAs 20:5(n-3)
and

22:6(n-3)

contributed

to

most

of

the

dissimilarity

between

dichloromethane and the other two solvents (Fig. 3.3 A).
In contrast with phytoplankton, 16:0 and 18:0 contributed to most of the
dissimilarity between chloroform and both dichloromethane (cumulative
contribution: 43.8%) and MTBE (cumulative contribution: 40.9%) in
mesozooplankton (Fig. 3.3 B, Annex 3.2). The FAs 18:1(n-9) and 16:4(n-1)
differentiated between MTBE and the two other solvents, with cumulative
contributions

of

29.2%

and

21.3%

compared

to

chloroform

and

dichloromethane, respectively. As in phytoplankton, dichloromethane
differed from chloroform and MTBE by the HUFAs 20:5(n-3) and 22:6(n-3),
which accounted for 7.2% and 24.3% of cumulative contributions to the
difference between dichloromethane and chloroform and MTBE, respectively
(Fig. 3.3 B).
In P. noctiluca, up to 14 FAs cumulatively contributed to 75% of
dissimilarity among solvents (Annex 3.2). As in mesozooplankton, the
differences between chloroform and the two other solvents were explained by
16:0 and 18:0 (cumulative contributions 20.9% and 24.2% for dichloromethane
and MTBE, respectively). The HUFAs 22:6(n-3) and 24:6(n-3) differentiated
dichloromethane from the other two solvents, while 20:5(n-3) and 18:1(n-7)
explained most of the dissimilarity between MTBE and the other two solvents
(Fig. 3.3 C). In contrast to phyto- and mesozooplankton, some FAs contributing
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Figure 3.3 Principal component analysis (PCA) of the relative abundances of fatty
acids (FAs) (% of total FAs) extracted using three different solvents (chloroform,
dichloromethane and methyl-tert-butyl ether (MTBE)) from: A. phytoplankton, B.
mesozooplankton and C. the scyphomedusa Pelagia noctiluca. The FAs which
contributed most to the dissimilarity were identified using a similarity percentage
analysis (SIMPER). Only FAs with cumulative contributions > 75% are shown.
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to the dissimilarity were shared among solvents. Most MUFAs contributed to
the similarity between chloroform and dichloromethane. Similarities between
dichloromethane and MTBE were due to the HUFAs 20:4(n-6) and 22:5(n-3).
And the SFA 17:0 contributed to the similarities between chloroform and
MTBE (Fig. 3.3 C).

Semi-quantitative analysis of fatty acids
In phytoplankton, the content of the different FA categories was
significantly affected by the solvent used (Table 3.7). Overall, MTBE
extractions resulted in a higher content of all categories compared to
chloroform and dichloromethane, except for PUFAs that were extracted
similarly by MTBE (0.05 ± 0.00 mg g-1 DM of original sample) and chloroform
(0.04 ± 0.00 mg g-1 DM of original sample) (Fig. 3.4 A, Annex 3.1). All the most
abundant FAs had significantly higher amounts when extracted by MTBE
compared to chloroform and dichloromethane (Fig. 3.5 A).
In mesozooplankton, the content of SFAs was significantly higher using
chloroform (0.31 ± 0.00 mg g-1 DM of original sample) compared to
dichloromethane (0.28 ± 0.02 mg g-1 DM of original sample) while MUFAs
were less extracted by chloroform (0.10 ± 0.01 mg g-1 DM of original sample)
compared to MTBE (0.12 ± 0.00 mg g-1 DM of original sample) (Fig. 3.4 B,
Annex 3.1). In line with what was found when comparing the relative
abundance of FAs, the SFAs 16:0 and 18:0 had higher amounts when extracted
using chloroform, while 16:1(n-7) and 18:1(n-9) had significantly higher
amounts using dichloromethane and MTBE (Fig. 3.5 B). PUFAs and HUFAs
were extracted in similar quantities using all solvents (Table 3.7), except for
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16:4(n-1), which was found in higher amounts using dichloromethane and
MTBE compared to chloroform (Fig. 3.5 B).

While the content of the different FA categories was affected by solvents
in both phytoplankton and mesozooplankton, it was comparable in P.
noctiluca, except for SFAs (Table 3.7). In fact, chloroform extracted a slightly
higher content of SFAs (0.08 ± 0.00 mg g-1 DM of original sample) than
dichloromethane and MTBE (0.07 ± 0.00 mg g-1 DM of original sample for both
solvents) (Fig. 3.4 C, Annex 3.1). 16:0 and 18:0 were found in higher amounts
using chloroform, although significant differences were observed only in 16:0
(Fig. 3.5 C). Total MUFAs were extracted in similar amounts by all solvents,

Figure 3.4 Content of saturated (SFAs), monounsaturated (MUFAs), polyunsaturated
(PUFAs) and highly unsaturated (HUFAs) fatty acid (FAs) (mg g-1 of dry mass (DM)
of original sample) (mean, n = 3) in A. phytoplankton, B. mesozooplankton and C.
the

scyphomedusa

Pelagia

noctiluca

extracted

dichloromethane; M, methyl-tert-butyl ether (MTBE).

using

C,

chloroform;

D,
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A

B

C

Figure 3.5 Content of total fatty acids (FAs) (mg g-1 of dry mass (DM) of original
sample) (mean ± SD, n = 3) in A. phytoplankton, B. mesozooplankton and C. the
scyphomedusa Pelagia noctiluca extracted with C, chloroform; D, dichloromethane;
M, methyl-tert-butyl ether (MTBE). Only FAs > 1% of total FAs were considered.
Significant differences (p-value £ 0.05) indicated by different superscript letters (a,b)
were tested using Tukey post-hoc pairwise comparisons between solvents for each
FA.
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using chloroform, although significant differences were observed only in 16:0
(Fig. 3.5 C). Total MUFAs were extracted in similar amounts by all solvents,
but significant differences were found when comparing single MUFAs (Fig.
3.5 C). The MUFA 16:1(n-7) was found in higher amounts using chloroform,
while MTBE recovered significantly higher content of 18:1(n-9) and lower
content of 20:1(n-9) compared to the two other solvents (Fig. 3.5 C).

Stable isotope values after lipid extraction
SI values of lipid-free pellets were significantly different among solvents
used to extract lipids within all planktonic groups except for phytoplankton
δ13C (Table 3.8, Annex 3.3). Compared to the bulk phytoplankton, the δ13C of
lipid-extracted phytoplankton was higher of about + 1.3‰, regardless of the
solvent (Fig. 3.6 A). Conversely, the difference between the δ15N of bulk and
MTBE-extracted phytoplankton (– 0.02‰) fell within the accuracy of the
instrument (± 0.03‰), while the δ15N of MTBE-extracted phytoplankton was
significantly higher than the δ15N of the two other solvents (Table 3.8, Fig. 3.6
A).
Significant differences were found in both δ13C and δ15N of lipid-free
mesozooplankton (Table 3.8, Annex 3.3). The δ13C after extraction with
dichloromethane was higher (– 19.80 ± 0.03‰) than after extraction using
MTBE (– 19.98 ± 0.03‰), while δ15N values were lower when dichloromethane
was used (6.20 ± 0.02‰) compared to MTBE (6.29 ± 0.02‰) (Fig. 3.6 B).
Consequently, differences between bulk and lipid-extracted δ13C of
mesozooplankton ranged between + 1.2‰ and + 1.4‰ (Fig. 3.6 B). In contrast
with the results obtained in phytoplankton, the bulk δ15N in mesozooplankton
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was lower than the lipid-extracted values, and differences ranged between +
0.1‰ and + 0.2‰ for dichloromethane and MTBE, respectively (Fig. 3.6 B).

Table 3.8 Stable isotope values (δ13C and δ15N, ‰) and C:N of bulk samples (n = 1)
and lipid-free pellets (mean ± SD, n = 3) after extraction using chloroform,
dichloromethane,

and

methyl-tert-butyl

ether

(MTBE)

in

phytoplankton,

mesozooplankton and the scyphomedusa Pelagia noctiluca. Significant differences (pvalue £ 0.05) indicated by different superscript letters (a,b) were tested using Tukey
post-hoc pairwise comparisons between solvents.

C:N

Stable isotope values (‰)
Chloroform
Dichloromethane

MTBE

δ13C (‰)
Phytoplankton
Mesozooplankton
Pelagia noctiluca

6.32
4.14
3.56

– 18.13 ± 0.12
– 19.85 ± 0.03 ab
– 20.03 ± 0.10 a

– 18.09 ± 0.06
– 19.80 ± 0.03 a
– 19.75 ± 0.02 b

– 18.14 ± 0.09
– 19.98 ± 0.03 b
– 19.75 ± 0.04 b

δ15N (‰)
Phytoplankton
Mesozooplankton
Pelagia noctiluca

6.32
4.14
3.56

3.39 ± 0.09 a
6.24 ± 0.03 ab
4.98 ± 0.03 a

3.38 ± 0.03 a
6.20 ± 0.02 a
4.93 ± 0.02 a

3.54 ± 0.01 b
6.29 ± 0.02 b
5.08 ± 0.04 b

Most differences in SI values among solvents were found in P. noctiluca.
The δ13C significantly differed between chloroform (– 20.03 ± 0.10‰) and the
two other solvents (– 19.75 ± 0.02‰ and – 19.75 ± 0.04‰ for dichloromethane
and MTBE, respectively) (Table 3.8, Annex 3.3). Compared to bulk δ13C, P.
noctiluca extracted with chloroform had about + 0.43‰, while δ13C of samples
extracted with either dichloromethane and MTBE were up to + 0.71‰ (Fig. 3.6
C). Similar to what found in phytoplankton, δ15N of P. noctiluca differed
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between chloroform and dichloromethane (4.98 ± 0.03‰ and 4.93 ± 0.02‰,
respectively) and MTBE (5.08 ± 0.04‰) (Table 3.8). The bulk δ15N was about +
0.25‰ compared to chloroform and dichloromethane of lipid-extracted P.
noctiluca, while δ15N of MTBE-extracted samples was only – 0.13‰ compared
to the bulk (Fig. 3.6 C).
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B 6.4
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3.3
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Figure 3.6 Stable isotope values (δ13C and δ15N, ‰) of bulk (n = 1) and lipid-free
pellets (mean ± SD, n = 3) in A. phytoplankton, B. mesozooplankton and C. the
scyphomedusa Pelagia noctiluca using: C, chloroform; D, dichloromethane; M,
methyl-tert-butyl ether (MTBE).

134

Comparison of the Effect of Three Solvents for Lipid Extraction on Fatty
Acid Composition and Stable Isotope Values in Marine Plankton

Discussion
Recent concerns that have been raised about the use of chloroform in
chemical laboratories have prompted the search for alternative solvents for
lipid extraction. The protocol based on the solvent mixture methyl-tert-butyl
ether (MTBE) and methanol was originally proposed by Matyash et al. (2008)
to overcome the chemical hazards caused by chloroform and dichloromethane
but has been used in a relatively restricted type of samples to date. The present
chapter extended the investigation to three large groups or marine plankton
exhibiting

various

mesozooplankton

matrices

and

and

lipid

scyphomedusae).

profiles

Because

the

(phytoplankton,
meta-analysis

performed in Chapter II highlighted that solvents affect FA composition likely
due to the different affinity of solvents toward lipid classes, a comparison of
the most used solvents for lipid extraction (chloroform and dichloromethane)
with MTBE was necessary to ensure the comparability of data across studies
using diverse solvents in the perspective to extend the use of MTBE to replace
toxic and hazardous solvents. Overall, using statistical tools, differences were
detected among solvents used to extract lipids and analyse FAs for each tested
marine plankton group. However, these differences fall within natural
variability or analytical accuracy and therefore are not likely to bias analyses
in ecological studies based on them. Hence, the present results suggest that
the protocol based on MTBE can replace largely-used protocols which employ
halogenated and toxic solvents, such as chloroform and dichloromethane and
find larger applications than the restricted tissue types for which it was
originally developed.
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The comparison of lipid extractions using different solvents in the present
study indicates that the yields of extracted lipids were comparable across the
three solvents in both phytoplankton and mesozooplankton (Table 3.3).
Although contrasting results were reported in the literature for the microalga
Chlorella vulgaris when the protocol by Folch et al. (1957) using chloroform was
compared to the extraction using MTBE according to Matyash et al. (2008)
(Ryckebosch et al., 2012), MTBE appears to be as effective as the other two
solvents. The results from the present study are in line with others which
corroborated the use of the mixture MTBE and methanol in microalgae
(Cutignano et al., 2016; Gorgich et al., 2020; Russo et al., 2021). In agreement
with the data from the literature, these findings suggest to extend the use of
MTBE to multi-species phytoplankton and zooplankton samples and samples
from the field. Conversely, the yield of extracted lipids in the scyphomedusa
P. noctiluca was higher using dichloromethane compared to the two other
solvents (Table 3.3). However, the lower yield in chloroform and MTBE is not
corroborated by the extraction recovery, which was higher using MTBE in P.
noctiluca as well as in phytoplankton and similar to other solvents in
mesozooplankton. Overall these findings suggest that in the specific case of
scyphomedusae, lipids other than esterified FA-based ones have been
extracted using dichloromethane.
The fact that the extraction recovery was significantly higher using MTBE
compared to chloroform and dichloromethane in phytoplankton, but not in
mesozooplankton and P. noctiluca, is difficult to explain with these data.
Although the lipid-rich phase is easier to recover in the MTBE-based protocol
and therefore lower losses potentially occurred, this methodological aspect
does not explain alone the difference. In fact, similar results were not obtained
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in the extraction of mesozooplankton and P. noctiluca, for which the three
solvents worked similarly.
The lower extraction recovery of lipids in mesozooplankton compared to
the other plankton groups was likely due to the chitin exoskeleton in
copepods, which hampered the extraction (Flood and Deibel, 1998),
considering that copepods were the most abundant groups in the sample
(personal observation). The chitin exoskeleton may have captured the solvent
mixture and limited its diffusion into the copepod body. In effect, the
extraction protocols used here were developed for tissues without hard
exoskeletons (Folch et al., 1957; Matyash et al., 2008) and might not be optimal
to extract total lipids from complex matrices similar to those used in the
present study, which may require instead specific pre-treatments for the
external structures like those of zooplanktonic organisms (Lee et al., 2010).

Looking at the FA categories (SFAs, MUFAs, PUFAs and HUFAs), the
different polarities of solvent mixtures may have different affinities toward
lipid classes. However, differences were remarkable only in phytoplankton.
The phytoplankton sample used in the present study was dominated by
diatoms (Bacillariophyta) and dinoflagellates (Miozoa) that approximatively
accounted for about 80% and 20% of the phytoplankton composition,
respectively (personal observation). Diatoms are generally characterised by a
high content in polar lipids (about 65%), while non-polar lipids (i.e.
triglycerides, free FAs and sterols) are less abundant (Jónasdóttir, 2019).
Dinoflagellates are composed of similar proportions of polar and non-polar
lipids accounting for about 40 – 45% (Jónasdóttir, 2019). Regardless of the
phylum, storage lipids such as triglycerides often have remarkably lower
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proportions of PUFAs and HUFAs than polar membrane lipids (i.e.
glycolipids

and

phospholipids)

(Harwood,

1998).

Chloroform

and

dichloromethane extracted higher proportions of the most abundant PUFAs
and HUFAs compared to MTBE (Table 3.4), which suggests that chloroform
and dichloromethane have a higher affinity toward membrane lipids in
phytoplankton. Conversely, higher proportions of the SFAs 14:0 and 16:0 were
extracted by MTBE and both FAs are largely found in triglycerides of diatoms
and dinoflagellates (Leblond et al., 2003; Leblond and Chapman, 2000; Miller
et al., 2012). However, because the content of most categories and individuals
FAs extracted using MTBE was always significantly higher than the two other
solvents, MTBE extracted efficiently FAs from both polar and non-polar lipids
in phytoplankton.
In contrast to phytoplankton, mesozooplankton essentially store nonpolar lipids (i.e. triglycerides and wax esters) that are mainly composed of 16:0
and MUFAs, while polar lipids such as phospholipids consist mostly of 16:0,
20:5(n-3) and 22:6(n-3) (Albers et al., 1996; Falk-Petersen et al., 2000; Lee et al.,
2006). In the present study, both dichloromethane and MTBE extracted similar
proportions and contents of most MUFAs and 20:5(n-3), while chloroform
extracted higher proportions of 16:0 (Table 3.5, Fig. 3.5). Due to their lower
polarity compared to chloroform, dichloromethane and MTBE may have
extracted higher amounts of non-polar lipids in mesozooplankton compared
to chloroform, while all three solvents efficiently extracted FAs from polar
lipids.
To current knowledge, only two studies have determined the lipid
composition of Pelagia noctiluca and both studies used individuals sampled in
the Aegean Sea for lipid determination (Mastronicolis et al., 1987; Nakhel et al.,
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1988). Lipids of P. noctiluca were composed of non-polar (about 74%) and
polar lipids (26%) (Nakhel et al., 1988) and among non-polar lipids, free FAs
(56.6%) and triglycerides (20.7%) dominated the pool (Mastronicolis et al.,
1987). Non-polar lipids were mainly composed of SFAs and MUFAs
(Mastronicolis et al., 1987), while polar lipids were made of HUFAs (Nakhel et
al., 1988). In line with the results obtained in mesozooplankton,
dichloromethane and MTBE extracted efficiently all lipid classes of P.
noctiluca, while chloroform extracted higher proportions of lipids containing
SFAs, mainly 16:0 and 18:0 (Table 3.6) (i.e. free FAs, triglycerides and
sphingophosphonates) (Mastronicolis et al., 1987). However, it has to be
mentioned that only one individual of P. noctiluca was used in the present
study and more individuals should be studied in the future.

Despite the wide use of lipid extractions before SI determinations, the
effect of different solvents on δ13C and δ15N has been rarely determined (Logan
and Lutcavage, 2008; Schlechtriem et al., 2003; Søreide et al., 2006). In the
present work, differences in SI values between lipid-free and bulk organisms
as well as across solvents were variable.
Post et al. (2007) suggested to correct the effect of lipids on δ13C when the
C:N of bulk organisms was > 3.5. In the present study, phytoplankton and
mesozooplankton bulk samples had C:N of 6.32 and 4.14, respectively. As
expected, the δ13C of bulk phytoplankton and mesozooplankton were about –
1.3‰ compared to lipid-free ones, regardless of the solvent used, which is in
agreement with values obtained in marine invertebrates (– 1.3 ± 0.11‰)
extracted using chloroform:methanol (Logan et al., 2008). In line with these
results, samples with a C:N about 3.5, such as the P. noctiluca used here (bulk
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C:N: 3.56), had a reduced increase in δ13C after lipid extraction (Table 3.8). The
variation in δ13C in lipid-free pellet of P. noctiluca among solvents was about +
0.4‰ using chloroform, and + 0.7‰ using either dichloromethane or MTBE
compared to bulk (Fig. 3.6). Although comparisons across solvents were
statistically significant, differences in δ13C were < 1‰, which corresponds to a
single trophic shift (Post, 2002; Vander Zanden and Rasmussen, 1999).
Consequently, these results suggest that lipid extraction using chloroform,
dichloromethane or MTBE produce comparable δ13C in the marine plankton
groups considered.
In addition to δ13C, lipid extraction can cause differences in δ15N (Post et
al., 2007). In the present study, δ15N after lipid extraction with the three
solvents varied according to the planktonic group (Fig. 3.6). The difference
between bulk and lipid-free δ15N of phytoplankton and P. noctiluca ranged
between – 0.02 and – 0.28‰ which is similar the variation found in previous
studies (Pinnegar and Polunin, 1999; Sotiropoulos et al., 2004; Sweeting et al.,
2006) and lies within the analytical error for δ15N using continuous flow
techniques (0.15 – 0.25‰) (Post et al., 2007). In mesozooplankton, lipid
extraction caused an increase in δ15N of about + 0.13 – 0.22‰, as previously
observed in fish (Logan and Lutcavage, 2008). The variation in δ15N may be
explained by the fact that solvents with high polarity may extract non-lipid
compounds, such as amino acids (Manirakiza et al., 2001). Different amino
acids have different values of δ15N (Schmidt et al., 2004) and their preferential
removal by diverse organic solvents can produce significant δ15N increase or
decrease (Logan and Lutcavage, 2008). The halogenated solvent chloroform is
known to dissolve proteins (Radin, 1981) and solvent mixtures of relatively
high polarity may decrease δ15N after lipid extraction, whereas less polar
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solvents – such as MTBE – may have a reduced effect on δ15N (Sweeting et al.,
2006).

Conclusions
In ecological studies, the extraction of lipids is required to determine FA
composition as well as SI values to avoid the bias of high lipid content on δ13C.
Given that solvent mixtures used for lipid extraction are numerous and mostly
employ

toxic

and

polluting

solvents,

such

as

chloroform

and

dichloromethane, MTBE has been proposed as an alternative solvent. In the
present

study

three

marine

plankton

groups

(phytoplankton,

mesozooplankton and scyphomedusae) were used for lipid extraction and
only minor differences in FA compositions and SI values were found across
the three solvents employed. However, these differences were detected using
statistical tools, while they fall within natural variability or analytical accuracy
and therefore are not likely to bias analyses in ecological studies based on
them. Hence, the protocol based on MTBE can replace largely-used protocols
which employ halogenated and toxic solvents, such as chloroform and
dichloromethane.
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Annexes
Annex 3.1 Results of one-way ANOVA and Tukey post-hoc pairwise tests based on
proportions (% of total FAs) and contents (mg g-1 dry mass (DM) of original sample)
of categories of fatty acids (FAs) extracted in phytoplankton, mesozooplankton and
the scyphomedusa Pelagia noctiluca using: C, chloroform; D, dichloromethane and M,
methyl-tert-butyl ether. Significant differences are indicated by (*) (p-value £ 0.05).
SFAs, saturated; MUFAs, monounsaturated; PUFAs, polyunsaturated; HUFAs,
highly unsaturated FAs.
Group

SFAs
F-value
p-value

MUFAs
F-value
p-value

PUFAs
F-value
p-value

HUFAs
F-value
p-value

Proportions of FA categories (% of total FAs)
Phytoplankton
D-C
M-C
M-D
Mesozooplankton
D-C
M-C
M-D
Pelagia noctiluca
D-C
M-C
M–D

108.54

34.06

39.11

< 0.001 *
0.71
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
< 0.001 *
1.00
< 0.001 *
< 0.001 *
< 0.001 *
1.00

11.61

32.81

10.83

0.009 *
0.96
0.01 *
0.02 *
< 0.001 *
0.003 *
< 0.001 *
0.18
0.01 *
0.74
0.01 *
0.03 *

29.46

12.31

1.90

< 0.001 *
0.01 *
< 0.001 *
0.03 *
0.008 *
0.02 *
0.01 *
0.89
0.23
0.30
0.27
1.00

30.62

0.002 *
0.02 *
0.07
0.001 *
0.04 *
0.08
0.05
0.93
0.98
0.98
0.99
1.00

17.95

7.74

81.19

< 0.001 *
0.03 *
0.01 *
< 0.001 *
0.02 *
0.02 *
0.36
0.11
< 0.001 *
< 0.001 *
< 0.001 *
0.23

Contents of FA categories (mg g-1 DM of original sample)
Phytoplankton
D-C
M-C
M-D
Mesozooplankton
D-C
M-C
M-D
Pelagia noctiluca
D-C
M-C
M–D

59.47

6.82

8.87

< 0.001 *
0.25
< 0.001 *
< 0.001 *
0.03 *
0.04 *
0.05
0.95
0.02 *
0.03 *
0.02 *
0.99

31.67

6.63

2.72

< 0.001 *
0.17
0.003 *
< 0.001 *
0.03 *
0.09
0.03 *
0.64
0.14
0.54
0.13
0.48

21.56

5.50

0.02

2.48

0.85

0.003 *
0.79
0.007 *
0.004 *
0.16
0.15
0.43
0.67
0.47
0.61
0.48
0.97
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Annex 3.2 Contributions (%) of the most influential fatty acids (FAs) to the
dissimilarities between paired solvents based on SIMPER analyses in phytoplankton,
zooplankton and the scyphomedusa Pelagia noctiluca. C,

chloroform; D,

dichloromethane; M, methyl-tert-butyl ether.
FAs
Phytoplankton
14:0
16:0
18:0
16:1(n-7)
18:1(n-7)
16:3(n-4)
16:4(n-1)
18:3(n-3)
20:5(n-3)
22:6(n-3)
Mesozooplankton
14:0
16:0
18:0
18:1(n-9)
16:4(n-1)
20:5(n-3)
22:6(n-3)
Pelagia noctiluca
16:0
17:0
18:0
15:1(n-5)
18:1(n-7)
19:1(n-x)
20:1(n-9)
22:1(n-11)
24:1(n-9)
20:4(n-6)
20:5(n-3)
22:6(n-3)
22:5(n-3)
24:6(n-3)

C-D
22.1%
8.0%
7.1%
7.1%

5.8%
4.9%
10.1%
8.8%

27.9%
15.9%
11.8%
12.3%

Solvents
C-M
18.6%
23.4%
5.4%

27.7%
15.0%

5.9%
5.0%

6.7%

9.5%
6.7%

13.5%
10.4%

25.6%
15.3%
16.9%
12.3%

7.2%
16.7%
4.6%
16.3%

12.8%
11.4%
6.1%
4.0%
3.3%

16.3%
6.7%
4.9%
8.1%

D-M

3.7%
23.2%
3.6%
5.1%

6.9%
13.4%
6.4%
14.0%
7.3%
6.4%
17.9%
5.4%
4.3%
5.0%
3.1%
10.7%
5.4%
4.1%
3.7%
4.5%
17.8%
6.4%
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Annex 3.3 Parameters (degrees of freedom (df), sum of squares, variance explained
(R2), F-value and p-value) of one-way ANOVA comparing stable isotope values (δ13C
and δ15N, ‰) of phytoplankton, zooplankton and the scyphomedusa Pelagia noctiluca
after extraction of lipids using chloroform, dichloromethane, and methyl-tert-butyl
ether (MTBE). Significant differences are indicated by (*) (p-value £ 0.05).
δ C (‰)
Phytoplankton
Residuals
Mesozooplankton
Residuals
Pelagia noctiluca
Residuals
δ15N (‰)
Phytoplankton
Residuals
Mesozooplankton
Residuals
Pelagia noctiluca
Residuals

df

Sum of squares

R2

F-value

p-value

2
6
2
6
2
6

0.053
0.066
0.010
0.004
0.155
0.024

44.4%
55.6%
0.5%
0.1%
7.7%
0.4%

2.391

0.10

6.508

0.031 *

19.587

0.002 *

2
6
2
6
2
6

0.049
0.017
0.012
0.004
0.035
0.005

2.5%
0.3%
0.6%
0.1%
1.8%
0.1%

8.956

0.016 *

10.352

0.011 *

19.402

0.002 *
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CHAPTER IV
FATTY ACIDS AS TROPHIC MARKERS
WEBS: A META-ANALYSIS

IN

MARINE PLANKTONIC FOOD

Abstract
Fatty acids (FAs) are used in ecological studies to define trophic interactions among
organisms and the structure of food webs. The widespread use of FAs as trophic
markers assumes largely that they are transferred across trophic levels with little
and often predictable modifications. In marine planktonic trophic webs, the small
size of primary producers (heterotrophic bacteria and phytoplankton) and predators
(zooplankton) have prompted the application of FAs to define their complex
interactions. However, the heterogeneity of FAs profiles, physiological pathways and
trophic guilds has challenged the definition of fatty acids trophic markers (FATMs)
within key groups such as heterotrophic bacteria and zooplankton. Here, I collected
755 FA profiles belonging to 319 species of three marine planktonic groups (i.e.
heterotrophic bacteria, phytoplankton and zooplankton) to compare FA profiles
within each group across the different taxonomic levels and identify FAs that may
serve potentially as FATMs along food webs. Based on multivariate analyses, a
selection of FAs is proposed as potential FATMs for different classes of primary
producers. Conversely, for zooplankton, FA composition did not reflect the
taxonomic ranking at class or order level, but grouped the organisms according to
trophic guilds (bacterivore, herbivore, carnivore, omnivore, detritivore). The broad
inference is that trophic groups may better allow to track the transfer of FAs to
higher trophic levels.

Keywords: heterotrophic bacteria, phytoplankton, zooplankton, trophic
interactions, taxonomy, trophic guilds
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Introduction
Trophic interactions among organisms are challenging to define with
many different approaches developed over time. Direct observations of
foraging behaviour and indirect approaches (for e.g. analysis of gut contents
and/or faecal pellets) have been used extensively to understand the dietary
composition of predators in marine environments (Hyslop, 1980; Urban et al.,
1992). Both these approaches provide a short-term definition of recently
ingested items and allow a quantitative estimation of prey. However, direct
observations of foraging behaviour in marine organisms are generally feasible
in mesocosms, which likely narrow the variety of prey available in nature.
Additionally, different digestion times of prey may bias the number of
ingested prey by overestimating the consumption of hard-bodied prey
compared to soft-bodied and small prey (Iverson et al., 2004).

In order to overcome the limitations of indirect approaches, biochemical
tracers (or biomarkers) such as fatty acids (FAs), amino acids (AAs) and stable
isotopes (SIs) have been supplementing or replacing more traditional
approaches (Dalsgaard et al., 2003; Peterson and Fry, 1987). Compared to the
direct observation and indirect approaches, biomarkers have the advantage to
provide a relatively temporally integrated dietary composition, which reflects
the assimilated prey more than those simply ingested (Peterson and Fry,
1987). Biomarkers therefore allow the identification of prey items (for e.g.
bacteria, detritus, gelatinous organisms) that may be difficult to detect using
other approaches (Iverson et al., 2004).
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Within

planktonic

communities,

direct

observations

of

trophic

interactions are difficult and often unfeasible due to the small size of predators
and prey. The feeding behaviour of zooplankton has been observed mainly in
controlled environments (Costello and Colin, 1994; Jonsson and Tiselius, 1990;
Mazzocchi and Paffenhoefer, 1999) and only a few imaging approaches have
enabled in situ observations (Lertvilai, 2020) with the feeding behaviour of
mesozooplankton recorded rarely (Lombard et al., 2019). Although the
examination of ingested and digested prey in mesozooplankton guts and
faecal pellets is easier because it is performed after in situ collection of
organisms (Nakata et al., 2001; Urban et al., 1992), fatty acid trophic markers
(FATMs) have extended the study of trophic interactions at broader scales and
size of organisms (pico- (Merritt et al., 1991), micro- (Claustre et al., 1989),
meso- (Kattner and Hagen, 1995) and macroplankton (Nelson et al., 2000)).

Based on the fact that distinct FA compositions are found in marine
plankton, specific FAs can be selected to identify the contribution of different
prey to the diet of higher trophic levels (Dalsgaard et al., 2003; Sargent and
Falk-Petersen, 1988). However, the selection of FATMs is challenged by
differences within the diverse levels of the trophic webs. Heterotrophic
bacteria are important particularly in the microbial loop, where they recycle
dissolved and particulate organic matter and make it available to higher
trophic levels (Sherr, 2000), but their FA composition has been only compared
to autotrophic bacteria (cyanobacteria) (Cañavate, 2019), while a comparison
within or across taxonomic levels is lacking at present. In contrast to
heterotrophic bacteria, specific FATMs have been identified in phytoplankton
within taxonomic groups in freshwater (Taipale et al., 2013) and marine
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environments (Cañavate, 2019). Because they produce the main pool of FAs
transferred along freshwater and marine food webs, phytoplankton have been
largely studied and a high FA diversity can be found among species (Lang et
al., 2011; Mitani et al., 2017). Reference ratios of specific FATMs enable a
quantitative determination of marine phytoplankton communities at the class
taxonomic level (Cañavate, 2019; Taipale et al., 2013) for the most common
groups, but are lacking for others. Despite the key role of zooplankton in
marine ecosystems as primary and secondary consumers which sustain
higher-trophic-level predators (Dalsgaard et al., 2003; Graeve et al., 2008), the
definition of FATMs in this large group has been challenged by the diversity
of physiological pathways and trophic guilds within the heterogeneous
taxonomic levels (Graeve and Greenacre, 2020; Happel et al., 2017).

In this meta-analysis, we collected FA profiles of marine plankton
available in literature which included three heterotrophic bacteria phyla, eight
phytoplankton phyla and eight zooplankton phyla. FA compositions were
analysed using multivariate approaches to: (i) compare FA profiles within
taxonomic levels to identify FAs which are representative of a specific
taxonomic level and (ii) determine fatty acid trophic markers (FATMs) to
define trophic interactions within planktonic food webs particularly in
heterotrophic bacteria and zooplankton for which such indicators are
currently lacking.
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Methods
Collection of fatty acid profiles
FA profiles of marine plankton were collected from 89 papers published
between 1964 and 2019, which were selected within the literature available in
Google Scholar using the keywords 'fatty acids' and 'fatty acid composition'
associated with 'marine bacteria', 'phytoplankton', 'microalgae', and
'zooplankton' (see Annexes 2.1, 2.2, 2.3). Only FA profiles obtained from
complete lipid extractions (i.e. all lipid classes were included in the paper)
using chloroform as the main solvent were included in the analysis to reduce
the potential bias due to different lipid extraction solvents that was
highlighted in Chapter II. Only FAs reported as a percentage of total FA
content (% of total FAs) were included in the analysis. In case of studies
comparing the effects of environmental variables on FA composition, only
results obtained under controlled conditions were included in the metaanalysis.
FA profiles were divided according to the main planktonic groups:
heterotrophic bacteria, phytoplankton and zooplankton. To define the
variability of FA composition within each group, species were grouped
according to three taxonomic levels (phylum, class, order). Taxonomic
assignment of species was made following the classification in AlgaeBase
(Guiry and Guiry, 2021) (accessed in June 2020) for phytoplankton and in the
World Register of Marine Species (Horton et al., 2021) (accessed in July 2020)
for heterotrophic bacteria and zooplankton. In total, I acquired 18 phyla, two
for heterotrophic bacteria, eight for phytoplankton and zooplankton,
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respectively (Table 4.1). Phytoplankton belonged to 19 classes, heterotrophic
bacteria to three classes and zooplankton were classified into 26 orders from
13 different classes. Given the number of orders and the diversity of trophic
guilds in zooplankton, the species belonging to this group were divided
additionally into five groups according to their trophic guilds (bacterivore,
detritivore, herbivore, carnivore, omnivore) (Annex 4.1).

Table 4.1 Taxonomic classification of marine planktonic organisms and number of
species and fatty acid (FA) profiles gathered from the literature.

Phylum
Heterotrophic bacteria
Actinobacteria
Proteobacteria
Phytoplankton
Bacillariophyta

Chlorophyta

Cryptophyta
Haptophyta
Miozoa
Ochrophyta

Rhodophyta
Cyanobacteria

Class
Actinobacteria
Alphaproteobacteria
Gammaproteobacteria
Bacillariophyceae
Coscinodiscophyceae
Mediophyceae
Chlorodendrophyceae
Chlorophyceae
Mamiellophyceae
Pyramimonadophyceae
Trebouxiophyceae
Cryptophyceae
Coccolithophyceae
Pavlovophyceae
Dinophyceae
Eustigmatophyceae
Pelagophyceae
Phaeothamniophyceae
Pinguiophyceae
Raphidophyceae
Porphyridiophyceae
Cyanophyceae

Number of
species
17
5
4
8
219
35
4
28
4
10
1
4
5
26
32
5
31
2
3
1
2
9
1
16

Number of FA
profiles
19
5
4
10
538
72
4
63
15
11
2
4
14
57
63
16
54
23
11
3
3
48
39
36
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Table 4.1 Continued.

Phylum
Zooplankton
Euglenozoa
Ciliophora

Ctenophora
Cnidaria
Rotifera
Chaetognatha
Arthropoda
Chordata

Class
Kinetoplastae
Litostomatea
Oligotrichea
Spirotrichea
Nuda
Tentaculata
Hydrozoa
Scyphozoa
Eurotatoria
Sagittoidea
Copepoda
Malacostraca
Thaliacea

Number of
species
83
1
1
1
1
3
2
5
16
1
5
26
10
11

Number of FA
profiles
198
2
1
3
3
6
4
8
24
12
10
85
25
19

Statistical analysis
The taxonomic level contributing to most of FA variability within each
group was determined using a nested permutational analysis of variance
(PERMANOVA) considering phylum as a fixed factor, while class, order and
genus were nested factors. This multivariate analysis was performed after
converting the data into similarity triangular matrixes using a Euclidean
resemblance distance. The relative percent contribution (%) of the different
taxonomic levels was calculated after dividing the estimated components of
variation of each factor by the sum of all variation components. Significant
differences between taxonomic levels were then determined by performing
Tukey post-hoc pairwise comparisons. The same tests were performed on the
groups based on trophic guilds of zooplankton.
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A similarity percentage analysis (SIMPER) was performed on the
proportions of FAs (%) to identify the similarity within and among each
taxonomic level and detect the FAs contributing at least 90% to the similarity
within each taxonomic level. In order to avoid potential bias due to the
heterogeneous number of species and FA profiles within each taxonomic
level, a linear correlation was performed between within-taxa similarities (%)
obtained from the SIMPER analysis and the number of species and FA profiles
per taxonomic level. Additionally, relationships between FA composition and
taxonomic levels or trophic guilds were explored using non-parametric
multidimensional scaling (nMDS) based on a Euclidean resemblance matrix
of log-transformed (log + 1) FA proportions.
All analyses were performed using the Plymouth Routines in Multivariate
Ecological Research (PRIMER6) software (Clarke and Gorley, 2006), except for
the linear regressions that were calculated in RStudio using the R package
'stats' and the lm function (RStudio, 2016). Data were first tested for normality

and homoscedasticity. Significance threshold was set at p-value £ 0.05.

Results
Variability of fatty acid profiles within and across taxonomic levels
Heterotrophic bacteria
All marine heterotrophic bacteria belonged to the phyla Actinobacteria
and Proteobacteria, which included only one (Actinobacteria) and two classes
(Alphaproteobacteria and Gammaproteobacteria), respectively (Table 4.1).
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The FA composition of heterotrophic bacteria was highly different among
classes, which contributed 38.0% to the total variability, while phylum did not
affect FA variability (Table 4.2). When classes were nested in their respective
phyla, a significant difference was found between the classes of Proteobacteria
(Table 4.2). The taxonomic level of class was therefore selected as a
discriminant for FA composition within marine heterotrophic bacteria.

Table 4.2 Summary statistics of nested PERMANOVA analysis and Tukey post-hoc
pairwise comparisons (degree of freedom (df), pseudo-F, p-value and contributions
of the sources of variation (% Contribution)) performed on fatty acid (FA) profiles (%
of total FAs) in marine heterotrophic bacteria according to their taxonomic
classification. Phylum was considered as a fixed factor in the three-way analysis, with
class and genus as nested factors. Significant differences are indicated by (*) (p-value
≤ 0.05).
Source
Three-way nested PERMANOVA
Phylum
Class(Phylum)
Genus(Class(Phylum))
Residual

df

Pseudo-F

p-value

% Contribution

1
1
8
8

0.701
3.436
3.200

0.63
0.014 *
0.002 *

0.0%
38.0%
36.1%
25.9%

Tukey post-hoc pairwise comparisons between classes nested in phylum
Proteobacteria
Alphaproteobacteria/Gammaproteobacteria
17.572
0.004 *

Phytoplankton
Phytoplankton belonged to eight phyla and 19 classes (Table 4.1). Like in
heterotrophic bacteria, FA composition varied significantly across classes
(Table 4.3). Class nested in phylum explained 22.6% of the total variability
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and the sum of both factors resulted in 55.4% of the total FA variability,
although phylum did not significantly affect FA composition (Table 4.3).
Genus only explained 16.2% of the total variability, which suggested that class
was the taxonomic level which discriminated FA composition of
phytoplankton better than genera. Pairwise comparisons between classes
indicated that 20 classes out of 24 significantly differed from each other within
their respective phyla (Table 4.3). Based on this result, class was selected as
the best discriminating taxonomic level for phytoplankton.

Table 4.3 Summary statistics of nested PERMANOVA analysis and Tukey post-hoc
pairwise comparisons (degree of freedom (df), pseudo-F, p-value and contributions
of the sources of variation (% Contribution)) performed on fatty acid (FA) profiles (%
of total FAs) in marine phytoplankton according to their taxonomic classification.
Phylum was considered as a fixed factor in the three-way analysis, with class and
genus as nested factors. Significant differences are indicated by (*) (p-value ≤ 0.05).
Source
Three-way nested PERMANOVA
Phylum
Class(Phylum)
Genus(Class(Phylum))
Residual

df

Pseudo-F

p-value

7
11
95
424

2.504
2.957
2.941

0.05
0.001 *
0.001 *

Tukey post-hoc pairwise comparisons between classes nested in phyla
Bacillariophyta
Bacillariophyceae/Coscinodiscophyceae
0.547
0.75
Bacillariophyceae/Mediophyceae
15.612
0.001 *
Coscinodiscophyceae/Mediophyceae
1.764
0.10
Chlorophyta
Chlorodendrophyceae/Chlorophyceae
11.486
0.001 *
Chlorodendrophyceae/Mamiellophyceae
7.793
0.008 *
Chlorodendrophyceae/Pyramimonadophyceae
9.131
0.001 *
Chlorodendrophyceae/Trebouxiophyceae
9.372
0.001 *

%
Contribution
32.8%
22.6%
16.2%
28.4%
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Table 4.3 Continued.
Source
Chlorophyceae/Mamiellophyceae
Chlorophyceae/Pyramimonadophyceae
Chlorophyceae/Trebouxiophyceae
Mamiellophyceae/Pyramimonadophyceae
Mamiellophyceae/Trebouxiophyceae
Pyramimonadophyceae/Trebouxiophyceae
Haptophyta
Coccolithophyceae/Pavlovophyceae
Ochrophyta
Eustigmatophyceae/Pelagophyceae
Eustigmatophyceae/Phaeothamniophyceae
Eustigmatophyceae/Pinguiophyceae
Eustigmatophyceae/Raphidophyceae
Pelagophyceae/Phaeothamniophyceae
Pelagophyceae/Pinguiophyceae
Pelagophyceae/Raphidophyceae
Phaeothamniophyceae/Pinguiophyceae
Phaeothamniophyceae/Raphidophyceae
Pinguiophyceae/Raphidophyceae

Pseudo-F
6.725
8.366
7.709
0.745
6.359
8.707

p-value
0.012 *
0.001 *
0.002 *
0.73
0.012 *
0.001 *

28.297

0.001 *

46.241
15.821
12.645
33.771
5.713
5.988
19.966
5.995
5.282
6.445

0.001 *
0.001 *
0.002 *
0.001 *
0.004 *
0.001 *
0.001 *
0.10
0.002 *
0.004 *

Zooplankton
Unlike heterotrophic bacteria and phytoplankton, phylum significantly
affected zooplankton FA composition but contributed only to 14.2% of
variability, while class did not discriminate FA profiles and contributed only
4.1% to the total variability (Table 4.4). Order was used as a nested factor
within phylum but contributed only 11.7% to the total dissimilarity (Table
4.4). Pairwise comparisons between orders nested in their respective phyla
showed significant differences in only two phyla, Arthropoda and Cnidaria,
where all orders significantly differed from each other (Table 4.4). This
finding suggested that orders may be the best discriminant of FA
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compositions within Arthropoda and Cnidaria but are not indicative for other
zooplankton phyla.
Because taxonomic level did not discriminate effectively FA profiles
within zooplankton phyla other than Arthropoda and Cnidaria, the analyses
performed on taxonomic levels were repeated using trophic guilds
(bacterivore, detritivore, herbivore, carnivore and omnivore) (Annex 4.1).
Differences explained up to 21.9% of dissimilarities (Table 4.4) and all trophic
groups significantly differed (Annex 4.2).

Table 4.4 Summary statistics of nested PERMANOVA analysis and Tukey post-hoc
pairwise comparisons (degree of freedom (df), pseudo-F, p-value and contributions
of the sources of variation (% Contribution)) performed on fatty acid (FA) profiles (%
of total FAs) in marine zooplankton according to their taxonomic classification and
trophic guilds. Phylum was considered as a fixed factor in the three-way analysis,
with class and genus as nested factors. Significant differences are indicated by (*) (pvalue ≤ 0.05).
Source
Three-way nested PERMANOVA
Phylum
Class(Phylum)
Genus(Class(Phylum))
Residual
Phylum
Order(Phylum)
Genus(Order(Phylum))
Residual
One-way PERMANOVA
Trophic guilds
Residual

df

Pseudo-F

p-value

% Contribution

7
3
46
141

1.786
1.379
2.883

0.040 *
0.19
0.001 *

14.2%
4.1%
32.7%
49.0%

7
15
34
141

1.751
1.530
2.083

0.10
0.049 *
0.001 *

15.6%
11.7%
22.2%
50.5%

4
193

11.369

0.001 *

21.9%
78.1%
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Table 4.4 Continued.
Source
Pseudo-F
p-value
Tukey post-hoc pairwise comparisons between orders nested in phyla
Chaetognatha
Aphragmophora/Phragmophora
2.714
0.06
Chordata
Pyrosomatida/Salpida
1.422
0.16
Ciliophora
Euplotida/Tintinnida
2.453
0.34
Ctenophora
Beroida/Cydippida
1.213
0.22
Beroida/Lobata
0.679
0.85
Cydippida/Lobata
0.640
0.64
Cnidaria
Siphonophorae/Coronatae
3.222
0.023 *
Siphonophorae/Rhizostomeae
3.250
0.010 *
Coronatae/Rhizostomeae
2.939
0.028 *
Arthropoda
Calanoida/Cyclopoida
8.590
0.001 *
Calanoida/Harpacticoida
18.920
0.001 *
Calanoida/Euphausiacea
16.091
0.001 *
Calanoida/Mysida
5.938
0.001 *
Cyclopoida/Harpacticoida
5.268
0.001 *
Cyclopoida/Euphausiacea
7.993
0.001 *
Cyclopoida/Mysida
3.920
0.006 *
Harpacticoida/Decapoda
3.637
0.005 *
Harpacticoida/Euphausiacea
7.477
0.001 *
Harpacticoida/Mysida
6.983
0.001 *
Decapoda/Euphausiacea
11.225
0.009 *
Euphausiacea/Mysida
11.517
0.001 *

Determination of fatty acid trophic markers
A SIMPER analysis was performed including the three planktonic groups
(heterotrophic bacteria, phytoplankton and zooplankton) in order to identify
within-group similarities and potential differences in FA profiles among
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groups. Within-class similarity in heterotrophic bacteria and phytoplankton
and within-order similarity in zooplankton determined using the similarity
percentage analysis (SIMPER) was negatively correlated with the number of
species (lm, R2 = – 0.39, p-value = 0.02) (Fig. 4.1 A), which indicated that a high
number of species within classes or orders caused a decrease in the similarity
within taxa. However, the number of FA profiles used to build the dataset did
not affect the similarity within taxa (R2 = – 0.26, p-value = 0.13) (Fig. 4.1 B),
which ensured that the following analyses based on FA composition were not
affected by a low number of FA profiles.

Similarity within taxa (%)

A

B

102

102

101.9

101.9

101.8

101.8

101.7

101.7
y = 71.0 – 0.38 x
R2 = – 0.39, p-value = 0.02

101.6

y = 70.0 – 0.12 x
R = – 0.26, p-value = 0.13
2

101.6
100

100.5
101
Number of species

101.5

100.5
101
101.5
Number of FA profiles

Figure 4.1 Correlation between the similarity of fatty acid (FA) profiles within taxa
(%) determined using a similarity percentage analysis (SIMPER) based on a
Euclidean distance (log + 1) and the number of A. species per class and/or order and
B. FA profiles per class and/or order used to compute the similarity matrix in
heterotrophic bacteria, phytoplankton and zooplankton. The equations are the linear
regressions of y (similarity within taxa) and x (number of species or number of FA
profiles), R2 and p-value are the statistics associated with the linear regressions.
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Overall, only 17 FAs contributed to most of the similarity within and
between groups (Fig. 4.2). The FA 16:0 was found in all groups and provided
the highest contribution to within- and between-group similarities, ranging
from 15.6% in phytoplankton to 30.8% in heterotrophic bacteria (Fig. 4.2 A).
Similarly, 16:0 explained 21.5% of between-group similarity (Fig. 4.2 B).
Heterotrophic bacteria were characterised by saturated (SFAs) and
monounsaturated FAs (MUFAs), which contributed to 36.4% and 63.6% of
within-group similarity, respectively (Fig. 4.2 A). A high content of 17:1(n-x)
and a very low content in PUFAs and HUFAs differentiated heterotrophic
bacteria from phytoplankton and zooplankton, and the two latter groups had
remarkably high contributions of PUFAs and HUFAs to within-group
similarity (Fig. 4.2 B). Phytoplankton were the only group with a very high
content of polyunsaturated (PUFAs), which cumulatively accounted for 36.2%
of within-group similarity (Fig. 4.2 A). Zooplankton, like heterotrophic
bacteria, contained mainly SFAs and MUFAs (34.6% and 31.1% of withingroup similarity, respectively) (Fig. 4.2 A) and this group was characterised
by 16:1(n-9), 22:1(n-11) and 22:6(n-3) (Fig. 4.2 B).

Heterotrophic bacteria
In heterotrophic bacteria, Actinobacteria presented the lowest withinclass similarity (24.4%) while Alphaproteobacteria and Gammaproteobacteria
exhibited higher similarities (61.9% and 63.4%, respectively) (Table 4.5).
Approximately half of within-class similarity of Actinobacteria and
Gammaproteobacteria was explained by MUFAs, which contributed 86% to
within-class similarity of Alphaproteobacteria. MUFAs included 16:1(n-7) and

18:1(n-9)

18:2(n-6)
18:3(n-3)

20.8%

Phytoplankton
14:0
7.7%
15.6%
2.9%
11.3%
3.2%
3.8%
10.2%

5.8%
21.1%
7.7%
7.9%

16:1(n-7)

16:0

18:0

16:1(n-7)

18:1(n-7)

18:1(n-9)

16:4(n-3)

Zooplankton
14:0

16:0

18:0

16:1(n-7)

22:1(n-11)

18:1(n-9)

16:1(n-9)

22:6(n-3)

20:5(n-3)

20:4(n-6)

18:5(n-3)

18:4(n-3)

6.6%

10.6%

6.0%

5.0%

8.7%

5.5%

5.3%

7.9%

8.8%

4.0%

28.5%

6.7%

5.6%

18:0

18:1(n-7)

7.7%

Heterotrophic bacteria
16:0
17:1(n-x)
30.8%

Contributions of FAs to
within-group similarity (%)

B
Interaction

1.8%
4.5%
1.7%
3.8%
3.5%
2.3%
2.4%
7.6%

22:1(n-11)
16:4(n-3)
18:2(n-6)
18:3(n-3)
18:4(n-3)
18:5(n-3)
20:4(n-6)
20:5(n-3)

7.6%

12.9%

18:1(n-9)

22:6(n-3)

1.6%
2.2%
3.4%

5.0%

18:0

16:1(n-9)
17:1(n-x)
18:1(n-7)
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A
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Figure 4.2 A. Contribution of fatty acids (FAs) to within-group similarity (%) of

heterotrophic bacteria, phytoplankton and zooplankton based on a similarity

percentage analysis (SIMPER). B. Bipartite network plot based on the between-group

similarities of the three main planktonic groups and the contribution of FAs to
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18:1(n-9) in all heterotrophic bacterial classes, while 17:1(n-x) and 18:1(n-7)
were remarkably abundant in Actinobacteria, and 14:1(n-x) and 15:1(n-x) were
representative of Gammaproteobacteria only (Table 4.5, Fig. 4.3). The FA
18:1(n-9) differentiated Alphaproteobacteria (82.2% of within-class similarity),
while 16:1(n-7) mostly characterised Gammaproteobacteria (48.5% of withinclass similarity) (Table 4.5). Actinobacteria were differentiated by the SFA
16:0, Alphaproteobacteria by 18:0 and Gammaproteobacteria by 16:0 and 14:0
to a lesser extent (Table 4.5).

Table 4.5 Fatty acids (FAs) contributing to within-class similarity (%) in
heterotrophic bacteria determined using a similarity percentage analysis (SIMPER)
and their FA content (mean ± SD, % of total FAs). Only FAs with cumulative
contribution

to

similarity

≥

90%

are

shown.

Actinobacteria

(Acti);

Alphaproteobacteria (Alpha); Gammaproteobacteria (Gamma).

Class
Actinobacteria
Acti

Proteobacteria
Alpha

Gamma

Within-class
similarity (%)

FAs

FA content
(%of total FAs)

Contribution to
similarity (%)

24.4%

16:0
16:1(n-7)
18:1(n-9)
17:1(n-x)
18:1(n-7)

13.9 ± 1.2
14.5 ± 0.7
18.8 ± 0.5
9.1 ± 0.3
5.6 ± 0.3

39.4
20.4
14.8
9.0
7.8

61.9%

18:1(n-9)
18:0
16:1(n-7)
16:1(n-7)
16:0
14:0
14:1(n-x)
18:1(n-9)

57.8 ± 2.3
6.5 ± 1.0
5.0 ± 0.8
36.8 ± 3.3
23.8 ± 4.6
4.1 ± 1.2
3.9 ± 0.8
10.3 ± 0.3

82.2
6.5
3.8
48.5
32.6
3.7
2.8
2.7

63.4%

80
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Figure 4.3 Proportions of the fatty acid trophic markers (FATMs) (% of total FAs,
mean ± standard error) identified in marine heterotrophic bacteria taxonomic classes.

The SIMPER analysis identified the FAs that can be used as trophic
markers and that contributed the most to between-class similarity. Overall,
each pairwise comparison indicated that classes were all similar to each other
of about 65%, and up to 78.2% between Alphaproteobacteria and
Gammaproteobacteria (Table 4.6). All similarities were dominated by high
contributions of the FATMs 18:1(n-9) and 16:1(n-7), which explained most of
the similarities between classes (Table 4.6). Overall, most of the FATMs
contributing to similarities between classes were previously identified by
within-class similarity analysis (Table 4.5). The SIMPER analysis was
supported by a non-parametric multidimensional scaling (nMDS) analysis
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performed using all FAs as variables (Fig. 4.4). Classes belonging to the
phylum Proteobacteria separated well according to the first axis, which
corroborated the results of the SIMPER analysis (Table 4.6). Probably due to
their low within-class similarity, Actinobacteria did not cluster and the
variability was mostly explained by the second axis of the nMDS (Fig. 4.4).

Table 4.6 Fatty acids (FAs) contributing to heterotrophic bacteria between-class
similarities determined using a similarity percentage analysis (SIMPER). Only FAs
with cumulative contribution to similarity ≥ 90% are included. Between-class
similarities (%) are indicated in brackets under the compared classes. FAs in bold are
those mostly contributing to pairwise between-classes similarities. Actinobacteria
(Acti); Alphaproteobacteria (Alpha); Gammaproteobacteria (Gamma).

FAs
14:0
15:0
16:0
17:0
18:0
14:1(n-x)
15:1(n-x)
16:1(n-7)
16:1(n-9)
17:1(n-x)
18:1(n-7)
18:1(n-9)

Acti/Alpha
(68.8%)

10.1
7.5
5.7

11.1
9.1
5.1
42.1

Contribution to similarity (%)
Acti/Gamma
Alpha/Gamma
(62.7%)
(78.2%)
4.3
2.7
4.7
12.1
14.2
5.2
4.2
3.7
2.7
3.7
25.6
22.1
3.8
2.8
8.6
3.6
5.4
19.1
34.0
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Stress = 0.11

MDS 2

1
Class
Actinobacteria
Alphaproteobacteria
Gammaproteobacteria

0

-1

-1

0
MDS 1

1

Figure 4.4 Non-parametric multidimensional scaling (nMDS) analysis based on a
Euclidean distance (log + 1) of fatty acid (FA) composition in heterotrophic bacteria
classes. Phylum Actinobacteria (⬤); phylum Proteobacteria (◆).

Phytoplankton
Within the FAs identified in all classes of marine phytoplankton, 19 FAs
were selected as potential indicators based on their various proportions in
each class (Table 4.7) and their high contributions to within-class and
between-class similarities (Tables 4.8, 4.9, Fig. 4.5). Within the phylum
Bacillariophyta, all three classes were identified by a high content of 16:1(n-7)
(Table 4.7), which contributed 38.0%, 30.5% and 28.5% to within-class
similarity of Bacillariophyceae, Coscinodiscophyceae and Mediophyceae,
respectively (Table 4.8, Fig. 4.5) and discriminated all Bacillariophyta classes
from other phytoplankton phyla (Table 4.9). Bacillariophyceae and
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Mediophyceae were characterised by 20:5(n-3), which accounted for about
15% of within-class similarity with a mean FA content of 14.2% of total FAs
(Table 4.7). The SFA 14:0 was found in higher proportions within
Mediophyceae (16.7 ± 7.0% of total FAs) and represented 20.9% of similarity
within this class and 12.6% of within-class similarity in Coscinodiscophyceae

Table 4.7 Mean (± SD) fatty acid (FA) contents (% of total FAs) in marine
phytoplankton from the literature. Bacillariophyceae (Baci); Coscinodiscophyceae
(Cosci); Mediophyceae (Medio); Chlorodendrophyceae (Chld); Chlorophyceae
(Chlo); Mamiellophyceae (Mami); Pyramimonadophyceae (Pyra); Trebouxiophyceae
(Treb); Cryptophyceae (Crypt); Coccolithophyceae (Cocc); Pavlovophyceae (Pavl);
Dinophyceae

(Dino);

Eustigmatophyceae

(Eust);

Pelagophyceae

(Pelag);

Phaeothamniophyceae (Phaeo); Pinguiophyceae (Ping); Raphidophyceae (Raph);
Porphyridiophyceae (Porph); Cyanophyceae (Cyan).
Bacillariophyta
FAs
Baci
Cosci
12:0
2.2 ± 2.7
0.8 ± 0.0
14:0
8.2 ± 7.5
11.0 ± 5.1
16:0
18.8 ± 8.6 25.1 ± 11.4
18:0
1.6 ± 2.8
1.2 ± 0.9
16:1(n-13) 1.9 ± 3.7
1.1 ± 0.3
16:1(n-7) 30.5 ± 12.9 26.6 ± 12.2
16:2(n-7)
2.7 ± 2.2
1.7 ± 2.1
16:3(n-x)
4.9 ± 8.8
2.2 ± 1.8
16:4(n-1)
1.7 ± 2.9
2.1 ± 2.1
16:4(n-3)
0.1 ± 0.3
18:1(n-7)
1.1 ± 1.0
3.6 ± 3.8
18:1(n-9)
2.3 ± 2.4
1.3 ± 1.0
18:2(n-6)
2.0 ± 3.3
1.5 ± 0.4
18:3(n-3)
0.7 ± 0.8
0.7 ± 0.5
18:4(n-3)
0.8 ± 1.4
1.3 ± 1.7
18:5(n-3)
0.1 ± 0.2
20:4(n-6)
2.8 ± 3.0
1.5 ± 0.6
20:5(n-3) 14.2 ± 9.0 13.9 ± 9.7
22:6(n-3)
0.9 ± 0.9
2.8 ± 3.0

Medio
2.9 ± 2.4
16.7 ± 7.0
12.5 ± 7.2
2.7 ± 4.1
1.0 ± 0.8
21.9 ± 8.1
4.6 ± 3.0
6.8 ± 4.8
3.5 ± 3.2
1.3 ± 1.3
2.8 ± 3.9
1.6 ± 2.0
0.4 ± 0.5
1.5 ± 1.4
1.5 ± 3.1
14.2 ± 7.6
1.6 ± 1.4

Chld
0.7 ± 0.6
0.8 ± 0.7
23.9 ± 5.7
1.9 ± 3.1
1.1 ± 1.3
1.6 ± 1.8
0.2 ± 0.4
0.7 ± 1.3
10.9 ± 4.8
3.2 ± 2.1
12.3 ± 7.7
6.1 ± 3.7
14.5 ± 5.8
6.2 ± 4.0
0.4 ± 0.4
0.6 ± 0.6
6.0 ± 2.9
0.1 ± 0.2

Chlorophyta
Chlo
Mami
0.1 ± 0.2
1.0 ± 1.1 5.6 ± 1.6
16.1 ± 5.9 17.1 ± 4.9
0.8 ± 0.5 1.4 ± 0.6
0.4 ± 1.0 2.5 ± 0.1
1.3 ± 1.5 0.6 ± 0.1
0.3 ± 0.4 0.1 ± 0.1
2.2 ± 1.4 0.5 ± 0.6
17.4 ± 4.8
2.1 ± 2.6
3.0 ± 1.4
5.6 ± 1.6
36.5 ± 6.6
2.4 ± 1.4
0.0 ± 0.1
0.4 ± 0.6
0.7 ± 1.9

18.0 ± 3.5
8.2 ± 3.7
0.7 ± 0.5
0.6 ± 0.7
4.8 ± 4.7
18.6 ± 3.0
9.5 ± 10.3
1.0 ± 0.9
8.0 ± 0.7

Pyra
0.7 ± 0.0
1.0 ± 1.5
16.4 ± 2.9
0.7 ± 0.5
4.7 ± 2.4
2.4 ± 2.5
0.7 ± 1.3
0.7 ± 0.8
13.3 ± 1.3
5.7 ± 6.3
0.8 ± 0.9
2.4 ± 1.5
10.4 ± 9.5
20.8 ± 6.7
4.5 ± 4.3
0.1 ± 0.2
0.9 ± 1.3
5.4 ± 1.5
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Table 4.7 Continued.

FAs
12:0
14:0
16:0
18:0
16:1(n-13)
16:1(n-7)
16:2(n-7)
16:3(n-x)
16:4(n-1)
16:4(n-3)
18:1(n-7)
18:1(n-9)
18:2(n-6)
18:3(n-3)
18:4(n-3)
18:5(n-3)
20:4(n-6)
20:5(n-3)
22:6(n-3)

FAs
12:0
14:0
16:0
18:0
16:1(n-13)
16:1(n-7)
16:2(n-7)
16:3(n-x)
16:4(n-1)
18:1(n-7)
18:1(n-9)
18:2(n-6)
18:3(n-3)
18:4(n-3)
18:5(n-3)
20:4(n-6)
20:5(n-3)
22:6(n-3)

Chlorophyta
Treb
0.4 ± 0.4
1.0 ± 0.6
21.3 ± 6.8
2.1 ± 2.9
5.0 ± 2.9
4.3 ± 5.1
10.8 ± 7.6
4.4 ± 8.2
1.7 ± 1.1
8.9 ± 10.8
12.8 ± 5.8
23.1 ± 12.4
0.4 ± 1.0
0.1 ± 0.2
0.5 ± 1.1

Cryptophyta
Crypt
4.5 ± 2.9
5.2 ± 3.0
16.0 ± 4.6
3.6 ± 2.3
0.6 ± 0.7
2.1 ± 2.2
0.1 ± 0.3
0.1 ± 0.3

3.4 ± 2.0
5.0 ± 4.0
3.5 ± 2.7
16.1 ± 6.4
21.3 ± 7.6
0.3 ± 1.1
0.9 ± 1.5
13.2 ± 4.1
3.9 ± 3.0

Haptophyta
Cocc
Pavl
2.9 ± 3.4
2.3 ± 2.1
16.8 ± 9.9 14.7 ± 5.7
17.7 ± 9.7 17.2 ± 4.8
3.9 ± 5.0
1.2 ± 1.5
0.0 ± 0.1
3.0 ± 2.7
15.0 ± 5.2
0.8 ± 1.5
1.4 ± 1.6
0.1 ± 0.4
1.2 ± 1.8
0.0 ± 0.2
0.1 ± 0.1
0.1 ± 0.1
1.3 ± 0.6
2.7 ± 0.8
12.1 ± 7.0
1.8 ± 2.5
4.6 ± 3.7
1.3 ± 1.0
4.9 ± 3.2
0.8 ± 0.6
13.3 ± 8.1
6.6 ± 2.7
4.8 ± 4.3
0.1 ± 0.3
0.8 ± 0.7
1.6 ± 1.9
20.7 ± 5.3
9.0 ± 5.2
7.2 ± 3.1

Ochrophyta
Pelag
Phaeo
Ping
7.2 ± 4.9
3.1 ± 1.8
3.6 ± 4.0
12.6 ± 3.0
2.0 ± 1.1
33.5 ± 12.3
24.0 ± 11.4 31.6 ± 10.5 22.3 ± 8.9
9.1 ± 5.8
4.5 ± 6.3
4.4 ± 2.3
5.9 ± 4.6
0.2 ± 0.6
0.1 ± 0.4
0.1 ± 0.5

1.1 ± 0.2
0.4 ± 0.3

4.7 ± 1.0
0.3 ± 0.4
0.1 ± 0.2

Raph
2.8 ± 1.8
9.7 ± 5.3
24.0 ± 9.0
2.0 ± 2.0
2.8 ± 1.8
7.5 ± 3.1
1.6 ± 1.1
0.2 ± 0.3

7.1 ± 4.7
3.0 ± 1.4
4.9 ± 3.3
12.7 ± 7.5
4.3 ± 2.7

8.6 ± 2.3
4.5 ± 1.6
14.2 ± 4.3
15.6 ± 6.2

9.9 ± 6.1
3.0 ± 1.3
0.2 ± 0.3
1.2 ± 2.1
0.6 ± 1.1
3.3 ± 2.8
9.9 ± 5.9
1.1 ± 1.3

1.3 ± 1.2
4.7 ± 3.5
3.1 ± 1.2
3.6 ± 1.5
11.2 ± 5.6
1.0 ± 1.8
3.7 ± 2.5
19.2 ± 7.4
1.7 ± 1.4

0.2 ± 0.3
5.3 ± 2.4

4.0 ± 2.5
9.5 ± 4.8

Miozoa
Dino
0.6 ± 0.8
6.0 ± 5.4
22.3 ± 9.9
2.7 ± 2.9
0.3 ± 0.2
3.1 ± 3.3
0.1 ± 0.2
0.2 ± 0.5
0.3 ± 0.7
0.6 ± 1.7
2.7 ± 2.5
3.8 ± 3.7
2.1 ± 1.7
1.4 ± 1.8
10.3 ± 10.8
22.9 ± 13.8
0.8 ± 1.6
5.4 ± 6.7
13.2 ± 8.1

Rhodophyta
Porph
0.5 ± 0.0
32.7 ± 2.4
0.6 ± 0.4
1.8 ± 0.0
1.9 ± 1.0

Ochrophyta
Eust
0.7 ± 0.4
5.1 ± 1.4
19.9 ± 5.8
1.7 ± 3.7
0.7 ± 0.3
21.5 ± 5.2
2.5 ± 2.3

0.5 ± 0.1
6.0 ± 4.0
3.2 ± 3.6
0.4 ± 0.3
0.5 ± 0.9
0.1 ± 0.2
5.2 ± 1.9
29.2 ± 10.8
0.2 ± 0.7

Cyanobacteria
Cyan
0.4 ± 0.5
15.8 ± 16.1
29.3 ± 11.3
3.8 ± 4.6
17.2 ± 15.8

0.2 ± 0.0
0.7 ± 0.0
1.7 ± 1.7
9.1 ± 4.0
0.4 ± 0.0

29.2 ± 9.2
21.3 ± 12.9

3.9 ± 4.2
13.2 ± 16.9
6.5 ± 8.8
6.8 ± 9.1
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with proportions of 11.0 ± 5.1% of total FAs. C16PUFA, mainly 16:2(n-7), 16:3(nx) and 16:4(n-1), were found in relatively high proportions in Bacillariophyta
in comparison to other phyla and collectively accounted for 14.9% of withinclass similarity in Mediophyceae (Table 4.7). Because a relatively high C16PUFA
content was detected together with 16:1(n-7) and 20:5(n-3), these FAs can be
used as discriminating FATMs for Bacillariophyta.
All Chlorophyta classes were best discriminated by the FATMs 16:4(n-3)
and C18PUFA (Tables 4.8, 4.9). The PUFA 16:4(n-3) showed high proportions in
four classes of this phylum, with its highest content and contribution in
Pyramimonadophyceae (Table 4.7). Trebouxiophyceae had a proportion < 5%
of 16:4(n-3), which was still high compared to other phyla, and discriminated
them with Chlorophyceae (Tables 4.7, 4.9). Additionally, 16:4(n-3)
discriminated between Mamiellophyceae and almost all classes belonging to
other phyla (Table 4.9). The classes Chlorodendrophyceae, Chlorophyceae
and Trebouxiophyceae were characterized by high contents of 18:3(n-3),
which provided high contributions to within-class similarities (Table 4.8, Fig.
4.5) and accounted for most differences between these classes and all other
classes (Table 4.9). Trebouxiophyceae had a high 18:2(n-6) content in
comparison to the other classes, and this FA contributed 20.7% to the
Trebouxiophyceae within-class similarity. The PUFA 18:4(n-3) was present in
high proportions in all classes, with the exception of Trebouxiophyceae where
the average value did not exceed 1% of total FAs (Table 4.8). The two classes
Mamiellophyceae and Pyramimonadophyceae were mostly composed of
18:4(n-3), with respective contributions of 23.0% and 28.1% (Table 4.8, Fig.
4.5), which discriminated them from the other classes (Table 4.9). Other FAs,
such as 20:5(n-3) in Chlorodendrophyceae and 22:6(n-3) in Mamiellophyceae
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Table 4.8 Fatty acids (FAs) contributing to phytoplankton within-class similarity and
their contribution to similarity (%) determined using a similarity percentage analysis
(SIMPER). Within-class similarities (%) are indicated within brackets next to the
classes. Only FAs with cumulative contribution to similarity ≥ 75% are included.
Bacillariophyceae (Baci); Coscinodiscophyceae (Cosci); Mediophyceae (Medio);
Chlorodendrophyceae (Chld); Chlorophyceae (Chlo); Mamiellophyceae (Mami);
Pyramimonadophyceae (Pyra); Trebouxiophyceae (Treb); Cryptophyceae (Crypt);
Coccolithophyceae

(Cocc);

Pavlovophyceae

(Pavl);

Dinophyceae

(Dino);

Eustigmatophyceae (Eust); Pelagophyceae (Pelag); Phaeothamniophyceae (Phaeo);
Pinguiophyceae (Ping); Raphidophyceae (Raph); Porphyridiophyceae (Porph);
Cyanophyceae (Cyan).

Class
Bacillariophyta
Baci (63.1%)

Cosci (62.6%)

Medio (62.3%)

Chlorophyta
Chld (69.0%)

Chlo (70.1%)

Mami (73.1%)

Pyra (63.2%)

FAs

Contribution
to similarity
(%)

16:1(n-7)
16:0
20:5(n-3)
16:1(n-7)
16:0
14:0
16:1(n-7)
14:0
20:5(n-3)
16:0

38.0
23.0
15.4
30.5
29.2
12.6
28.5
20.9
16.1
13.9

16:0
18:3(n-3)
18:1(n-9)
16:4(n-3)
20:5(n-3)
18:3(n-3)
16:0
16:4(n-3)
18:4(n-3)
16:4(n-3)
16:0
22:6(n-3)
18:1(n-7)
18:4(n-3)
16:0
16:4(n-3)
22:6(n-3)

31.6
17.2
12.5
10.7
7.0
40.3
19.8
17.8
23.0
21.7
19.1
10.5
7.7
28.1
24.6
21.2
7.5

Class
Treb (55.2%)

Cryptophyta
Crypt (72.5%)

Miozoa
Dino (56.0%)

Ochrophyta
Eust (75.2%)

Pelag (68.1%)

Phaeo (73.8%)

Ping (67.5%)

FAs
16:0
18:2(n-6)
18:3(n-3)

Contribution
to similarity
(%)
38.7
20.7
17.9

18:4(n-3)
16:0
18:3(n-3)
20:5(n-3)

23.9
18.7
17.6
15.2

16:0
18:5(n-3)
22:6(n-3)

32.4
21.0
16.2

20:5(n-3)
16:1(n-7)
16:0
16:0
14:0
18:4(n-3)
18:0
18:1(n-9)
16:0
18:3(n-3)
18:4(n-3)
18:1(n-9)
14:0
16:0
20:5(n-3)
18:1(n-9)

31.1
25.4
22.4
26.5
15.9
12.1
8.4
6.6
34.4
15.9
15.8
9.6
38.5
25.1
9.2
9.0
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Table 4.8 Continued.

Class
Ochrophyta
Raph (70.9%)

Haptophyta
Cocc (61.4%)

FAs

Contribution
to similarity
(%)

16:0
20:5(n-3)
18:4(n-3)
14:0
16:1(n-7)

28.2
22.3
11.9
10.0
8.4

16:0
14:0
18:4(n-3)
18:1(n-9)
22:6(n-3)

20.7
19.0
14.3
13.9
10.2

Class
Pavl (74.8%)

Rhodophyta
Porph (80.8%)

Cyanobacteria
Cyan (49.8%)

FAs
20:5(n-3)
16:0
16:1(n-7)
14:0

Contribution
to similarity
(%)
24.3
19.7
16.4
15.6

16:0
20:4(n-6)
20:5(n-3)

39.0
29.8
17.1

16:0
16:1(n-7)
14:0

48.6
19.0
11.6

and Pyramimonadophyceae, were found in relatively high proportions and
contributed up to 10% to within-class similarity (Table 4.8). Although 18:5(n3) did not contribute to within-class similarity in Chlorophyta, it was found in
Mamiellophyceae and Pyramimonadophyceae, and corresponded to a low
content of 20:5(n-3), while 18:5(n-3) was nearly absent in the other classes. The
content in 18:1(n-9) was highly variable within Chlorophyta, but allowed to
discriminate between Chlorodendrophyceae and the four other classes (Table
4.9). Despite the relatively high content of 18:1(n-7) in Chlorophyta (Table 4.7),
this latter FA was not identified as discriminant FATM (Table 4.9).
Consequently, Chlorophyta phylum could be associated with high contents in
the FATMs 16:4(n-3) and C18PUFA, from which various proportions of each
C18PUFA can efficiently discriminate between classes.
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In Cryptophyta, the class Cryptophyceae was characterised by the PUFAs
18:4(n-3) and 18:3(n-3) with 42.6% of cumulative similarity and high
proportions (21.3 ± 7.6% and 16.1 ± 6.4% of total FAs, respectively) (Table 4.8).
The PUFA 18:4(n-3) allowed to discriminate Cryptophyceae from thirteen

Table 4.9 The two main fatty acids (FAs) identified by the SIMPER analysis
discriminating

the

best

phytoplankton

classes.

Bacillariophyceae

(Baci);

Coscinodiscophyceae (Cosci); Mediophyceae (Medio); Chlorodendrophyceae (Chld);
Chlorophyceae (Chlo); Mamiellophyceae (Mami); Pyramimonadophyceae (Pyra);
Trebouxiophyceae (Treb); Cryptophyceae (Crypt); Coccolithophyceae (Cocc);
Pavlovophyceae

(Pavl);

Dinophyceae

(Dino);

Eustigmatophyceae

(Eust);

Pelagophyceae (Pelag); Phaeothamniophyceae (Phaeo); Pinguiophyceae (Ping);

Primary FAs

Raphidophyceae (Raph); Porphyridiophyceae (Porph); Cyanophyceae (Cyan).

Baci
Cosci
Medio
Chld
Chlo
Mami
Pyra
Treb
Crypt
Cocc
Pavl
Dino
Eust
Pelag
Phaeo
Ping
Raph
Porph
Cyan

Baci

Cosci
16:0

Secondary FAs
Medio
Chld
14:0
16:1(n-7)

18:3(n-3)
18:3(n-3)
14:0

Chlo

Mami

16:1(n-7)
16:1(n-7)
16:1(n-7)
18:1(n-9)

16:4(n-3)
16:4(n-3)
16:4(n-3)
18:1(n-9)
18:4(n-3)

16:1(n-7)
16:1(n-7)
16:1(n-7)
18:3(n-3)
16:1(n-7)
16:1(n-7)
18:3(n-3)
16:1(n-7)

16:0
16:1(n-7)
18:3(n-3)
16:1(n-7)
16:1(n-7)
18:3(n-3)
16:1(n-7)

16:1(n-7)
18:3(n-3)
16:1(n-7)
16:1(n-7)
18:3(n-3)
18:4(n-3)

18:3(n-3)
18:4(n-3)
18:4(n-3)
18:3(n-3)
18:4(n-3)

18:3(n-3)
18:3(n-3)
16:4(n-3)
18:3(n-3)

18:3(n-3)
18:3(n-3)
16:4(n-3)

16:1(n-7)
16:1(n-7)
16:1(n-7)
20:5(n-3)

16:1(n-7)
16:1(n-7)
16:1(n-7)
20:5(n-3)

16:1(n-7)
16:1(n-7)
18:5(n-3)
20:5(n-3)

14:0
20:5(n-3)
18:5(n-3)
20:5(n-3)

18:3(n-3)
18:3(n-3)
18:3(n-3)
18:3(n-3)

16:4(n-3)
20:5(n-3)
16:4(n-3)
20:5(n-3)

16:1(n-7)
16:1(n-7)
16:1(n-7)
16:1(n-7)
16:1(n-7)

16:1(n-7)
16:1(n-7)
14:0
16:1(n-7)
20:4(n-6)

16:1(n-7)
16:1(n-7)
14:0
16:1(n-7)
20:4(n-6)

14:0
16:4(n-3)
14:0
20:5(n-3)
20:4(n-6)

18:3(n-3)
18:3(n-3)
18:3(n-3)
18:3(n-3)
18:3(n-3)

16:4(n-3)
16:4(n-3)
14:0
20:5(n-3)
20:4(n-6)

16:1(n-7)

16:1(n-7)

16:0

16:1(n-7)

18:3(n-3)

16:1(n-7)
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Primary FAs

Primary FAs

Table 4.9 Continued.

Baci
Cosci
Medio
Chld
Chlo
Mami
Pyra
Treb
Crypt
Cocc
Pavl
Dino
Eust
Pelag
Phaeo
Ping
Raph
Porph
Cyan

Baci
Cosci
Medio
Chld
Chlo
Mami
Pyra
Treb
Crypt
Cocc
Pavl
Dino
Eust
Pelag
Phaeo
Ping
Raph
Porph
Cyan

Secondary FAs
Crypt
Cocc

Pyra

Treb

18:4(n-3)
18:4(n-3)
18:4(n-3)
18:1(n-9)
18:4(n-3)
18:5(n-3)

16:1(n-7)
16:1(n-7)
16:1(n-7)
18:1(n-9)
18:3(n-3)
18:4(n-3)
18:4(n-3)

18:3(n-3)
20:5(n-3)
14:0
20:5(n-3)
18:5(n-3)
20:5(n-3)
14:0
16:0
14:0
20:5(n-3)
20:4(n-6)
16:1(n-7)

18:4(n-3)
18:3(n-3)
18:3(n-3)
18:3(n-3)
20:5(n-3)
18:3(n-3)
18:4(n-3)
14:0
18:3(n-3)
20:4(n-6)
16:1(n-7)

18:4(n-3)
18:4(n-3)
16:1(n-7)
16:4(n-3)
18:4(n-3)
20:5(n-3)
16:4(n-3)
18:3(n-3)
14:0
18:4(n-3)
18:5(n-3)
18:4(n-3)
20:5(n-3)
16:0
14:0
18:3(n-3)
20:4(n-6)
16:1(n-7)

20:5(n-3)
16:0
20:5(n-3)
16:0
16:4(n-3)
14:0
18:1(n-9)
14:0
20:5(n-3)
20:5(n-3)
18:5(n-3)
20:5(n-3)
16:0
16:0
14:0
20:5(n-3)
20:4(n-6)
16:1(n-7)

Secondary FAs
Ping
Raph

Eust

Pelag

Phaeo

16:1(n-7)
16:1(n-7)
14:0

20:5(n-3)
20:5(n-3)
20:5(n-3)

18:4(n-3)
18:4(n-3)
16:0

14:0
16:1(n-7)
16:1(n-7)

16:1(n-7)
20:5(n-3)
16:1(n-7)
16:1(n-7)

16:4(n-3)
16:4(n-3)
16:0
16:4(n-3)

18:4(n-3)
16:4(n-3)
16:0
16:4(n-3)

18:3(n-3)
16:1(n-7)
16:1(n-7)
14:0
18:5(n-3)

18:4(n-3)
18:3(n-3)
18:4(n-3)
16:0
18:4(n-3)
16:1(n-7)

18:3(n-3)
18:4(n-3)
14:0
16:1(n-7)
22:6(n-3)
16:1(n-7)
14:0

Pavl

Dino

20:5(n-3)
16:0
20:5(n-3)
14:0
20:5(n-3)
16:4(n-3)
14:0
20:5(n-3)
18:3(n-3)
16:1(n-7)

18:5(n-3)
18:5(n-3)
16:1(n-7)
22:6(n-3)
18:5(n-3)
18:5(n-3)
18:4(n-3)
18:5(n-3)
18:4(n-3)
14:0
20:5(n-3)

18:5(n-3)
20:5(n-3)
20:5(n-3)
16:0
14:0
16:0
20:4(n-6)

20:5(n-3)
18:5(n-3)
18:5(n-3)
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other classes but 18:3(n-3) did not discriminate well this class from the other
classes, except from Pavlovophyceae, Pelagophyceae and Raphidophyceae
(Table

4.9).

Overall,

even

though

18:3(n-3)

did

not

discriminate

Cryptophyceae from all other classes, the combination of the FATMs 18:4(n3) and 18:3(n-3) appears to be consistent within Cryptophyceae and may be
used as a biomarker for this class.
The classes of Haptophyta were distinguished by relatively high contents
of 14:0, with proportions of 16.8 ± 9.9% and 14.7 ± 5.7% in Coccolithophyceae
and Pavlovophyceae respectively (Table 4.7, Fig. 4.5). The two Haptophyta
classes were well discriminated by 14:0 when compared to all Chlorophyta
classes (Table 4.9). About 14% of within-class similarity in Coccolithophyceae
was explained by the FAs 18:4(n-3) and 18:1(n-9) (Table 4.8). In addition,
Coccolithophyceae were characterised by a high content in 18:1(n-9) which cooccurred with a low content in 20:5(n-3). Conversely, Pavlovophyceae had a
high content in 20:5(n-3) and a low content in 18:1(n-9) (Table 4.7). Within the
MUFAs, 16:1(n-7) and 18:1(n-9) discriminated between Coccolithophyceae
and Pavlovophyceae (Table 4.9). Both these FAs, together with 20:5(n-3),
contributed to within-class similarity of both classes of Haptophyta, and may
be used as discriminant FATMs.
In the phylum Miozoa, Dinophyceae were characterized by a very high
contribution of 16:0 to within-class similarity (32.4%), which was consistent
with high proportions of this FA in the class (22.3 ± 9.9% of total FAs) (Tables
4.7, 4.8). However, the proportion of 16:0 was not the highest in phytoplankton
and highly variable proportions were found in all phytoplankton classes
(from 12.5 ± 7.2 to 32.7 ± 2.4% of total FAs) (Table 4.8). Therefore, 16:0 did not
effectively discriminated Dinophyceae from other phytoplankton classes, and
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Figure 4.5 Contribution of fatty acids (FAs) to within-class similarity in 19 classes of
marine phytoplankton (³ 10% of total contribution) based on a similarity percentage
analysis (SIMPER). See previous tables for abbreviations of classes.
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allowed to discriminate only between Phaeothamniophyceae and eight other
classes, and between Raphidophyceae and six other classes (Table 4.9). The
PUFA 18:5(n-3) contributed 21.0% to the within-class similarity in
Dinophyceae and discriminated efficiently this class from all the other classes
(Table 4.9). To a lesser extent, Dinophyceae were characterised by high
content of 22:6(n-3) (13.2 ± 8.1% of total FAs), which was the highest
proportion found in phytoplankton, and a correspondingly low content of
20:5(n-3) (5.4 ± 6.7% of total FAs) (Table 4.7). Although a high proportion of
22:6(n-3) was found in Dinophyceae (13.5% of total FAs), this FA only
differentiated

this

class

from

Chlorodendrophyceae

and

Phaeotha-

mniophyceae (Table 4.9) but overall, Dinophyceae may be efficiently
characterised by a combination of the FATMs 18:5(n-3) and 22:6(n-3).
All Ochrophyta classes were identified by 16:0, which accounted for 22.4
– 34.4% of within-class similarity (Table 4.8, Fig. 4.5). In Eustigmatophyceae
and Raphidophyceae, 20:5(n-3) contributed up to 31.1% and 22.3% of withinclass similarity respectively, while it accounted for 9.2% in Pinguiophyceae.
The high 20:5(n-3) content in Eustigmatophyceae and Raphidophyceae
discriminated these classes from most of the other classes (Table 4.9). In
Pelagophyceae,

Phaeothamniophyceae

and

Raphidophyceae,

18:4(n-3)

contributed about 12 – 15% to similarity. Pinguiophyceae were identified by
14:0 which accounted for 38.5% of similarity and only 15.9% and less than 10%
to similarity within Pelagophyceae and Raphidophyceae respectively (Table
4.8). Phaeothamniophyceae were equally characterised by 18:3(n-3) and
18:4(n-3). Within MUFAs, 16:1(n-7) and 18:1(n-9) discriminated between
Eustigmatophyceae and nine other phytoplanktonic classes (Table 4.9).
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Overall, Ochrophyta could be identified by 16:0, 18:3(n-3), 18:3(n-4), 18:4(n-3)
and 20:5(n-3), with various proportions found in the different classes (Fig. 4.5).
The class of the phylum Rhodophyta, Porphyridiophyceae, was the only
phytoplanktonic class with a high proportion of 20:4(n-6) (29.2 ± 9.2% of total
FAs) (Table 4.7). This HUFA differentiated this class from all other classes
(Table 4.9). Although Porphyridiophyceae had a high contribution of 16:0 and
20:5(n-3) to within-class variability, which accounted for 39.0%, and 17.1%,
respectively (Table 4.8), the HUFA 20:4(n-6) can be assigned to
Porphyridiophyceae to discriminate this class from other phytoplanktonic
classes.
Cyanophyceae, were characterised by 16:0 (29.3 ± 11.3% of total FAs), as
well as 16:1(n-7) (17.2 ± 15.8% of total FAs) and 14:0 (15.8 ± 16.1% of total FAs),
with contributions of 48.6%, 19.0% and 11.6% to within-class similarity
respectively (Table 4.8, Fig. 4.5). While PUFAs were found in relatively high
proportions, HUFAs were totally absent in Cyanophyceae and a combination
of SFAs and 16:1(n-7) together with the absence of HUFAs can be used to
identify Cyanophyceae (Table 4.7).

The nMDS analysis performed on all FA profiles highlighted between-class
differences found by the SIMPER analysis. Classes belonging to the phylum
Bacillariophyta clustered according to the first axis of the nMDS ordination (Fig.
4.6). Classes of Chlorophyta separated in two groups, ChlorodendrophyceaeChlorophyceae-Trebouxiophyceae

and

Mamiellophyceae-Pyramimonado-

phyceae. The first group clustered according to the second axis, while the
second group was highly correlated with the first axis of the nMDS. The two
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Figure 4.6 Non-parametric multidimensional scaling (nMDS) plot based on a
Euclidean distance (log + 1) of fatty acid (FA) composition in phytoplankton classes.
Phylum Bacillariophyta (⬤), classes Bacillariophyceae (⬤), Coscinodiscophyceae (⬤)
and Mediophyceae (⬤); phylum Chlorophyta (■), classes Chlorodendrophyceae (■),
Chlorophyceae

(■),

Mamiellophyceae (■),

Pyramimonadophyceae (■)

and

Trebouxiophyceae (■); phylum Cryptophyta (!), class Cryptophyceae (!); phylum
Haptophyta (⬤), classes Coccolithophyceae (⬤) and Pavlovophyceae (⬤); phylum
Miozoa

(▲),

class

Eustigmatophyceae

Dinophyceae
(▼),

(▲);

Pelagophyceae

phylum
(▼),

Ochrophyta

(▼),

classes

Phaeothamniophyceae

(▼),

Pinguiophyceae (▼) and Raphidophyceae (▼); phylum Rhodophyta (!), class
Porphyridiophyceae (!); phylum Cyanobacteria (◆), class Cyanophyceae (◆).
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Figure 4.7 Proportions of fatty acid trophic markers (FATMs) (% of total FAs, mean
± standard error) identified in marine phytoplankton phyla of A. Bacillariophyta, B.
Chlorophyta, C. Cryptophyta, D. Haptophyta, E. Miozoa, F. Ochrophyta, G.
Rhodophyta and H. Cyanophyceae.
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classes of Haptophyta separated according to the first axis, as well as the five
classes of Ochrophyta (Fig. 4.6). Porphyridiophyceae (phylum Rhodophyta)
clustered on their own, which is explained by their high within-class similarity
(80.8%). Cyanophyceae (phylum Cyanobacteria) FA profiles scattered
according to the axis 1 of the MDS, which may be explained by their low withinclass similarity (49.8%) (Table 4.8). Overall, based on a high number of FA
profiles collected in the literature, FA composition can taxonomically
differentiate among 19 marine phytoplanktonic classes. In effect, the presence
in various proportions of a selection of 15 major FATMs can detect marine
phytoplankton classes (Fig. 4.7).

Zooplankton
In Arthropoda, the lowest within-order similarity belonged to the three
copepod orders Calanoida, Cyclopoida and Harpacticoida, with similarities of
70.2%, 68.4% and 66.2%, respectively. Decapoda had the highest within-order
similarity (94.6%) while Euphausiacea and Mysida had relatively high withinorder similarities (86.6% and 72.1%, respectively). Overall, all Arthropoda
orders were characterised by high contributions of 20:5(n-3) and 16:0, which
cumulatively contributed 21.8 – 37.6% to total within-order similarity (Table
4.10, Fig. 4.8 A). The HUFA 22:6(n-3) contributed more than 10% of withinorder similarity of five orders out of six.
Within copepod orders, both Calanoida and Cyclopoida were characterised
by the MUFAs 20:1(n-9) and 22:1(n-11), contributing 14.1% and 2.3% to withinorder similarity, respectively, while their abundance in Harpacticoida was
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negligible (Fig. 4.8). Harpacticoida were the only order of copepods where 18:0
and 18:1(n-7) contributed to within-order similarity (11.6% and 5.6%,
respectively) and where 14:0 did not contribute to within- order similarity (Fig.
4.8). In the Arthropoda orders Decapoda and Euphausiacea, the HUFA 20:4(n-

Table 4.10 Fatty acids (FAs) contributing to within-order similarity (%) in
Arthropoda tested using a similarity percentage analysis (SIMPER) and their mean
(± SD) proportions (% of total FAs) within orders. Only FAs with contribution to
similarity ≥ 10% are shown.

Order
Arthropoda
Calanoida

Within-order
similarity (%)
70.2%

Cyclopoida

68.4%

Harpacticoida

66.2%

Decapoda

94.6%

Euphausiacea

86.6%

Mysida

72.1%

FAs
20:5(n-3)
22:6(n-3)
16:0
16:0
22:6(n-3)
20:5(n-3)
18:1(n-9)
22:6(n-3)
16:0
18:0
20:5(n-3)
18:1(n-9)
20:5(n-3)
16:0
16:1(n-7)
22:6(n-3)
16:0
20:5(n-3)
18:1(n-9)
16:0
20:5(n-3)
22:6(n-3)
16:1(n-7)
18:1(n-9)

Proportions (%
of total FAs)

Contribution to
similarity (%)

15.1 ± 6.2
13.7 ± 8.3
12.0 ± 5.9
15.9 ± 9.3
11.8 ± 4.4
10.7 ± 4.8
21.7 ± 23.2
20.7 ± 8.2
18.3 ± 10.3
8.3 ± 3.6
9.0 ± 6.2
20.0 ± 0.4
16.4 ± 1.5
14.6 ± 0.4
14.1 ± 0.1
28.0 ± 7.4
17.6 ± 2.7
13.3 ± 3.2
11.0 ± 1.7
16.1 ± 8.3
11.5 ± 4.4
10.8 ± 6.4
19.7 ± 10.2
9.6 ± 1.3

15.1
13.8
12.9
13.3
13.3
13.0
12.6
16.8
15.6
11.7
10.2
11.9
11.0
10.8
10.7
14.1
12.6
11.2
10.7
20.3
17.3
16.4
15.3
13.7
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Figure 4.8 Contribution (%) of fatty acids to within-order similarity based on a
similarity percentage analysis (SIMPER) of A. Arthropoda and B. Cnidaria.
Calanoida (Cala); Cyclopoida (Cycl); Harpacticoida (Harp); Decapoda (Deca);
Euphausiacea (Euph); Mysida (Mysi); Anthoathecata (Anth); Siphonophorae (Siph);
Coronatae (Coro); Rhizostomeae (Rhiz); Semaeostomeae (Semae).
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6) accounted for 3.3% and 3.4% or within-order similarity, respectively. The
order Mysida was characterised by similar contributions of SFAs, MUFAs and
HUFAs, while PUFAs did not contribute to the similarity within this order (Fig.
4.8).
In the phylum Cnidaria, the orders Anthoathecata and Siphonophorae,
belonging to the class Hydrozoa, had within-order similarities of 78.4% and
77.0% respectively (Table 4.11). The order Coronatae had the highest within-

Table 4.11 Fatty acids (FAs) contributing to within-order similarity (%) in Cnidaria
tested using a similarity percentage analysis (SIMPER) and their mean (± SD)
proportions (% of total FAs) within order. Only FAs with contribution to similarity ≥
10% are shown.

Order
Cnidaria
Anthoathecata

Within-order
similarity (%)
78.4%

Siphonophorae

77.0%

Coronatae

80.6%

Rhizostomeae

66.7%

Semaeostomeae

64.4%

FAs
18:1(n-9)
16:0
20:5(n-3)
16:0
22:6(n-3)
20:5(n-3)
18:0
18:1(n-9)
16:0
18:1(n-9)
16:0
18:0
20:5(n-3)
20:4(n-6)
16:0
18:0
20:5(n-3)

Proportions (%
of total FAs)

Contribution to
similarity (%)

20.3 ± 8.6
14.1 ± 3.5
9.8 ± 0.2
17.3 ± 3.6
17.4 ± 4.5
12.7 ± 5.0
8.2 ± 0.8
10.1 ± 4.7
14.3 ± 1.2
12.2 ± 4.8
20.4 ± 9.6
18.8 ± 8.1
9.9 ± 5.6
10.8 ± 7.6
23.4 ± 15.9
12.9 ± 8.2
12.8 ± 8.6

12.6
11.7
10.9
15.2
15.0
12.8
11.9
11.5
12.5
10.5
17.4
17.0
12.4
12.1
18.6
14.6
12.5
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order similarity (80.6%) while both orders of Discomedusae (Rhizostomeae
and Semaeostomeae) had lower within-order similarities (66.7% and 64.4%,
respectively)

(Table

4.11).

Anthoathecata

and

Siphonophorae

were

characterised by similar contributions of most FAs, but 22:5(n-3), 20:1(n-9) and
20:4(n-6) differentiated the orders (Fig. 4.8). Coronatae had the highest
proportions of the MUFAs 20:1(n-9) and 22:1(n-11), which accounted for 7.9%
and 4.7% of the similarity within this order. Rhizostomeae and
Semaeostomeae were both characterised by 20:4(n-6) and 18:2(n-6), which
cumulatively contributed 14.5% and 8.8% to within-order similarity in
Rhizostomeae and Semaeostomeae, respectively (Fig. 4.8).

According to the nMDS ordination, Arthropoda and Cnidaria orders
clustered separately within the multivariate space (Fig. 4.9). In the phylum
Arthropoda, the orders Decapoda, Euphausiacea and Mysida grouped in the
centre of the nMDS ordination, while the Copepoda orders (Calanoida,
Cyclopoida and Harpacticoida) separated along the first axis (Fig. 4.9 A). In
Cnidaria, the first axis separated the five orders into two clusters
(Anthoathecata,

Coronatae,

Trachymedusae

from

Rhizostomeae,

Semaeostomeae and Siphonophorae) (Fig. 4.9 B).

Zooplankton groups based on trophic guilds had low within-group
similarities that ranged between 53.3% and 62.2% (Table 4.12). All groups
were characterised by high proportions of 16:0 (from 17.8% to 27.7%) (Table
4.12, Fig. 4.10). Bacterivore zooplankton had similar proportions of the
MUFAs 16:1(n-7) and 18:1(n-9), which accounted for a third of within-group
similarity. The PUFA 18:2(n-6) contributed 8.8% to the similarity within
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bacterivore zooplankton only. Detritivore and carnivore zooplankton were
characterised by the same FAs, dominated by 16:0, 22:6(n-3) and 20:5(n-3), that
cumulatively accounted for 61.4% and 64.0% of total similarity in detritivore
and carnivore groups, respectively (Table 4.12). Omnivore zooplankton were
characterised by 18:1(n-9) like carnivore, detritivore and bacterivore, in
addition to 16:1(n-7), similarly to herbivore and bacterivore. Herbivore
zooplankton was differentiated by 14:0 (8.3% of similarity), similarly to
bacterivores (7.2%) (Table 4.12).
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Figure 4.9 Non-parametric multidimensional scaling (nMDS) plots based on a
Euclidean distance (log + 1) of fatty acid composition in the phyla of A. Arthropoda,
orders Calanoida (⬤), Cyclopoida (■), Harpacticoida (▲), Decapoda (◆),
Euphausiacea (▼), Mysida (!); and B. Cnidaria, orders Anthoathecata (⬤),
Siphonophorae (▼), Trachymedusae (!), Coronatae (■), Rhizostomeae (▲),
Semaeostomeae (◆).
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Table 4.12 Fatty acids (FAs) contributing to similarity within trophic guilds of
zooplankton and their contribution to similarity (%) using a similarity percentage
analysis (SIMPER). Only FAs with cumulative contribution to similarity ≥ 75% are
shown.

Trophic guilds
Bacterivore

Within-group
similarity (%)
53.3%

Detritivore

55.5%

Carnivore

62.2%

Omnivore

55.0%

Herbivore

60.4%

FAs
16:0
18:1(n-9)
16:1(n-7)
18:2(n-6)
18:0
14:0
22:6(n-3)
16:0
20:5(n-3)
18:0
18:1(n-9)
16:0
22:6(n-3)
20:5(n-3)
18:1(n-9)
18:0
16:0
20:5(n-3)
22:6(n-3)
18:1(n-9)
16:1(n-7)
22:6(n-3)
20:5(n-3)
16:0
16:1(n-7)
14:0

Contribution to
similarity (%)
27.7
14.4
14.1
8.8
8.3
7.2
27.8
22.1
11.5
9.8
7.0
24.3
22.2
17.5
10.7
7.5
26.2
20.5
16.4
9.0
7.9
23.6
19.9
17.8
8.5
8.3

The nMDS ordination plot showed that bacterivore zooplankton differed
from the other trophic guilds (detritivore, carnivore, omnivore and herbivore)
(Fig. 4.11). Although all guilds except for bacterivore overlapped, the
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centroids of the distributions arranged according to the first axis, which
highlighted a gradient from carnivory to herbivory, with omnivore
zooplankton in an intermediate position (Fig. 4.11).
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Figure 4.10 Fatty acid (FA) composition (% of total FAs, mean ± standard error) of
marine zooplankton according to their trophic guilds: A. bacterivore, B. detritivore,
C. carnivore, D. omnivore, E. herbivore. Only FAs with mean proportions ³ 5% are
represented.
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Figure 4.11 Non-parametric multidimensional scaling (nMDS) plot based on a
Euclidean distance (log + 1) of fatty acid (FA) profiles in marine zooplankton grouped
by trophic guilds: bacterivore (◆), detritivore (◆), carnivore (◆), omnivore (◆) and
herbivore (◆).

Discussion
Fatty acid composition has been used in field and laboratory studies to
address a variety of questions related to trophic structure in planktonic food
webs (for e.g. Culkin & Morris 1970, Claustre et al. 1989, Kopprio et al. 2015).
The aim of this chapter was to investigate FA variability among marine
planktonic organisms, to corroborate results obtained for phytoplankton in
previous reviews (Cañavate, 2019; Galloway and Winder, 2015) and to
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identify FA trophic markers in heterotrophic bacteria and zooplankton. In this
perspective, a total of 89 published papers were selected from a large variety
of journals in an effort to counteract publication bias (Murtaugh, 2002). As in
Chapter II, the analysis presented here did not include potential sources of
bias such as study quality or effect size (Lau, 1997). Therefore, the outcomes
of the analysis should be considered in light of these potential limitations.
Overall, the present meta-analysis identified a selection of FATMs in primary
producers with specific compositions and combinations that can be used as
chemotaxonomic biomarkers. In consumers, the degree of complexity is
higher and FA compositions reflect more trophic guilds than taxonomic
groups.

At present, microalgae are given most emphasis because they are key
components of primary production in marine environments, supporting both
pelagic and benthic food webs (Claustre et al., 1989; Kharlamenko et al., 1995).
In this regard, FA profiles of phytoplankton are more numerous in the literature
compared to other groups, although heterotrophic bacteria may substantially
support pelagic production in several ecosystems (Fenchel, 1988; Kelley and
Coffin, 1998). The present chapter identified eight FATMs in marine bacterial
classes and their relative proportions are specific for the different classes (Fig.
4.3). In particular, MUFAs (specifically 16:1(n-7) and 18:1(n-9), as well as 17:1(nx)) are likely to track the transfer of bacterial organic matter throughout the food
web. The synthesis of PUFAs and HUFAs is relatively rare among heterotrophic
bacteria (Sargent et al., 1987) and, unlike eukaryotic organisms, they have the
ability to biosynthesise odd-numbered FAs such as 14:1(n-x), 15:1(n-x) and
17:1(n-x) as well as iso- and anteiso-branched SFAs (Dalsgaard et al., 2003).
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These FATMs, along with 16:1(n-7), 18:1(n-7) and 18:1(n-9), can be used as
biomarkers to detect heterotrophic bacteria in suspended organic matter,
microbial loop, and animal diets (Dalsgaard et al., 2003; Zhukova and
Kharlamenko, 1999). These latter MUFAs, however, can be biosynthesised by
eukaryotic organisms alike, mainly phytoplankton (Dalsgaard et al., 2003).
Therefore, the absence of PUFAs and HUFAs in co-occurrence with more
specific bacterial FATMs such as odd-numbered and branched SFAs are
distinctive markers of heterotrophic bacterial production (Dalsgaard et al.,
2003).

Given the higher number of studies about FAs in phytoplankton, specific
FATMs have been already recognized to discriminate them at class level
(Cañavate, 2019; Dalsgaard et al., 2003; Galloway and Winder, 2015; Taipale et
al., 2013). The present results corroborate the findings in previous studies and
expand the array of available FATMs to more classes, which will allow to
highlight trophic pathways where these less abundant classes may play an
important yet underestimated role. The present review indicates that the
major classes of Bacillariophyta can be differentiated based on FATMs and
their specific proportions (Fig. 4.7). Differences in FA profiles across the
Chlorophyta classes were previously well defined (Cañavate, 2019; Taipale et
al., 2013) and similarities of FA profiles between some classes were found to
be consistent with their evolutionary convergence reflecting specific
biochemical features (Leliaert et al., 2012). In line with findings by Cañavate
(2019), the FA composition of the phylum Haptophyta, previously considered
as a unique group based on FA profiles (Galloway and Winder, 2015), can be
divided into the classes Coccolithophyceae and Pavlovophyceae due to a co-
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occurrence of a high 18:1(n-9) and a low content of 20:5(n-3) in
Coccolithophyceae and a low 18:1(n-9) and high content in 20:5(n-3) in
Pavlovophyceae. A total of five Ochrophyta classes were examined in the
present chapter and their distinct FA composition can be explained by their
evolutionary divergences (Brown and Sorhannus, 2010). The phylum Miozoa
has been largely studied due to the importance of Dinophyceae to ocean
primary production and the potential effect of harmful algal blooms on
ecosystems (Hallegraeff, 1993). Dinophyceae are rich in 18:5(n-3) and 22:6(n3) as well as 16:0 (Claustre et al. 1989, Viso and Marty 1993, Bergé and
Barnathan 2005) and the ratio 22:6(n-3)/20:5(n-3) has been suggested as an
additional indicator to detect a higher abundance of Miozoa compared to
Bacillariophyta when they co-occur (Budge and Parrish, 1998). Rhodophyta is
the oldest lineage within macroalgae (Hoek et al., 1995) and they exhibit the
highest proportions of 20:5(n-3) and 20:4(n-6) (Graeve et al., 2002; Kelly and
Scheibling, 2012). Unlike eukaryotic phytoplankton, Cyanophyceae are
characterised by a co-occurrence of several FAs, including FATMs that are also
biomarkers found in other phytoplankton classes. The lack of HUFAs in
Cyanophyceae should be noted as characteristic. However, a low within-class
similarity was found in the present meta-analysis, which may indicate that
taxonomy alone may not be a good discriminant of FA composition. In this
regard, both phylogenetic affiliations (Holton et al., 1968) and thermophilic
abilities of Cyanobacteria strains (Holton et al., 1964; Kenyon, 1972) have been
speculated to play a role in the composition of FAs within this class.

While for heterotrophic bacteria and phytoplankton taxonomy can help
discriminating the most characterizing FATMs, for zooplankton the
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complexity is higher, and trophic guilds appears as better discriminant than
the taxonomic group in most phyla. Overall, bacterivore zooplankton can be
differentiated from the other trophic groups by the presence of 16:1(n-7) and
18:1(n-7), which are directly derived from consumption of heterotrophic
bacteria and cyanobacteria (Dalsgaard et al., 2003). The near absence of HUFAs
such as 20:5(n-3) and 22:6(n-3) also indicates a strict consumption of bacteria,
which do not synthesise PUFAs and HUFAs (Kelly and Scheibling, 2012).
Herbivore zooplankton are characterised by 16:1(n-7), which is commonly
produced by some phytoplankton classes (Dalsgaard et al., 2003). In addition,
the high contribution of 14:0 in the similarity within herbivore zooplankton
can be explained by feeding on diverse phytoplankton classes. Omnivore
zooplankton seem to possess an intermediate FA composition, composed of
FAs found in carnivore and herbivore organisms.

The phylum Arthropoda can however be characterised by FA profiles at
the order level but in contrast with primary producers, a larger set of FATMs
discriminated amongst orders. Calanoid copepods biosynthesise long-chain
MUFAs 20:1(n-9) and 22:1(n-11) from dietary 18:1(n-9) and both these FAs are
characteristic features of herbivorous calanoid copepods (Sargent and FalkPetersen, 1988). Cyclopoida are also rich in these MUFAs which may either
indicate biosynthesis or their acquisition through diet (Lischka and Hagen,
2007). Since there is yet no evidence of other copepod orders having the ability
to biosynthesise 20:1(n-9) and 22:1(n-11), cyclopoid copepods may rather
acquire them by feeding on calanoid faecal pellets, although this also remains
a conjecture (Lischka and Hagen, 2007). Planktonic Harpacticoida are mainly
detritivorous species (Sautour and Castel, 1993) and the presence of 22:0 in
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this order may arise from consumption of terrestrial detritus, rich in longchained SFAs (Budge et al., 2001). The presence of 20:4(n-6) in Decapoda and
Euphausiacea may directly derive from consumption of Porphyridiophyceae,
protozoa and microeukaryotes or from biosynthesis from elongation and
desaturation of 18:2(n-6) (Kelly and Scheibling, 2012). In deep sea
environments, protozoa and microeukaryotes are rich in 20:4(n-6) (Kelly and
Scheibling, 2012), and they can be directly or indirectly preyed upon
Decapoda and Euphausiacea that perform diel vertical migrations (Barr, 1970;
Sameoto, 1980).

In Cnidaria, while most variability in FA composition is more likely
indicated by different dietary incomes resulting from various trophic guilds
of species, taxonomic differences may still affect the FA composition. The
relatively constant occurrence of 18:2(n-6) in the different orders of the class
Scyphozoa (Coronatae, Rhizostomeae and Semaeostomeae) can be explained
by their predatory behaviour, preying upon microzooplankton as well as
mesozooplankton such as copepods and Euphausiacea (Phleger et al., 1998;
Tilves et al., 2018; Ying et al., 2012). Most differences observed between all
orders were explained by various proportions of the dietary FA 16:0. 16:0 is
the most common dietary SFA and after entering the biosynthetic pathway, it
is modified to longer-chain SFAs and MUFAs (Sargent and Henderson, 1986).
Because the species of Cnidarian orders have different physiological
properties (Arai et al., 2017), the degree in which they transform 16:0 into other
FAs may vary according to their metabolism. Additionally, differences in FA
composition in Cnidaria may be driven by vertical distribution and
geographical locations, although more data and analyses are required.
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As a general conclusion, I suggest the FAs indicated in Table 4.13 to be
used as trophic biomarkers for the different marine planktonic groups based
on this meta-analysis and the literature. Primary producers, such as
heterotrophic bacteria and phytoplankton, have class-specific compositions
and combinations of FATMs, while in consumers, such as zooplankton, the
degree of complexity is higher and FA composition reflect more trophic guilds
than taxonomic groups.

Table 4.13 Fatty acid trophic markers (FATMs) selected in marine planktonic groups
based on the meta-analysis performed on data from the literature.
Plankton groups
Heterotrophic bacteria
Actinobacteria
Alphaproteobacteria
Gammaproteobacteria
Phytoplankton
Bacillariophyta
Bacillariophyceae
Coscinodiscophyceae
Mediophyceae
Chlorophyta
Chlorodendrophyceae
Chlorophyceae
Mamiellophyceae
Pyramimonadophyceae
Trebouxiophyceae
Cryptophyta
Cryptophyceae
Haptophyta
Coccolithophyceae

FATMs

Reference

16:1(n-7), 17:1(n-x), 18:1(n-9),
18:1(n-7)
18:1(n-9), 18:0
14:1(n-x), 16:1(n-7), 18:1(n-9)

This study

16:1(n-7), 16:2(n-7), 16:3(n-3),
16:4(n-1), 20:5(n-3)
16:1(n-7), 16:2(n-7), 16:3(n-3),
16:4(n-1)
14:0, 16:1(n-7), 16:2(n-7), 16:3(n-3),
16:4(n-1), 20:5(n-3)

This study;
Claustre et al., 1989;
Dalsgaard et al., 2003;
Viso and Marty, 1993

16:4(n-3), 18:3(n-3), 20:5(n-3)
16:4(n-3), 18:3(n-3), 22:6(n-3)
16:4(n-3), 18:4(n-3), 18:5(n-3)
16:4(n-3), 18:4(n-3), 18:5(n-3)
16:4(n-3), 18:2(n-6), 18:3(n-3)

This study;
Dalsgaard et al., 2003

18:3(n-3), 18:4(n-3)

This study

14:0, 18:4(n-3), 20:5(n-3)

This study; Cañavate, 2019

This study
This study
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Table 4.13 Continued.
Plankton groups
Pavlovophyceae

Miozoa
Dinophyceae

Ochrophyta
Eustigmatophyceae
Pelagophyceae
Phaeothamniophyceae
Pinguiophyceae
Raphidophyceae
Rhodophyta
(Porphyridiophyceae)
Cyanophyceae
Zooplankton
Arthropoda
Calanoida
Trophic guilds
Bacterivore
Detritivore
Carnivore
Omnivore
Herbivore

FATMs
14:0, 18:1(n-9)

Reference
This study;
Kelly and Scheibling, 2012;
Viso and Marty, 1993

16:0, 18:4(n-3),
18:5(n-3), 22:6(n-3)

Claustre et al., 1989;
Dalsgaard et al., 2003;
Kelly and Scheibling, 2012

16:0, 20:5(n-3)
14:0, 16:0, 18:4(n-3), 22:6(n-3)
16:0, 18:3(n-3), 18:4(n-3), 22:6(n-3)
16:0, 14:0, 20:5(n-3)
16:0, 18:4(n-3), 22:6(n-3), 20:5(n-3)
16:0, 20:4(n-6), 20:5(n-3)

This study
This study
This study
This study
This study
Graeve et al., 2002;
Kelly and Scheibling, 2012
This study; Cañavate, 2019

14:0, 16:0, 16:1(n-7)

20:1(n-9), 22:1(n-11)

Sargent and Falk-Petersen,
1988

16:1(n-9), 18:1(n-7), 18:2(n-6),
18:3(n-3), 18:5(n-3)
16:1(n-7)
18:1(n-9), 22:6(n-3)
14:0, 16:1(n-7)
20:1(n-9), 22:1(n-11)

This study
This study
This study
This study
This study

Conclusions
FAs are finding large application in food web studies because they allow
to track organic matter and energy transfer across trophic levels. However,
FATMs need to be clearly defined to enable such analyses. Heterogeneity of
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taxonomic classification and feeding guilds have challenged the definition of
FATMs in some taxa, such as heterotrophic consumers, which are less
traceable than primary producers despite their importance within marine
food webs. The meta-analysis presented in this chapter corroborates previous
analyses conducted in phytoplankton classes and extends it to others to classes
which are less abundant but still important in some ecosystems or pathways.
Additionally, it provides FATMs to enable the tracking of heterotrophic
bacteria and zooplankton through marine food webs, which aligns better with
comparative studies of phytoplankton.
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Annexes
Annex 4.1 Trophic guilds of marine zooplankton species gathered from the literature
according to their taxonomic classification. Species belonging to the same genus and
sharing the same trophic guild were pooled.
Phylum
Euglenozoa
Ciliophora
Ctenophora

Class
Kinetoplastae
Spirotrichea
Nuda

Cnidaria

Hydrozoa

Scyphozoa

Order
Parabodonida
Euplotida
Beroida
Cydippida
Lobata
Anthoathecata
Siphonophorae
Trachymedusae
Coronatae
Rhizostomeae

Semaeostomeae

Rotifera
Chaetognatha

Eurotatoria
Sagittoidea

Ploima
Aphragmophora

Arthropoda

Copepoda

Calanoida

Cyclopoida
Copepoda

Harpacticoida

Decapoda
Euphausiacea

Species
Bodo sp.
Euplotes crassus
Beroe spp.
Pleurobrachia pileus
Bolinopsis infundibulum
Calycopsis borchgrevinki
Diphyes spp.,
Chelophyes appendiculata
Arctapodema ampla
Periphylla periphylla
Cotylorhiza tuberculata,
Rhopilema esculentum,
Rhizostoma spp.,
Stomolophus meleagris
Atolla wyvillei
Aurelia spp.,
Chrysaora spp.
Cyanea spp.,
Pelagia noctiluca,
Stygiomedusa gigantea
Brachionus plicatilis
Eukrohnia hamata,
Flaccisagitta hexaptera,
Parasagitta elegans,
Pseudosagitta gazellae,
Sagitta bipunctata
Acartia spp.,
Calanoides acutus,
Neocalanus spp.
Calanus spp.,
Pseudocalanus spp.,
Rhincalanus gigas
Oithona spp.
Oncaea spp.
Amonardia sp.,
Euterpina acutifrons,
Tisbe holothuriae
Pandalus borealis
Meganyctiphanes norvegica

Trophic guild
Bacterivore
Bacterivore
Carnivore
Carnivore
Carnivore
Carnivore
Omnivore
Carnivore
Carnivore
Omnivore

Carnivore

Bacterivore
Carnivore

Omnivore

Herbivore

Omnivore
Detritivore
Detritivore

Omnivore
Carnivore
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Annex 4.1 Continued.
Phylum

Class

Order
Mysida

Chordata

Thaliacea

Pyrosomatida
Salpida

Species
Boreomysis arctica,
Erythrops spp.,
Metamysidopsis insularis,
Michthyops theeli,
Mysis litoralis,
Parerythrops obesa,
Pseudomma frigidum
Pyrosoma sp.
Cyclosalpa affinis,
Thalia democratica,
Thetys vagina,
Salpa spp.,
Soestia zonaria

Trophic guild
Omnivore

Herbivore
Herbivore

Annex 4.2 Summary statistics of Tukey post hoc pairwise comparisons (pseudo-F and
p-value) performed on fatty acid (FA) profiles (% of total FAs) of marine zooplankton
arranged according to their trophic guilds. Significant differences are indicated by (*)
(p-value ≤ 0.05).
Source
Pseudo-F
Tukey post-hoc pairwise comparisons between trophic guilds
Omnivorous/Herbivorous
2.159
Omnivorous/Detritivorous
2.509
Omnivorous/Carnivorous
2.831
Omnivorous/Bacterivorous
2.924
Herbivorous/Detritivorous
3.471
Herbivorous/Carnivorous
4.446
Herbivorous/Bacterivorous
4.546
Detritivorous/Carnivorous
2.026
Detritivorous/Bacterivorous
3.007
Carnivorous/Bacterivorous
4.037

p-value
0.001 *
0.001 *
0.001 *
0.001 *
0.001 *
0.001 *
0.001 *
0.001 *
0.001 *
0.001 *
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CHAPTER V
WIND-DRIVEN ADVECTION OF GELATINOUS ZOOPLANKTON UNDERPIN
THEIR TROPHIC INTERACTIONS

Abstract
Although gelatinous zooplankton are a conspicuous component of coastal ecosystems,
their role in marine food webs is less defined than crustacean zooplankton, mainly
because the determination of their dietary composition and the identification of their
predators was proven challenging. Trophic biomarkers (stable isotopes (SIs) and fatty
acid trophic markers (FATMs)) were used to define the trophic interactions of the
scyphomedusa Pelagia noctiluca and Salpida (Salpa fusiformis, Salpa maxima and
Thalia democratica) within the planktonic community of the Gulf of Naples (GoN) in the
southern Tyrrhenian Sea (Mediterranean Sea). Trophic biomarkers of gelatinous
zooplankton indicated that seasonal patterns and offshore-inshore movements cooccur in the GoN. The presence of unusually low δ15N in gelatinous zooplankton within
coastal waters of the GoN suggested that these organisms fed in offshore waters in
autumn and winter and incorporated typically-oligotrophic waters SI values, and then
were advected towards the coast where they remained during spring and summer. The
increase in trophic level from winter to summer reflected gelatinous zooplankton
maintaining a 'basic' diet across all seasons, yet availing of the greater prey diversity
encountered during spring and summer. In particular, the dietary composition of P.
noctiluca highlighted their ability to feed at different trophic levels and the importance
of Salpida in their dietary composition. Although changes in trophic biomarkers within
Salpida were less marked than in P. noctiluca, the offshore-inshore advection was still
detectable with a seasonal increase in trophic level throughout the year indicating that
Salpida supplemented their 'basic' diet - particulate organic matter and phytoplankton
- with mesozooplankton during spring and summer. The present results highlight the
importance of horizontal gelatinous zooplankton translocation, which not only transfers
organic matter along a vertical pattern to higher-trophic-level predators and to the
benthic food web, but also from oligotrophic offshore to eutrophic inshore systems
within coastal areas.

Keywords: scyphomedusae, Pelagia noctiluca, Salpida, stable isotopes, fatty acids,
food web.

204

Wind-Driven Advection of Gelatinous Zooplankton
Underpin Their Trophic Interactions

CHAPTER V Introduction

205

Introduction
Gelatinous zooplankton have played a key role within marine ecosystems
since their emergence during the Pre-Cambrian era (Park et al., 2012). For
example, gelatinous zooplankton are involved in nutrient cycling (Henschke
et al., 2016; Pitt et al., 2009), provide microhabitats for invertebrates and
vertebrates (D’Ambra et al., 2015; Gasca and Haddock, 2004) and play key
roles within marine food webs by transferring energy from lower to higher
trophic levels as they feed upon planktonic organisms. In turn, they are
preyed upon by ecologically important apex predators such as sea turtles,
sharks and large fish (Diaz Briz et al., 2017; Henschke et al., 2016) and provide
food and shelter for a host of commercial valuable species (D’Ambra et al.,
2015; Griffin et al., 2019). However, the trophic ecology of gelatinous
zooplankton is poorly defined compared to other important key planktonic
organisms, such as crustacean zooplankton (Atienza et al., 2006; Benedetti et
al., 2016). In effect, despite their long-standing presence and recurrent massblooming events, unravelling the seemingly complex and nuanced
contribution of gelatinous zooplankton to marine food webs remains
challenging.
Despite broad advances in current understanding, the ecological role of
gelatinous zooplankton within food webs has been difficult to define due to
two main factors. Firstly, gelatinous prey are unlikely to be detected within
the stomach of their predators due to their soft body, which lead to an
underestimation of the number of predators and predation rates (Lynam et al.,
2006; Purcell and Arai, 2001). Secondly, gelatinous zooplankton have fast
digestion rates (Purcell et al., 2014), which make dietary composition analyses
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challenging. The difficulty to determine gelatinous zooplankton trophic roles
within food webs resulted in the fact that they were neglected, or incorporated
simplistically into food web models (Pauly et al., 2009), with some notable
exceptions (Corrales et al., 2015; Maldonado et al., 2016; Ruzicka et al., 2007,
2012).

In the Mediterranean Sea, the presence, and often massive, abundance of
gelatinous zooplankton has been recorded since the beginning of the 20th
century (Bernard et al., 2011; Boero, 2013; Brotz and Pauly, 2012; Goy et al.,
1989). Pelagia noctiluca (Forsskål 1775) is the most abundant scyphozoan
species, which occurs in large and recurrent blooms (for e.g. Bernard et al.,
2011; Canepa et al., 2014; Daly Yahia et al., 2010; Kogovšek et al., 2010). Due to
their abundance and frequent blooming, P. noctiluca feeding ecology has been
studied in a range of systems to describe their effect on planktonic
communities, fish recruitment and potential interactions with predators and
competitors (Malej et al., 1993; Milisenda et al., 2018; Tilves et al., 2018). Gut
content (Fig. 5.1) and trophic biomarker analyses indicate that P. noctiluca prey
upon a wide range of planktonic organisms and can be considered as
opportunistic predators (Malej, 1989). Trophic biomarkers also showed that
soft-bodied prey, like Salpida, can provide a high contribution to the diet of P.
noctiluca (Tilves et al., 2018), while such contribution was highly
underestimated using gut contents alone (Tilves et al., 2016). Despite the fact
that the dietary composition of P. noctiluca is well defined in some areas of the
Mediterranean Sea, their occupancy in both deep/shallow waters (Canepa et
al., 2014) as well as offshore/inshore waters (Giorgi et al., 1991) suggests that
their role may not be limited to a single system or food web.
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Giorgi et al. (1991)
1985

1986

Sep

Jan

Tilves et al. (2016)
2011

Rosa et al. (2013)
Jun – Jul

Ostracoda
Echinodermata

2010 – 11

Copepoda
Cladocera
Amphipoda
Euphausiaceae & Mysidaceae

Mar – Dec

Meroplankton larvae
Mollusca
Ostracoda
Echinodermata

Appendicularia
Salpida

Copepoda
Cladocera
Amphipoda

Siphonophorae
Hydromedusae
Chaetognatha

Euphausiaceae & Mysidaceae
Meroplankton larvae

Fish eggs

Mollusca

Milisenda et al. (2018)

2011 – 12

Nov-Dec

Feb

Jun-Jul

Sep

Fish larvae
Unidentified

Appendicularia
Salpida

Apr-May

Siphonophorae
Hydromedusae

Figure 5.1 Dietary composition of Pelagia noctiluca based on gut content analysis in
Chaetognatha

different
Fish eggsareas of the Mediterranean Sea.
Fish larvae
Unidentified

The Salpida Thalia democratica (Forskål 1775), Salpa fusiformis Cuvier 1804
and Salpa maxima Forskål 1775 are also abundant in the Mediterranean Sea and
frequently bloom close to the coasts (Braconnot, 1971; Licandro et al., 2006).
Salpida are preyed upon by higher-trophic-level predators (Tilves et al., 2018)
and export organic matter downward through their faecal pellets (Fernex et
al., 1996). Despite the importance of these functions within ecosystems,
Salpida remain understudied in comparison to other gelatinous taxa.
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Population dynamics of Salpida species within the Mediterranean Sea are
strongly influenced by environmental factors (Licandro et al., 2006; Ménard et
al., 1994). Temperature variations determine the temporal distribution of T.
democratica and S. fusiformis, reaching their peak abundance in the northwestern Mediterranean Sea in early and late spring, respectively (Licandro et
al., 2006; Sardou et al., 1996), while S. maxima seldom appears in large and
dense swarms close to the coast (Boero et al., 2013). While the dietary
composition of Salpida has yet to be studied in the Mediterranean Sea, studies
in other areas have relied on gut content analyses alone (Dadon-Pilosof et al.,
2019; Ishak et al., 2017; Purcell and Madin, 1991; Sutherland et al., 2010; Vargas
and Madin, 2004) and stable isotopes in a single case (Ishak et al., 2017).

The Gulf of Naples (GoN) (Mediterranean Sea) constitutes a transitional
area between the central and the southern Tyrrhenian Sea (Fig. 5.2).
Gelatinous zooplankton are frequently found in the GoN (Lo Bianco, 1909),
which represents an ecologically interesting area to examine the trophic role
of important taxa. The pelagic and benthic ecosystems of the GoN are very
productive (Ribera d’Alcalà et al., 2004; Russo et al., 2008) and are subject to
dynamic oceanographic features and anthropogenic stressors (Cianelli et al.,
2012). Complex geomorphology and wind-driven dynamics result in regular
alternations between eutrophic inshore and oligotrophic offshore waters
(Cianelli et al., 2015). The superficial circulation of water is dominated by
north-eastern and south-western winds, which alternatively direct seawater
toward the open sea or the coast, respectively, particularly in autumn and
winter (Fig. 5.2). Consequently, surface waters circulate rapidly within the
GoN and can be retained inshore for long residence times (Menna et al., 2007).
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Surrounding coastal areas of the GoN are highly urbanized, which put marine
ecosystems under high anthropogenic pressure and provide regular eutrophic
inputs to inshore waters (Cianelli et al., 2012). Both oceanographic features and
anthropogenic stressors lead to seasonal blooms of phytoplankton dominated
by Bacillariophyceae and Miozoa (Dinophyceae) (Ribera d’Alcalà et al., 2004).
This primary production supports a high zooplankton biomass and diversity
with seasonal changes in species community (Ribera d’Alcalà et al., 2004).
Historically, various species of gelatinous zooplankton have been observed in
the GoN (Chun, 1880; Lo Bianco, 1909). Some conspicuous species, such as P.
noctiluca, frequently appear in outbreaks, reaching thousands of individuals
(Lo Bianco, 1909). Given that gelatinous zooplankton are known to feed on a
wide variety of plankton (Malej, 1989; Sutherland et al., 2010), they are
suspected of acting as competitors of commercially valuable pelagic fishes and
predators of their eggs and larvae (Purcell et al., 2014; Tilves et al., 2016, 2018).
In addition, the presence of gelatinous zooplankton is usually recognised as a
sign of disturbed ecosystem (Lynam et al., 2006; Purcell et al., 1999), although
their role in an undisturbed environment is often overlooked (Ruzicka et al.,
2012).

Within this overall context, the trophic interactions of gelatinous
zooplankton were determined within the planktonic food web of the GoN
using a combination of stable isotope (SI) (δ13C and δ15N) and fatty acid trophic
marker (FATM) analyses. In this perspective, the dietary composition and
trophic levels of the most abundant gelatinous zooplankton collected during
2019 – the scyphomedusa P. noctiluca and the Salpida S. fusiformis, S. maxima
and T. democratica – and their potential prey were described. This study aimed
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to describe the structure of the planktonic trophic web within the GoN and
determine the dietary composition and trophic levels of gelatinous
zooplankton over the year in relation to seasonal shifts in prey selectivity.

A

Naples

B

Naples

Bathymetry (m)
0

600

1200

Figure 5.2 Map of the Mediterranean Sea with the location of the Gulf of Naples and
A. superficial circulation as controlled by a NE wind and B. superficial circulation as
controlled by a SW wind (modified after Cianelli et al., 2012). Bathymetry data from
© GEBCO 2021.
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Materials and Methods
Study area
The Gulf of Naples (GoN) is a wide and semi-enclosed embayment
located in the southern Tyrrhenian Sea within the western basin of the
Mediterranean Sea (Fig. 5.2). With a nearly rectangular shape, the GoN covers
an area of about 900 km2 and is limited in its northern part by two islands
(Procida and Ischia), and in its southern part by the island of Capri and the
Sorrento peninsula. With an average depth of 170 m, the basin is incised by
two submarine canyons with depths up to 1,300 m which connect the
continental shelf to the bathyal plain.

Two hydrological subsystems dominate the physical and chemical
dynamics of the GoN with a high temporal variability (Carrada et al., 1980;
Ribera d’Alcalà et al., 2004). The inner part presents coastal eutrophic features
while the outer part is influenced by Tyrrhenian oligotrophic waters (Povero
et al., 1990). A strong seasonality with complex spatio-temporal dynamics in
the circulation patterns defines the exchange zone between the two
subsystems (Cianelli et al., 2012, 2015). Vertical mixing of the water column in
the GoN is typical of a temperate system, with a homogenized water column
during winter due to a convective mixing and a stratification occurring in
spring and summer (Carrada et al., 1980).
Within the research activities conducted at the Stazione Zoologica Anton
Dohrn (SZN) in Naples, the Long-Term Ecological Research station
''MareChiara'' (LTER-MC) was set in the GoN (40°48'30'' N, 14°15'0'' E) (Fig.
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5.3) in 1984 to follow the temporal dynamics of plankton at different temporal
scales (Zingone et al., 2019) and capture the influence of both oligotrophic and
eutrophic waters on the pelagic system (Cianelli et al., 2017; D’Alelio et al.,
2016).

Bathymetry (m)
0

600

1200

Figure 5.3 Map of the Gulf of Naples (north-western Mediterranean Sea) with the
location of the Long-Term Ecological Research station ''MareChiara'' (LTER-MC)
where plankton were collected weekly (red point), and the collection sites for the
scyphomedusa

Pelagia

noctiluca

(black

diamonds),

which

opportunistically in 2019. Bathymetry data from © GEBCO 2021.

were

collected
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Sample collection
Potential prey
Particulate organic matter (POM) (0 – 20 µm), phytoplankton (20 – 200
µm) and zooplankton (> 200 µm) were collected weekly from January to
December 2019 on board the R/V ''Vettoria'' at the LTER-MC (Fig. 5.3). POM
was collected by sampling seawater at the subsurface (1 m depth) using a
Niskin bottle. The water sample was then transferred into a 5 l plastic jar.
Phytoplankton and zooplankton were collected by vertical tows (depth » 70
m) using a 20 µm and a 200 µm plankton net equipped with a flowmeter,
respectively. All samples were transferred into plastic jars and transported to
the laboratory on ice.

Gelatinous zooplankton
Pelagia noctiluca scyphomedusae were sampled opportunistically within
the GoN, between 40°50' N, 40°32' N, 13°52' E, 14°28' E (Fig. 5.3) and from 10
to 4,200 m from the coast. Medusae were collected individually at the surface
using a dip net from January to November 2019 (Table 5.1) quickly after
reports by local observers (personnel on research vessels, fishermen, local
citizens). Immediately after collection, scyphomedusae were placed
individually in plastic bags or in group in buckets filled with seawater and
brought to the SZN for processing. Salpida (Salpa fusiformis, S. maxima and
Thalia democratica,) were collected from February to September 2019 by
separating them from mesozooplankton samples collected at the LTER-MC
weekly (Table 5.1).
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Table 5.1 Sampling dates, number of individuals (n) and bell diameter (distance
between two opposite rhopalia, cm) of the scyphomedusa Pelagia noctiluca and the
Salpida Salpa fusiformis, Salpa maxima and Thalia democratica collected in 2019 within
the Gulf of Naples.

Species
Scyphomedusa
Pelagia noctiluca

Salpida
Salpa fusiformis

Months

Sampling dates

n

Bell
diameter (cm)

January
April
May
June

21/01/19
12/04/19, 30/04/19
15/05/19, 31/05/19
03/06/19 – 05/06/19,
13/06/19
21/07/19, 24/07/19
20/11/19, 26/11/19

20
10
14
17

5.5 – 8.0
5.5 – 11.5
5.0 – 10.0
5.0 – 9.5

20
13

5.5 – 8.0
7.0 – 11.0

12/02/19, 26/02/19
19/03/19, 26/03/19
02/04/19, 09/04/19,
18/04/19
26/02/19
02/04/19, 09/04/19,
18/04/19
12/02/19, 26/02/19
09/04/19, 12/04/19,
18/04/19
03/09/19, 17/09/19,
25/09/19

17
3
13

July
November
February
March
April

Salpa maxima

February
April

Thalia democratica

February
April
September

1
4
2
4
4

Sample preparation
Potential prey
Seawater was sieved through a 20 µm mesh and the fraction < 20 µm was
filtered onto pre-combusted Whatmann GF/F 0.7 µm filters under gentle
vacuum to isolate the particulate organic matter (POM). Filters were then
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frozen at – 30°C before being freeze-dried. Phytoplankton samples were
screened through a 200 µm mesh to remove mesozooplankton and then
concentrated onto a 20 µm mesh. Samples were centrifuged to concentrate
phytoplankton and remove seawater.

Mesozooplankton were concentrated onto a 200 µm mesh and frozen at –
30°C. Twenty random samples were left unsorted (bulk mesozooplankton) to
perform a lipid extraction and determine a specific correction for δ13C. The
other mesozooplankton samples were defrosted in small amounts per time
within 6 months and organisms were sorted under a stereomicroscope. Based
on the literature, copepods and cladocerans were sorted at genus/species level
and grouped according to their trophic guilds (herbivorous, omnivorous,
carnivorous, detritivorous and others (unknown) for copepods, and
herbivorous and omnivorous for cladocerans) (Table 5.2).
Except for meroplanktonic larvae, which included decapoda and
cirripedia larvae, and ichthyoplankton, which included fish eggs and larvae,
the remaining mesozooplanktonic organisms were sorted at the lowest
taxonomic level possible. All sorted organisms were counted and weighted in
order to have sufficient organic matter for SI and FA analyses (Table 5.3).

Phytoplankton,
mesozooplankton

bulk
groups

(unsorted)
were

mesozooplankton

freeze-dried,

then

and

grounded

sorted
and

homogenised individually using a mortar and a pestle. All samples were
stored at – 30°C and analysed within six months.
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Table 5.2 Mesozooplankton collected in the Gulf of Naples during 2019 sorted at
genus/species level and grouped according to their trophic guilds based on the
literature: H, herbivorous; O, omnivorous; C, carnivorous; D, detritivorous; U,
unknown.
Trophic
guild

Prey

Reference

H

Phytoplankton

Benedetti et al., 2016;
Suzuki et al., 1999

Acartia clausi,
Centropages spp.,
Lucicutia spp.,
Pleuromamma spp.

O

Phytoplankton,
microflagellates,
ciliates

Saiz et al., 2007; Tiselius,
1989

Candacia spp.,
Euchaeta spp.

C

Mesozooplankton,
doliolids, fish larvae,
appendicularians

Benedetti et al., 2016

Clausocalanus spp.

U

Species
Copepoda
Calanoida
Calocalanus spp.,
Temora stylifera,
Paracalanus spp.,
Ctenocalanus spp.,
Mecynocera clausi

Mazzocchi, pers. comm.

Cyclopoida
Sapphirina spp.
Oithonidae

U
O

Corycaeidae

C

Oncaeidae

D

Phytoplankton,
microzooplankton,
faecal pellets
Nanoplankton,
mesozooplankton
Diatoms, detritus

D

Phytodetritus

Sautour and Castel, 1993

H

Small diatoms,
flagellates, bacteria

Atienza et al., 2006;
Paffenhöfer and Orcutt,
1986; Turner et al., 1988

H

Large diatoms

Jagger et al., 1988; Kim et
al., 1989

Harpacticoida
Euterpina acutifrons
Branchiopoda (Cladocera)
Penilia avirostris

Pleopis polyphemoides,
Podon intermedius

Mazzocchi, pers. comm.
Kattner et al., 2003;
Lampitt and Gamble,
1982; Saiz et al., 2007
Benedetti et al., 2016
Kattner et al., 2003
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Table 5.2 Continued.

Species
Evadne spinifera,
Pseudevadne tergestina

Ostracoda
Chaetognatha

Meroplankton larvae
Decapoda
Cirripedia
Ichthyoplankton
Fish larvae
Fish eggs
Siphonophorae
Calycophorae

Trophic
guild
O

Prey
Phytoplankton,
mesozooplankton

H, C, D

Reference
Kim et al., 1989;
Marazzo and Valentin,
2001; Nival and Ravera,
1979
Mazzocchi, pers. comm.

C

Mesozooplankton, gelata

Kehayias, 2003;
Purcell et al., 2004

H, O, C
H

Particles < 8 µm

Jones et al., 1997
Gauld, 1959

Small mesozooplankton

Purcell 1981

Æ
Æ
C

Gelatinous zooplankton
In the laboratory, each scyphomedusa was rinsed carefully with sterilised
filtered seawater to remove detritus and/or other planktonic organisms. After
measuring bell diameter (distance between two opposite rhopalia, cm), P.
noctiluca were individually frozen at – 30°C. Salpida (S. fusiformis, S. maxima
and T. democratica) were separated from zooplankton samples using a 2,000
µm mesh sieve. Each specimen was rinsed with sterilized filtered seawater
and identified at species level under a stereomicroscope. Small specimens
were pooled by species to ensure sufficient organic matter for analyses after
freeze-drying, while large individuals were kept individually. All gelatinous
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zooplankton (P. noctiluca scyphomedusae and Salpida) were freeze-dried
within six months, then grounded into a fine powder and homogenised using
a mortar and a pestle, and kept at – 30°C.

Table 5.3 Number of mesozooplankton collected in the Gulf of Naples during 2019
sorted at genus/species level and grouped according to seasons.

COPEPODS
Carnivorous
Corycaeidae
Candacia spp.
Euchaeta spp.
Omnivorous
Oithonidae
Acartia clausi
Centropages spp.
Pleuromamma spp.
Herbivorous
Ctenocalanus spp.
Paracalanus spp.,
Calocalanus spp.
Temora stylifera
Mecynocera clausi
Detritivorous
Oncaeidae
Euterpina acutifrons
CLADOCERANS
Herbivorous
Pleopis polyphemoides,
Podon intermedius
Penilia avirostris
Omnivorous
Pseudevadne tergestina
Evadne spinifera

Winter
(January,
February,
December)

Autumn
(September,
October,
November)

Spring
(March,
April, May)

Summer
(June, July,
August)

1365
118
4

1087
112
7

1345
50
4

1166
64

554
418
48
144

733
3916
529
60

341
503
309
8

1643
53
30
50

652
493

773
696

22
109

148
116

593
98

664
60

1160
9

1515
48

1019
198

2534
115

1561
280

1513
472

467

328
3270

1742

3685
524

568
48
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Table 5.3 Continued.
Winter
(January,
February,
December)

Spring
(March,
April, May)

Summer
(June, July,
August)

Autumn
(September,
October,
November)

94
2403

609
401

330

398

6

9
75

4
2

39

336

202
149

MEROPLANKTON
Decapoda larvae
Cirripedia larvae
ICHTHYOPLANKTON
Fish larvae
Fish eggs
OTHERS
Chaetognatha
Ostracoda

23
163

Laboratory procedures
Lipid extraction and fatty acid analysis
Samples of P. noctiluca (n = 39), Salpida (n = 13), mesozooplankton groups
(n = 45) and phytoplankton (n = 12) were used to determine their FA
composition. Lipids were extracted from 5 to 50 mg of homogenised freezedried samples with methyl-tert-butyl ether (MTBE) and methanol (MeOH)
(2:1) following the protocol by Matyash et al. (2008) slightly modified by
Cutignano et al. (2016). Different amounts of samples were based on their
diverse organic and lipidic content, which were lower in gelatinous organisms
compared to phytoplankton and mesozooplankton.
Samples were immersed in a solution of 900 µl of methanol spiked with 9
µg of tricosanoic acid (C23:0) as Internal Standard. After vortexing for a few
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seconds, 3 ml of MTBE were added and samples were vortexed and sonicated
for 5 min. After one hour under constant agitation at room temperature, 750
µl of MilliQ water were added to induce phase separation. Samples were
thoroughly vortexed and left for an additional 10 min under constant
agitation. A subsequent centrifugation at 1,000 rpm at 4°C for 10 min allowed
to separate two liquid phases: an upper phase containing the organic solvents
with extracted lipids, and a lower aqueous phase; and a residual pellet from
the original sample at the bottom of the tube. The upper phase containing the
extracted lipids was transferred into pre-weighted glass vials using a Pasteur
pipette. The lower aqueous phase and the pellet were re-extracted with
additional 300 µl of MTBE to ensure complete extraction of lipids in the pellet.
After 10 min at room temperature under constant agitation, samples were
centrifuged as described above and a new phase separation occurred. The
upper phase containing the extracted lipids was collected and pooled with the
previous one. Glass vials with extracted lipids were placed under nitrogen
(N2) stream to remove the excess of solvent and then under vacuum for 20 min
for complete drying.
In order to determine FA composition, extracted lipids were subjected to
methanolysis to release FAs as their corresponding methyl esters (FAMEs).
Lipids were dissolved in 1 ml of methanol and a tip of spatula of sodium
carbonate (Na2CO3) was added. The mixture was left to react overnight at
45°C. The reaction mixture was then diluted with MilliQ water and a few
drops of hydrochloric acid (HCl) [6M] were added to neutralize the basic
solution. Lipids were subsequently extracted for three times with 1 ml of
diethyl ether (Et2O) and dried under N2 stream and vacuum suction to
completely remove the solvents. Free FAs and the Internal Standard (C23:0)
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were converted into their corresponding methyl esters by an ethereal solution
of diazomethane (CH2N2) freshly prepared in house. An excess of
diazomethane was added to the lipid extracts, which after a reaction time of
60 min, were dried under N2 stream, dissolved in dichloromethane (150 µl)
and transferred into autosampler vials for FAME analysis by Gas
Chromatography-Mass Spectrometry (GC-MS).

FAMEs were determined by GC-MS using an ion-trap mass spectrometer
operating in EI mode (70 eV) (Thermo-Scientific, Polaris Q) connected with a
gas chromatographic system (Thermo-Scientific, GCQ) equipped with a 5%
phenylmethyl polysiloxane column (30 m × 0.25 mm × 0.25 µm, Agilent, VF5ms) using high-purity helium as the gas carrier. The following temperature
gradient was applied: initial 160°C holding for 3 min, then increase of 5°C min1

up to 260°C followed by 30°C min-1 up to 310°C, holding for 3 min at 310°C

(split flow 10 ml min-1, full scan m/z 50 – 450, injection of 2 µl). Analytical runs
were processed using Xcalibur software (Thermo-Scientific). FAME peaks
were identified by comparing their elution times and MS spectra with a
commercial standard pool (Marine PUFA-3, 1 mg ml-1, Sigma-Aldrich) and the
National Institute of Standards and Technology (NIST) database as a
reference. Extraction procedures and chemical analyses were performed at the
Institute for Biomolecular Chemistry of the Italian Research Council (CNR) in
Pozzuoli (Italy).
The FA composition was calculated from the integration of each FA peak
area divided by the total area resulting from all integrated peaks and reported
as percentage of total FAs (% of total FAs). The recovery rate calculated on the
recovery of the Internal Standard (C23:0) during the whole analysis procedure

Wind-Driven Advection of Gelatinous Zooplankton
Underpin Their Trophic Interactions

222

for FAs ranged between 61.1 and 99.8%, which ensure the reliability of the
data obtained.
A set of fatty acid trophic markers (FATMs) was selected to define the
prey of gelatinous zooplankton based on a meta-analysis comparing FA
profiles of marine planktonic organisms (Chapter IV). The selection of FATMs
extracted in gelatinous zooplankton and their potential prey included 14 FAs
(Table 5.4).

Table 5.4 Fatty acid trophic markers (FATMs) selected in marine planktonic groups
based on the meta-analysis conducted in Chapter IV.
Plankton groups
Heterotrophic bacteria

FATMs

18:1(n-7)
Phytoplankton and phytodetritus
Bacillariophyta
14:0, 16:1(n-7), 16:4(n-1), 20:5(n-3)
Miozoa
16:0, 18:4(n-3), 22:6(n-3)
(Dinophyceae)
Haptophyta
18:1(n-9)
Chlorophyta
18:2(n-6)
Rhodophyta
20:4(n-6)
Phytodetritus
18:2(n-6)
Zooplankton
Microzooplankton
Herbivorous and
other copepods
(Calanoida)

18:1(n-7)
20:1(n-9), 22:1(n-11), 22:1(n-11)

Reference
Chapter IV; Stevens et al., 2004
Dalsgaard et al., 2003
Dalsgaard et al., 2003
Chapter IV
Dalsgaard et al., 2003
Chapter IV; Cañavate, 2019
Dalsgaard et al., 2003;
Napolitano et al., 1997
Chapter IV; Stevens et al., 2004
Sargent and Falk-Petersen, 1988
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Lipid normalisation of δ13C
Specific lipid corrections for δ13C were defined by extracting lipids from
subsets of P. noctiluca (n = 27), bulk mesozooplankton (n = 20) and
phytoplankton (n = 12) as recommended for samples with lipid content > 5%
or a C:N > 3.5 (Post et al., 2007). Lipids were extracted according to the protocol
described above (see Lipid extractions and fatty acid analysis).
Lipid contents (% of DM) samples were determined gravimetrically to the
nearest 0.00001 g. The lipid-free pellet at the bottom of the vial after lipid
extraction was rinsed three times with MilliQ water, frozen at – 30°C and
freeze-dried to perform stable isotope determination (see Stable isotope
determination below).

Stable isotope determination
Stable isotope values were determined in gelatinous zooplankton (P.
noctiluca and Salpida) and their potential prey (POM, phytoplankton and
mesozooplankton groups). Bulk samples were used to determine δ15N lipidfree pellets were analysed to define normalization equations for δ13C. Different
amounts of samples were chosen according to the diverse organic content of
each group. Homogenised freeze-dried gelatinous zooplankton (4.0 ± 0.1 mg),
phytoplankton (2.0 ± 0.1 mg), bulk mesozooplankton and mesozooplankton
groups (2.0 ± 0.1 mg) and freeze-dried filters with POM were packed into
aluminium tin capsules and sent to the Stable Isotope Facility at the University
of California in Davis (USA) for determination of δ13C and δ15N.
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Stable isotope values were determined using a PDZ Europa ANCA-GSL
elemental analyser interfaced to a PDZ Europa 20-20 isotope ratio mass
spectrometer (Sercon Ltd., Cheshire, UK). The final δ13C and δ15N were
expressed relative to the international standards Vienna Pee Dee Belemnite
(VPDB) and air for carbon and nitrogen, respectively, according to the
formula:
δ13C or δ15N = [ (Rsample – Rstandard) – 1 ] × 103

Eq. 5.1

where R is the ratio of heavy-to-light isotopes (13C/12C or 15N/14N) in the sample
(Rsample) and in the standard (Rstandard). The instrumental precision was ± 0.02‰
for δ13C and ± 0.03‰ for δ15N. Duplicate aliquots of n = 26 samples were
determined in order to ensure reproducibility, which was ± 0.04‰ for δ13C
and ± 0.06‰ for δ15N.

Statistical analysis
FAs were transformed using an additive log-ratio transformation
recommended for proportional data (Aitchison, 1982) using the formula:
xtrans = ln(xi/cr)

Eq. 5.2

where xtrans is the transformed FA, xi is a given FA (% of total FAs) and cr is the
percentage of the reference FA, 18:0, which had relatively similar proportions
in all groups and was not considered as a trophic biomarker (Budge et al.,
2006).

The variation of δ13C due to lipid extraction was calculated as:
∆δ13C = δ13Cextracted – δ13Cbulk

Eq. 5.3
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where Δδ13C (‰) is the difference between δ13C after lipid extraction
(δ13Cextracted) and before extraction (δ13Cbulk). Differences between δ13Cextracted and
δ13Cbulk were tested using non-parametric Mann-Whitney tests. The C:N, lipid
content (%) and Δδ13C were used to determine the mathematical normalisation
of δ13C using linear regressions between (i) C:N and lipid content, (ii) lipid
content and Δδ13C, and (iii) C:N and Δδ13C in the lm function from the R
package 'stats'. All δ13C were normalized for lipid content, except for POM and
phytoplankton with C:N ³ 7.5.

Isotopic niches of P. noctiluca and Salpida were defined using the Stable
Isotope Bayesian Ellipses in R (SIBER) software (Jackson et al., 2011). The
corrected standard ellipse area (SEAc) was determined for each season.
Potential overlaps were defined using the command maxLikOverlap. To
account for potential ontogenetic, spatial and/or seasonal changes in δ15N of
P. noctiluca, analyses of covariance (ANCOVA) were performed using the aov
and Anova functions of 'stats' and 'car' packages, respectively, on the bell
diameter and the collection sites across seasons. Correlations were computed
by season using the lm function.

Temporal variations in SIs and FA profiles were defined in gelatinous
zooplankton, POM, phytoplankton and mesozooplankton groups. One-way
ANOVAs were performed for each biomarker within each group across
months and seasons. The relative contribution (%) of the sources of variability
(months, seasons) was calculated for each group by dividing each factor of
variability by the sum of all variance components. One-way PERMANOVAs
were performed with the adonis2 function from the R package 'vegan'
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(Oksanen et al., 2018) after being tested for normality (shapiro.test from the
package 'stats') and homoscedasticity (bptest from the package 'lmtest').
Significant differences across months or seasons were determined using
pairwise post-hoc comparisons (Tukey HSD) through the command TukeyHSD
from the R package 'stats'.
A similarity percentage (SIMPER) analysis was used to detect similarities
between FATMs in gelatinous zooplankton and their potential prey based on
a Euclidean similarity matrix. A two-dimensional principal component
analysis (PCA) was computed based on a Euclidean distance on FAs to find
differences between FATM composition of gelatinous zooplankton and their
potential prey. The SIMPER was performed using the command simper from
the package 'vegan' while the PCA was computed using Plymouth Routines
in Multivariate Ecological Research (PRIMER6) software (Clarke and Gorley,
2006). Significance threshold for all analyses was set at p-value £ 0.05.

The proportional contribution of prey to the diet of gelatinous
zooplankton (P. noctiluca and Salpida) was defined using the Bayesian mixing
model MixSIAR in RStudio (Stock and Semmens, 2013) and Just Another
Gibbs Sampler (JAGS). Non-informative priors were used and Markov chain
Monte Carlo sampling was conducted based on the following parameters:
number of chains = 3; chain length = 100,000; burn in = 50,000 and thin = 50.
Diagnostic tests (Gelmin-Rubin, Heidelberger-Welch and Geweke) and
isospace plots were examined for model convergence. The dietary
composition of gelatinous zooplankton was determined using three different
models based on SIs, FATMs and their combination. Two sets of models were
run, in the first one, P. noctiluca was considered the predator, and Salpida were
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included among potential prey together with POM, phytoplankton and
mesozooplankton groups that were included into the polygon of potential
prey. In a second model, Salpida were considered predators and all planktonic
groups – except P. noctiluca – which fell into the polygon of potential prey
were included in the model. Considered the differences found across seasons,
for each predator a model was built for each season.

Because a specific diet-tissue discrimination factor (DTDF, Δ) is not
available for δ13C and δ15N within the published literature for P. noctiluca nor
for Salpida and the variability among experimentally measured DTDFs is high
(see Chapter I), average DTDFs were calculated for δ13C and δ15N based on the
published DTDFs for scyphomedusae (Table 5.5). The Δ13C = + 4.2 ± 0.3‰
(D’Ambra et al., 2014) in Aurelia spp. was not included in the average because

Table 5.5 Diet-tissue discrimination factors (DTDFs) (∆, ‰) of δ13C and δ15N (mean ±
SD) calculated for specific scyphomedusae and averaged values used in this study
for gelatinous zooplankton.
∆ (‰)
Species
Aurelia aurita
Aurelia spp.
Chrysaora pacifica
Pelagia noctiluca
Average

∆ C
+ 1.4 ± 0.5
+ 4.2 ± 0.3
+ 0.9 ± 0.2
+ 1.6 ± 0.7
+ 0.7
+ 1.15 ± 0.42
13

∆15N
+ 2.0 ± 0.6
+ 0.1 ± 0.2
+ 2.1 ± 0.5
+ 1.3 ± 1.7
+ 2.4
+ 1.58 ± 0.92

Reference
Schaub et al., 2021
D’Ambra et al., 2014
Schaub et al., 2021
Tilves et al., 2018
Used in this study
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it was not in line with the other DTDFs available. The average DTDFs
calculated were Δ13C = + 1.15 ± 0.42‰ and Δ15N = + 1.58 ± 0.92‰. Calibration
coefficients (CCs) of FAs corresponding to the ratio of predator and prey FA
were used based on a single study that calculated CCs in the scyphomedusae
Aurelia aurita (Linnaeus 1758) and Chrysaora pacifica (Goette 1886) (Schaub et
al., 2021) (Table 5.6).

Table 5.6 Calibration coefficients (CCs) of FAs (mean ± SD) calculated in the
scyphomedusae Aurelia aurita and Chrysaora pacifica and applied to gelatinous
zooplankton in the present study.
Species
Aurelia aurita,
Chrysaora pacifica

FAs
14:0
16:0
16:1(n-7)
16:4(n-1)
18:1(n-7)
18:1(n-9)
18:2(n-6)
18:4(n-3)
20:1(n-9)
22:1(n-9)
22:1(n-11)
20:4(n-6)
20:5(n-3)
22:6(n-3)

CCs
+ 1.43 ± 0.19
+ 1.05 ± 0.07
+ 1.22 ± 0.06
+ 1.22 ± 0.06
+ 0.63 ± 0.04
+ 0.70 ± 0.03
+ 0.66 ± 0.05
+ 0.43 ± 0.05
+ 1.26 ± 0.19
+ 1.26 ± 0.19
+ 1.26 ± 0.19
+ 9.55 ± 1.95
+ 1.27 ± 0.25
+ 0.94 ± 0.24

Reference
Schaub et al., 2021

Trophic levels (TLs) of gelatinous zooplankton and their potential prey
were calculated assuming the particulate organic matter (POM) to be the base
of the trophic web. The TLs of each marine plankton group were calculated
following Post (2002):
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TL = l + (δ15Nconsumer – δ15NPOM) / Δ15N

Eq. 5.4

where l is the trophic level of the baseline (POM, TL = 1), δ15Nconsumer and
δ15NPOM are the δ15N of the considered group and POM, respectively, and Δ15N
is the DTDF (+ 1.58 ± 0.92‰ for gelatinous zooplankton (Table 5.5) and + 2.13
± 1.81‰ for other groups, calculated on a literature search for DTDFs of
marine planktonic invertebrates (Table 5.7)). Monthly TLs were averaged
within each plankton group, except for gelatinous zooplankton, whose TLs
were calculated seasonally.

Table 5.7 Diet-tissue discrimination factors (DTDFs) (∆, ‰) of δ13C and δ15N (mean ±
SD) calculated for marine planktonic invertebrates and averaged values used in this
study for mesozooplankton.
∆ (‰)
Species
Amphipod
Amphithoe valida
Paryhale hawaiensis
Brine shrimp
Artemia sp.
Mysid
Neomysis
intermedia
Mysis mixta
Average DTDFs

Diet

13

∆ C

∆15N

Reference

Ulva sp.
Gelidium sp.
Ulva sp.
Gelidium sp.

– 0.9
– 1.5
– 1.1
– 1.3

– 0.7
– 0.2
+ 2.3
+ 2.2

Macko et al., 1982

Yeast

+ 4.9

Minagawa and
Wada, 1984

Frozen
cladocerans
Artemia sp.
Enteromorpha sp.

+ 3.2

Toda and Wada,
1990
Gorokhova and
Hansson, 1999
Used in this study

– 1.20 ± 0.26

+ 2.6
+ 2.8
+ 2.13 ± 1.81
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Results
Lipid normalisation of δ13C
The extraction of lipids in P. noctiluca resulted in a significant increase of
δ13C from – 19.3 ± 0.8‰ to – 18.9 ± 0.6‰ after extraction (Mann-Whitney, W =
249.5, p-value = 0.04). Differences in bulk and lipid-extracted δ13C (Δδ13C) were
on average + 0.5 ± 0.3‰ (Table 5.8). In bulk mesozooplankton, δ13C increased
significantly from – 20.6 ± 0.8‰ to – 19.4 ± 0.8‰ (W = 53.0, p-value < 0.001)
with a Δδ13C of + 1.2 ± 0.2‰. Likewise, the extraction of lipids in
phytoplankton increased significantly δ13C from – 18.9 ± 1.9‰ to – 17.2 ± 2.1‰
(W = 88.5, p-value = 0.007), with an average Δδ13C of + 1.7 ± 0.8‰ (Table 5.8).
Linear regressions between C:N and lipid content (%), lipid content and
Dδ13C, and C:N and Dδ13C in P. noctiluca were all significant (Fig. 5.4 A, D, G).
Among these linear regressions, C:N and Dδ13C had the highest R2, that
explained 67.7% of the variation in Dδ13C (Table 5.9).

Table 5.8 δ13C (mean ± SD, ‰) before (δ13Cbulk) and after (δ13Cextracted) lipid extraction.
Sample size (n), C:N (mean ± SD (range)) and Δδ13C (δ13Cextracted – δ13Cbulk) of the
scyphomedusa Pelagia noctiluca, bulk mesozooplankton and phytoplankton collected
in the Gulf of Naples between March and April 2019.
Bulk
Pelagia noctiluca
Bulk
mesozooplankton
Phytoplankton

n
27
20

δ13Cbulk (‰)
– 19.3 ± 0.8
– 20.6 ± 0.8

C:N
3.4 ± 0.2 (3.1 – 3.8)
4.7 ± 0.4 (4.1 – 5.5)

Lipid extracted
δ13Cextracted (‰)
– 18.9 ± 0.6
– 19.4 ± 0.8

Δδ13C (‰)
+ 0.5 ± 0.3
+ 1.2 ± 0.2

19

– 18.9 ± 1.9

7.5 ± 0.8 (6.1 – 8.5)

– 17.2 ± 2.1

+ 1.7 ± 0.8
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Table 5.9 Linear regressions between lipid content (%) and C:N; Dδ13C (difference
between δ13C after and before lipid extraction, ‰) and C:N; Dδ13C and C:N, sample
size (n) and diagnostic statistics (variance explained (R2), p-value) in the
scyphomedusa Pelagia noctiluca, bulk mesozooplankton and phytoplankton.
Significant differences are indicated by (*) (p-values ≤ 0.05).
Linear regression equation
Pelagia noctiluca
% lipid = 2.22 ´ C:N – 5.94
Dδ13C = 0.42 ´ % lipid – 0.26
Dδ13C = 1.44 ´ C:N – 4.52
Bulk mesozooplankton
% lipid = – 1.13 ´ C:N + 13.68
Dδ13C = – 0.007 ´ % lipid + 1.21
Dδ13C = 0.43 ´ C:N – 0.89
Phytoplankton
(all samples)
% lipid = 0.31 ´ C:N + 1.79
Dδ13C = 0.06 ´ % lipid + 1.49
Dδ13C = 0.82 ´ C:N – 4.40

Sample size (n)

R2

p-value

27
27
27

49.0%
55.1%
67.7%

< 0.001 *
< 0.001 *
< 0.001 *

20
20
20

3.3%
0.7%
73.5%

0.44
0.72
< 0.001 *

19
19
19

2.0%
1.2%
61.1%

0.52
0.67
< 0.001 *

(samples with C:N < 7.5)
Dδ13C = 0.18 ´ C:N< 7.5 – 0.16

7

– 16.9%

0.96

(samples with C:N ³ 7.5)
Dδ13C = 2.10 ´ C:N³ 7.5 – 14.50

12

73.7%

< 0.001 *

In contrast to P. noctiluca, the variation explained by the linear regression
between C:N and lipid content or lipid content and Dδ13C in bulk
mesozooplankton and phytoplankton was very low and above the
significance level (Table 5.8, Fig. 5.4 B, C, E, F). Conversely, the relationship
between C:N and Dδ13C was significant for both groups, with C:N explaining
73.5% and 61.1% of the variation in Dδ13C for bulk mesozooplankton and
phytoplankton, respectively (Table 5.8). Although a significant relationship
between and Dδ13C was found in phytoplankton, the linear regression fitted
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better when samples with C:N < 7.5 were removed from the analysis (Fig. 5.3

B

C

Lipid content (%)

A

Lipid content (%)

I). Indeed, phytoplankton with C:N < 7.5 were not significantly correlated to
Lipid content (%)

Dδ1310.0
C (R2 = – 0.17, p-value = 0.96),
while samples with 10.0
C:N ³ 7.5 were highly
10.0
7.5
7.5 in Dδ13C compared
7.5
correlated
with Dδ13C, which explained
73.7% of variation
5.0

5.0

5.0
to 61.1% when all samples were
used (Table 5.8). In light of these results, a
2.5
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4.4

Δ δ13C (‰)

3.5 3.7
(C : N)bulk

Δ δ13C (‰)
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D

3.3

2.0

I
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Lipid content (%)
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2.0
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relationship between C:N and Dδ13C, while phytoplankton samples with

0.0
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0.0
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Pelagia noctiluca

re not corrected (Table 5.8).Bulk mesozooplankton
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(C : N)bulk

Phytoplankton

Figure 5.4 Linear regressions between A-B-C. C:N and lipid content (%), D-E-F. lipid
content and Dδ13C (δ13Cextracted – δ13Cbulk, ‰) and G-H-I. C:N and Dδ13C in A-D-G. the
scyphomedusa Pelagia noctiluca (n = 27), B-E-H. bulk mesozooplankton (n = 20) and
C-F-I. phytoplankton (n = 19). In the panel I., the relationship between C:N and Dδ13C
including all samples is represented by a dotted line, while the two solid lines are the
linear regressions of samples with C:N < 7.5 or ³ 7.5 only.
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better when samples with C:N < 7.5 were removed from the analysis (Fig. 5.4
I). Indeed, phytoplankton with C:N < 7.5 were not significantly correlated to
Dδ13C (R2 = – 0.17, p-value = 0.96), while samples with C:N ³ 7.5 were highly
correlated with Dδ13C, which explained 73.7% of variation in Dδ13C compared
to 61.1% when all samples were used (Table 5.9). In light of these results, a
lipid normalisation was applied to all planktonic groups using the
relationship between C:N and Dδ13C (Table 5.9), while phytoplankton samples
with C:N < 7.5 were not corrected.

Isotopic niches of Pelagia noctiluca and Salpida
The Stable Isotope Bayesian Ellipses in R (SIBER) and PERMANOVA
comparisons across months indicated that the SI values of P. noctiluca and
Salpida followed a seasonal pattern (Fig. 5.5), where the following seasons
were identified: winter (January, February and March), spring (April, May
and June), summer (July, August and September) and autumn (November).

The niche overlap was determined across seasons within and between the
two gelatinous taxa (Table 5.10). Across seasons, the niche overlap of P.
noctiluca was minor (< 35%) (Table 5.10). P. noctiluca collected in autumn
clustered separately from the scyphomedusae collected in the other seasons
(Fig. 5.5 A). The corrected area of the stable isotope ellipse of P. noctiluca in
spring was the largest (Fig. 5.5 B) and had little overlap with the other seasons
(Table 5.10). The area of the summer and autumn ellipses were similar and
intermediate between winter and spring (Fig. 5.5 B).
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A
6

δ15N (‰)

Seasons
Autumn
Winter
Spring
Summer

4

Species
Thalia democratica
Salpa fusiformis
Salpa maxima
Pelagia noctiluca

2

-20.5

-19.5
δ C (‰)

-18.5

-17.5

13

B 1.0
SEAc (‰2)

0.8
0.6

P. noctiluca
Salpida

0.4
0.2
0.0

Winter

Spring

Summer

Autumn

Figure 5.5 A. Stable Isotope Bayesian Ellipses in R (SIBER) and B. width of the
Standard Ellipse Area corrected for the sample size (SEAc, ‰2) of the scyphomedusa
Pelagia noctiluca and Salpida (Salpa fusiformis, Salpa maxima and Thalia democratica)
collected in 2019 and grouped per season.
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Table 5.10 Percentage overlap (%) of the Standard Area Corrected (SEAc) determined
using the Stable Isotope Bayesian Ellipses in R (SIBER) for the scyphomedusa Pelagia
noctiluca and Salpida separately, and comparison of both taxa across seasons.

Winter
Pelagia noctiluca
Winter
Spring
Summer
Autumn
Salpida
Winter
Spring
Summer
P. noctiluca vs Salpida
Salpida vs P. noctiluca

Percentage overlap (%)
Spring
Summer
25.0

6.0
0.0
0.0

36.1
0.0
3.8

3.1
0.0

57.7

72.9
32.0

44.2
99.3

0.0
18.5
0.0

Autumn
0.0
0.0
0.0

0.0
25.0

9.3
27.0

The stable isotope ellipses of Salpida followed an opposite trend
compared to P. noctiluca and the ellipses overlapped up to 58% across seasons
(Table 5.10) The ellipse area decreased from winter to summer, with an
overlap of 25 – 58% between summer and spring and < 4% between the other
seasons (Fig. 5.5 A). The corrected areas of the stable isotope ellipse of Salpida
were larger in winter and spring, compared to summer (Fig. 5.5 B). The
highest niche overlap between P. noctiluca and Salpida occurred in winter
(72%), while in spring the niche of Salpida overlapped almost entirely (99%)
with the ellipse of P. noctiluca (Fig. 5.5 A, Table 5.10).

The bell diameter (distance between two opposite rhopalia) of P. noctiluca
collected in the GoN ranged from 5.5 to 11.5 cm (Fig. 5.6). The δ15N did not
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change with bell diameter (ANCOVA, F-value = 0.669, p-value = 0.42) but
significantly varied across seasons (F-value = 199.886, p-value < 0.001). Linear
correlations between δ15N and bell diameter within each season corroborated
the results of the ANCOVA, indicating that δ15N was not affected by the bell
diameter of P. noctiluca (Table 5.11). A similar analysis was performed on the
collection sites of P. noctiluca (see Fig. 5.3), but significant differences were not
found across locations (F-value = 1.870, p-value = 0.08).

7.0

δ15N (‰)

6.0
5.0

Seasons
Winter
Spring
Summer
Autumn

4.0
3.0
2.0
1.0

5

6

7

8
9
10
Bell diameter (cm)

11

12

Figure 5.6 Linear regressions between bell diameter (distance between two opposite
rhopalia, cm) and δ15N (‰) of the scyphomedusa Pelagia noctiluca collected in the Gulf
of Naples in 2019 according to seasons. See Table 5.11 for corresponding equations.
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Table 5.11 Linear regressions between bell diameter (distance between two opposite
rhopalia, cm) and δ15N (‰) of the scyphomedusa Pelagia noctiluca in 2019 and across
seasons. Sample size (n) and diagnostic statistics (variance explained (R2), p-value).
Significant differences are indicated by (*) (p-values ≤ 0.05).
Seasons
Winter
Spring
Summer
Autumn

n
20
41
20
13

Linear regressions
Bell diameter = 0.18 * δ15N + 2.40
Bell diameter = 0.07 * δ15N + 4.19
Bell diameter = – 0.14 * δ15N + 6.86
Bell diameter = – 0.11 * δ15N + 3.06

R2
14.0%
2.0%
1.0%
4.0%

p-value
0.06
0.17
0.36
0.25

Seasonal variation of biomarkers
Variations across months in δ13C, δ15N and FA profiles were found in
gelatinous zooplankton, particulate organic matter (POM), phytoplankton
and mesozooplankton groups (Annex 5.1). In all groups, trophic biomarkers
from distant months were significantly different, while months close in time
were similar (Annex 5.2). This finding corroborated the seasonality and the
grouping by season defined by the SIBER analysis in gelatinous zooplankton.
Based on these results, potential prey were pooled according to the seasons in
Table 5.12.

Table 5.12 Seasonal pattern used in the analysis of gelatinous zooplankton and their
potential prey in the Gulf of Naples in 2019.
Season
Winter
Spring
Summer
Autumn

Gelatinous zooplankton
January, February, March
April, May, June
July, August, September
November

Potential prey
January, February, December
March, April, May
June, July, August
September, October, November
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Potential prey
Seasonal variations were found in the SI values and FA composition of
POM and phytoplankton (Fig. 5.7, Table 5.13). Differences in δ13C were not
statistically significant across seasons for both groups (Table 5.13, Fig. 5.7 A,
C). Conversely, differences in δ15N were statistically significant among
seasons in both POM and phytoplankton (Table 5.13), with increasing values
from winter to summer (Fig. 5.7 B, D).

A

B
-21.0

a
a

a

a

-23.0

C
δ13C (‰)

-19.0

Winter
a

D
a

a

-21.0
-23.0
-25.0

0.0

Spring Summer Autumn
a

ab

a

4.0
2.0

a

Winter

Spring

8.0

Summer Autumn
b

a

6.0
δ15N (‰)

-25.0

b

6.0
δ15N (‰)

δ13C (‰)

-19.0

8.0

ab

a

4.0
2.0

Winter

Spring Summer Autumn

POM

0.0

Winter

Spring

Summer Autumn

Phytoplankton

Figure 5.7 Seasonal variation of A-C. δ13C (‰) and B-D. δ15N (‰) of A-B. particulate
organic matter (POM), and C-D. phytoplankton, collected in the Gulf of Naples
during 2019. In the boxplots, the black solid line indicates the median, the shape the
mean, and the lower and upper boundaries of the boxplot the 25th and 75th percentiles,
respectively. Significant differences (p-value ≤ 0.05) are indicated by different
superscript letters (a,b) obtained after Tukey post-hoc pairwise comparisons.
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Table 5.13 Degrees of freedom (df), sum of squares (Sum of Sqs), variance explained
(R2), F-value and p-value of PERMANOVA comparing δ13C (‰), δ15N (‰) and fatty
acid (FA) composition (% of total FAs) of particulate organic matter (POM) and
phytoplankton collected in the Gulf of Naples during 2019 across seasons. Significant
differences are indicated by (*) (p-values ≤ 0.05).
Group
POM
δ13C
δ15N
Phytoplankton
δ13C
δ15N
Fatty acids

Df

Sum of Sqs

R2

F-value

p-value

Season
Residuals
Season
Residuals

3
17
3
17

2.88
38.77
31.14
33.84

6.9%
93.1%
47.9%
52.1%

0.42

0.79

5.21

0.009 *

Season
Residuals
Season
Residuals
Season
Residuals

3
21
3
31
3
7

6.30
26.14
24.71
21.19
281.15
262.26

19.4%
80.6%
53.8%
46.2%
51.7%
48.3%

1.69

0.21

12.05

0.001 *

2.50

0.03 *

FATMs of Dinophyceae were the most abundant FAs in phytoplankton in
winter and spring with a seasonal peak of 22:6(n-3) and 18:4(n-3) in spring
(Fig. 5.8 A, Annex 5.3). FATMs of Bacillariophyceae dominated the FA
composition in summer and autumn with high proportions of 16:1(n-7) and
14:0 (Fig. 5.8 B). The other FATMs of Bacillariophyceae were higher in other
seasons, with relatively high proportions of 20:5(n-3) in spring and 16:4(n-1)
in winter and spring (Fig. 5.8 B, Annex 5.3). The FATM of Haptophyta 18:1(n9) was found in higher proportions in winter compared to summer and
autumn (Fig. 5.8 C, Annex 5.3). The FATM 18:1(n-7), associated to
heterotrophic bacteria and microzooplankton, was found in winter and spring
(Fig. 5.8 C). Conversely, the FATM 20:4(n-6), characteristic of Rhodophyta,
was mostly found in summer and autumn although in low proportions (Fig.

Wind-Driven Advection of Gelatinous Zooplankton
Underpin Their Trophic Interactions

240

5.7 C, Annex 5.3). The FATM 18:2(n-6), which is associated to Chlorophyta
and phytodetritus,
was
found all along
with slightly
Winter
Spring
Summerthe year 2019,
Autumn
Winter higher
proportions
in spring and autumn (Fig. 5.7 C).
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Figure 5.8 Variation of fatty acid trophic markers (FATMs) (% of total FAs) in
phytoplankton collected in the Gulf of Naples during 2019; A. Dinophyceae FATMs,
B. Bacillariophyceae FATMs, and C. other FATMs.
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5.8 C, Annex 5.3). The FATM 18:2(n-6), which is associated to Chlorophyta
and phytodetritus, was found all along the year 2019, with slightly higher
proportions in spring and autumn (Fig. 5.8 C).

In contrast to POM and phytoplankton, δ13C and δ15N did not vary
significantly across seasons in the mesozooplankton groups that were found
during the whole year (Table 5.14, Annex 5.4). Only herbivorous copepods
showed a significant decrease in δ13C during spring compared to autumn and
winter (Tukey, p-value = 0.03 and p-value = 0.02 for autumn and winter,
respectively) (Table 5.14). δ13C ranged from – 21.1 ± 0.4‰ in detritivorous
copepods to – 17.7 ± 0.6‰ in chaetognaths (Fig. 5.9, Annex 5.4). Although
statistical tests could not be performed for most groups due to the limited

Table 5.14 Degrees of freedom (df), sum of squares (Sum of Sqs), variance explained
(R2), F-value and p-value of PERMANOVA comparing δ13C and δ15N (‰) of
mesozooplankton groups collected in the Gulf of Naples during 2019 across seasons.
Significant differences are indicated by (*) (p-values ≤ 0.05).

Cirripedia larvae
Copepoda
Herbivorous
Omnivorous
Carnivorous
Detritivorous
Others
Cladocera
Omnivorous
Decapoda larvae
Siphonophorae
Chaetognatha

R2
84.3%

δ13C (‰)
F-value
10.73

p-value
0.33

R2
85.1%

δ15N (‰)
F-value
11.39

p-value
0.33

81.6%
51.1%
50.7%
72.6%
49.9%

8.86
2.09
2.05
5.31
2.00

0.01 *
0.23
0.18
0.06
0.22

33.2%
63.5%
57.1%
66.5%
44.6%

0.99
3.48
2.67
3.98
1.61

0.43
0.10
0.14
0.09
0.29

91.3%
70.4%
63.6%
88.5%

31.30
4.76
6.98
5.14

0.20
0.05
0.13
0.11

0.01%
63.3%
41.1%
85.2%

0.01
3.45
2.79
3.84

1.00
0.08
0.27
0.24
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Figure 5.9 Seasonal variation of δ13C (‰, mean ± SD) of mesozooplankton groups
collected in the Gulf of Naples in 2019: A. Cirripedia larvae, B. Ostracoda, C.
Copepoda, D. Cladocera, E. Decapoda larvae, F. Siphonophorae, G. Ichthyoplankton
and H. Chaetognatha.
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statistical tests could not be performed for most groups due to the limited
number of available values, overall mesozooplankton groups showed a
decrease in their δ13C from winter to spring, except for chaetognaths, whose
δ13C increased (Fig. 5.9 H). From spring to autumn, the δ13C either increased
or was consistent in all groups (Fig. 5.9, Annex 5.4). The variation in δ15N was
wider than that of δ13C and ranged from 4.2 ± 0.5‰ in herbivorous cladocerans
to 11.3 ± 0.6‰ in fish eggs (Fig. 5.10, Annex 5.4). Overall, δ15N increased from
winter to spring, while values were similar from spring to autumn (Fig. 5.10
A, G).

Significant differences in FATMs were found across mesozooplankton
groups and along seasons (Fig. 5.11). Dinophyceae FATMs dominated the FA
composition of most mesozooplankton groups, except for cirriped larvae,
which had higher proportions of Bacillariophyceae FATMs (Annex 5.5).
Among trophic groups of copepods, Bacillariophyta FATMs were found in
higher proportions in herbivorous and other copepods (21.8 – 37.2% of total
FAs). Conversely, Dinophyceae FATMs were higher in carnivorous copepods
(50.1 – 54.9% of total FAs), and 22:6(n-3) was found in the highest proportions
in chaetognaths (21.2 – 30.4% of total FAs), decapod larvae (12.0 – 22.7% of
total FAs) and carnivorous copepods (17.6 – 30.2% of total FAs) (Fig. 5.11,
Annex 5.5). Ostracods and detritivorous copepods had proportions of the
Haptophyta FATM 18:1(n-9) of 15.0 – 21.4% of total FAs, higher than in any of
the other trophic groups (Fig. 5.11). Similarly, cirriped larvae, herbivorous
cladocerans and decapod larvae had higher proportions of the FATM of
heterotrophic bacteria and microzooplankton 18:1(n-7). The FATM 20:4(n-6),
characteristic of Rhodophyta, was found in low proportions in most groups,
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Figure 5.10 Seasonal variation of δ15N (‰, mean ± SD) of mesozooplankton groups
collected in the Gulf of Naples in 2019: A. Cirripedia larvae, B. Ostracoda, C.
Copepoda, D. Cladocera, E. Decapoda larvae, F. Siphonophorae, G. Ichthyoplankton
and H. Chaetognatha.
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Figure 5.11 Seasonal variation of fatty acid trophic markers (FATMs) (% of total FAs)
in mesozooplankton groups collected in the Gulf of Naples in 2019: A. winter and B.
spring, C. summer, D. autumn.
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Figure 5.11 Continued.

except in siphonophores (Fig. 5.11 B), and decapoda larvae and chaetognaths
in spring and summer (Fig. 5.11 B, C). Conversely, the FATMs of herbivorous
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and other copepods (20:1 and 22:1) were found in low proportions in all
groups, even in copepods (Annex 5.5).
Seasonal differences in FA composition of mesozooplankton groups
reflected the seasonal variations of some FATMs of phytoplankton. Higher
proportions of the Bacillariophyta FATM 16:4(n-1), Haptophyta, and
heterotrophic bacteria and microzooplankton FATMs were found in all
mesozooplankton groups in winter (Fig. 5.11 A). Like phytoplankton,
Dinophyceae FATM 18:4(n-3) was found in slightly higher proportions during
winter, while 22:6(n-3) was lower (Fig. 5.11 A). The FATM of Rhodophyta
20:4(n-6) was found in low proportions in all trophic groups in summer (Fig.
5.11 C), while the FATM 18:2(n-6), associated to Chlorophyta and
phytodetritus, was present mostly in summer and autumn (Fig. 5.11 C, D).

Gelatinous zooplankton
In P. noctiluca, all trophic biomarkers showed variations across seasons
(Fig. 5.12, Table 5.15). The δ13C ranged from – 19.4 ± 0.6‰ in spring to – 18.3
± 0.3‰ in autumn, and was significantly lower in spring compared to other
seasons (Fig. 5.12 A). The δ15N increased significantly from winter (3.6 ± 0.3‰)
to summer (5.9 ± 0.4‰) and the lowest values were found in autumn (1.9 ±
0.4‰) (Fig. 5.12 B).
In Salpida, both δ13C and δ15N were significantly different across species
(PERMANOVA, F-value = 3.93, p-value = 0.03 and F-value = 2.91, p-value =
0.04 for δ13C and δ15N, respectively). In S. fusiformis and S. maxima, δ13C did not
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Figure 5.12 Seasonal variation of A-C-E-G. δ13C (‰) and B-D-F-H. δ15N (‰) of A-B.
the scyphomedusa Pelagia noctiluca and the Salpida: C -D. Salpa fusiformis, E-F. Salpa
maxima and G-H. Thalia democratica collected in the Gulf of Naples during 2019. In the
boxplots, the black solid line indicates the median, the shape the mean, and the lower
and upper boundaries of the boxplot the 25th and 75th percentiles, respectively.
Significant differences (p-value ≤ 0.05) are indicated by different superscript letters
(a,b,c,d) obtained after Tukey post-hoc pairwise comparisons.
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Table 5.15 Degrees of freedom (df), sum of squares (Sum of Sqs), variance explained
(R2), F-value and p-value of PERMANOVA comparing δ13C (‰), δ15N (‰) and fatty
acid composition (% of total FAs) of the scyphomedusa Pelagia noctiluca and Salpida
(Salpa fusiformis, S. maxima and Thalia democratica) collected in the Gulf of Naples in
2019 across seasons. Significant differences are indicated by (*) (p-values ≤ 0.05).
Group
Pelagia noctiluca
δ13C

Df

Sum of Sqs

R2

F-value

p-value

Season
Residuals

3
90

19.00
19.68

49.1%
50.9%

28.97

0.001 *

δ15N

Season
Residuals

3
90

141.00
15.54

90.1%
9.9%

272.18

0.001 *

Fatty acids

Season
Residuals

3
35

127.88
459.53

21.8%
78.2%

3.25

0.001 *

Season
Residuals

2
10

58.30
647.31

8.3%
91.7%

0.45

0.85

Season
Residuals

1
31

0.34
3.04

10.0%
90.0%

3.43

0.07

Season
Residuals

1
31

15.11
1.95

88.6%
11.4%

239.99

0.001 *

Season
Residuals

1
3

0.01
0.81

1.1%
98.9%

0.03

1.00

Season
Residuals

1
3

2.55
0.81

75.9%
24.1%

9.47

0.01 *

Season
Residuals

2
7

4.46
0.46

90.7%
9.3%

34.05

0.002 *

Season
Residuals

2
7

8.50
1.70

83.3%
16.7%

17.51

0.004 *

Salpida
Fatty acids
Salpa fusiformis
δ13C
δ15N
Salpa maxima
δ13C
δ15N
Thalia democratica
δ13C
δ15N
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show seasonal variations (Table 5.15, Fig. 5.12 C, E). Conversely, δ13C of T.
democratica was affected significantly by seasons and increased from winter (–
21.2 ± 0.2‰) to spring and summer (– 19.9 ± 0.3‰ and – 19.4 ± 0.2‰,
respectively) (Table 5.15, Fig. 5.12 G). In winter and spring, the δ15N was
similar across Salpida and showed a significant increase from winter to spring
and summer (Table 5.15, Fig. 5.12 D, F).

Overall, the FA composition of P. noctiluca was dominated by FATMs
typically found in Bacillariophyceae (14:0, 16:1(n-7), 16:4(n-1), 20:5(n-3)) and
Dinophyceae (16:0, 18:4(n-3), 22:6(n-3)), which accounted for 19.8 – 23.0% and
17.3 – 21.6% of total FAs, respectively (Table 5.16). The ratio 16:1(n-7)/16:0,
which is indicative of Bacillariophyceae/Dinophyceae dominance, was 0.1 –
0.2 and did not change across seasons, which indicated a dominance of
Dinophyceae-derived over Bacillariophyceae-derived FATMs, like in most
mesozooplankton groups. The FATM of Haptophyta 18:1(n-9) was found in
significantly higher proportions in winter and spring compared to the other
seasons (Table 5.16), as in ostracods and detritivorous copepods. Conversely,
the FATM of heterotrophic bacteria and microzooplankton 18:1(n-7) was
found in low proportion across seasons. The FATM of Rhodophyta 20:4(n-6),
which was very low in mesozooplankton, except for Siphonophorae, was
found in high proportions across seasons but in spring (Table 5.16). The
FATMs of Chlorophyta and phytodetritus 18:2(n-6) as well as FATMs of
herbivorous and other copepods (20:1 and 22:1) had proportions lower than
2% of total FAs in all seasons.
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Table 5.16 Fatty acid (FA) composition (% of total FAs) across seasons of Pelagia
noctiluca collected in the Gulf of Naples during 2019. SFAs, saturated; MUFAs,
monounsaturated; PUFAs, polyunsaturated; HUFAs, highly unsaturated FAs.
Significant differences were tested using one-way ANOVA comparisons across
seasons and are indicated in bold, different superscript letters (a,b) indicate significant
differences (p-value £ 0.05) tested using Tukey post-hoc pairwise comparisons.
FA
14:0
15:0
15:0 iso
15:0 anteiso
16:0
17:0
17:0 iso
17:0 anteiso
18:0
19:0
20:0
24:0
15:1(n-5)
16:1(n-7)
17:1(n-x)
18:1(n-9)
18:1(n-7)
18:1(n-5)
19:1(n-x)
20:1(n-9)
22:1(n-11)
22:1(n-9)
24:1(n-9)
16:3(n-4)
16:4(n-1)
18:2(n-6)
18:3(n-3)
18:4(n-3)
20:2(n-6)
20:4(n-6)
20:4(n-3)
20:5(n-3)
21:5(n-3)
22:4(n-6)
22:5(n-6)
22:5(n-3)

Winter
0.5 ± 0.2
0.3 ± 0.1
0.3 ± 0.3
0.3 ± 0.4
11.3 ± 3.1
2.4 ± 0.4 a
0.3 ± 0.1
0.3 ± 0.3
11.8 ± 2.7
0.8 ± 0.1 ab
0.4 ± 0.1 a
0.1 ± 0.1
0.1 ± 0.1
2.0 ± 0.6 ab
0.7 ± 0.2 a
4.2 ± 1.0 a
3.4 ± 0.6
0.1 ± 0.0 a
0.9 ± 1.0 a
0.7 ± 0.4
0.3 ± 0.2
0.4 ± 0.3 ab
0.8 ± 0.5
0.1 ± 0.0
0.1 ± 0.1 a
1.8 ± 0.3
0.1 ± 0.0
1.7 ± 0.5 a
0.5 ± 0.3
8.2 ± 2.8 a
0.8 ± 0.1
17.6 ± 3.1
0.3 ± 0.1
0.4 ± 0.1
1.9 ± 0.7
6.6 ± 1.3

Spring
0.7 ± 0.2
0.3 ± 0.1
0.6 ± 0.4
0.1 ± 0.1
12.3 ± 2.3
2.8 ± 0.4 a
0.5 ± 0.2
0.2 ± 0.1
11.9 ± 3.1
0.7 ± 0.3 a
0.4 ± 0.1 a
0.1 ± 0.0
0.1 ± 0.0
2.2 ± 0.8 a
0.8 ± 0.3 a
4.5 ± 0.9 a
3.6 ± 0.7
0.2 ± 0.1 ab
1.2 ± 0.9 a
0.7 ± 0.2
0.2 ± 0.1
0.3 ± 0.1 b
0.6 ± 0.3
0.1 ± 0.0
0.1 ± 0.0 b
1.9 ± 0.5
0.2 ± 0.2
1.7 ± 1.6 a
0.7 ± 0.3
5.3 ± 2.1 b
1.1 ± 0.7
18.7 ± 1.1
0.3 ± 0.2
0.3 ± 0.2
1.4 ± 1.9
6.2 ± 1.1

Summer
0.6 ± 0.3
0.3 ± 0.1
1.1 ± 1.1
0.2 ± 0.1
13.0 ± 2.3
2.6 ± 0.4 a
0.7 ± 0.5
0.3 ± 0.1
14.8 ± 2.7
0.7 ± 0.1 a
0.6 ± 0.2 ab
0.1 ± 0.1
0.1 ± 0.0
2.0 ± 0.9 ab
0.7 ± 0.2 a
2.4 ± 0.7 b
3.5 ± 0.4
0.2 ± 0.1 ab
2.3 ± 1.1 b
0.5 ± 0.2
0.2 ± 0.2
0.7 ± 0.6 a
0.5 ± 0.3
0.1 ± 0.0
0.1 ± 0.0 b
1.5 ± 0.3
0.4 ± 0.6
0.5 ± 0.2 b
0.5 ± 0.2
8.0 ± 3.0 ab
0.6 ± 0.6
18.3 ± 2.8
0.3 ± 0.2
0.5 ± 0.2
1.8 ± 0.7
5.9 ± 1.7

Autumn
0.3 ± 0.2
0.4 ± 0.0
0.1 ± 0.1
0.1 ± 0.0
12.0 ± 1.8
4.8 ± 0.6 b
0.5 ± 0.0
0.3 ± 0.0
12.3 ± 1.0
1.1 ± 0.1 b
0.7 ± 0.2 b
0.1 ± 0.0
0.1 ± 0.1
1.1 ± 0.4 b
1.3 ± 0.2 b
3.4 ± 0.6 ab
2.7 ± 0.4
0.2 ± 0.0 b
0.2 ± 0.0 a
0.8 ± 0.1
0.8 ± 0.8
0.3 ± 0.1 b
0.3 ± 0.1
0.1 ± 0.0
0.0 ± 0.0 b
1.7 ± 0.4
0.5 ± 0.5
0.9 ± 0.4 ab
0.8 ± 0.2
7.4 ± 1.5 ab
1.1 ± 0.1
15.8 ± 1.4
0.5 ± 0.3
0.4 ± 0.1
1.1 ± 0.1
6.2 ± 0.9
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Table 5.16 Continued.
FA
22:6(n-3)
24:6(n-3)
24 HUFA
Sum SFAs
Sum MUFAs
Sum PUFAs
Sum HUFAs

Winter
9.8 ± 2.4
7.2 ± 1.4 ab
0.3 ± 0.4
28.9 ± 5.8
13.7 ± 3.0
3.8 ± 0.8
53.6 ± 8.4

Spring
9.1 ± 4
7.8 ± 1.9 ab
0.2 ± 0.2
30.7 ± 5.5
14.3 ± 1.5
3.9 ± 1.9
51.2 ± 4.6

Summer
6.3 ± 2.5
6.0 ± 2.0 a
0.3 ± 0.3
34.9 ± 5.0
13.2 ± 1.2
2.6 ± 0.5
48.6 ± 7.6

Autumn
9.9 ± 1.4
9.1 ± 1.1 b
0.2 ± 0.0
32.8 ± 2.2
11.3 ± 2.4
3.3 ± 0.5
52.5 ± 4.5

In contrast with SIs, the FA composition of Salpida was not significantly
different across species (F-value = 0.56, p-value = 0.84), therefore they were
pooled for FA analyses (Table 5.15). The FA composition of Salpida did not
change across seasons and was largely dominated by FATMs of Dinophyceae,
which accounted for 42.7 – 44.0% of total FAs (Table 5.17). Bacillariophyceae
FATMs were the second most important FAs in Salpida and accounted for 23.5
– 27.3% of total FAs (Table 5.17). The ratio 16:1(n-7)/16:0 increased across
seasons, ranging from 0.3 in winter to 0.7 in summer, which indicated a
dominance

of Dinophyceae across the year with an increase in

Bacillariophyceae in spring and summer. Unlike P. noctiluca, the FATM of
Rhodophyta was found in low proportions except for summer, while the
presence of Chlorophyta and phytodetritus FATM 18:2(n-6) was constant
across seasons and represented about 3% of total FAs in Salpida, which was
similar to what found in potential prey. FATMs of herbivorous and other
copepods (20:1 and 22:1) were found in relatively high proportions compared
to P. noctiluca and in similar proportions to copepods, with cumulative
proportions of 2.0% to 4.1% of total FAs (Table 5.17).
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Table 5.17 Fatty acid (FA) composition (% of total FAs) across seasons of Salpida
collected in the Gulf of Naples during 2019. SFAs, saturated; MUFAs,
monounsaturated; PUFAs, polyunsaturated; HUFAs, highly unsaturated FAs.
Significant differences were tested using one-way ANOVA comparisons across
seasons and are indicated in bold, different superscript letters (a,b) indicate significant
differences (p-value £ 0.05) tested using Tukey post-hoc pairwise comparisons.
FA
14:0
15:0
15:0 iso
15:0 anteiso
16:0
17:0
17:0 iso
17:0 anteiso
18:0
19:0
20:0
24:0
15:1(n-5)
16:1(n-7)
16:1(n-5)
17:1(n-x)
18:1(n-9)
18:1(n-7)
18:1(n-5)
19:1(n-x)
20:1(n-9)
22:1(n-11)
22:1(n-9)
24:1(n-9)
16:3(n-4)
16:4(n-1)
18:2(n-6)
18:3(n-3)
18:4(n-3)
20:2(n-6)
20:4(n-6)
20:4(n-3)
20:5(n-3)
21:5(n-3)
22:4(n-6)

Winter
8.4 ± 4.4 ab
1.3 ± 0.4
0.4 ± 0.1 a
0.4 ± 0.1 a
25.3 ± 13.6
1.2 ± 0.5
0.5 ± 0.2
0.2 ± 0.1
6.0 ± 3.0
0.4 ± 0.5
0.5 ± 0.2
0.1 ± 0.1
0.0 ± 0.0
7.4 ± 4.7
0.3 ± 0.2
0.2 ± 0.2 a
7.6 ± 2.4
3.2 ± 2.1
0.1 ± 0.1
0.4 ± 0.6 a
2.3 ± 2.4
0.4 ± 0.4
1.4 ± 3.2
0.1 ± 0.1
0.5 ± 0.2
0.7 ± 0.7
2.9 ± 0.9
0.7 ± 1.2
4.0 ± 4.1
0.4 ± 0.4
0.9 ± 0.6 a
0.3 ± 0.2
6.7 ± 4.2
0.4 ± 0.3
0.3 ± 0.4

Spring
9.4 ± 1.8 b
1.0 ± 0.2
0.6 ± 0.2 ab
0.4 ± 0.1 a
22.8 ± 3.6
0.8 ± 0.3
0.4 ± 0.2
0.2 ± 0.1
4.0 ± 0.5
0.2 ± 0.1
0.4 ± 0.1
0.1 ± 0.0
0.1 ± 0.0
10.0 ± 3.3
0.1 ± 0.0
0.1 ± 0.1 a
9.0 ± 2.5
2.8 ± 1.1
0.1 ± 0.0
0.3 ± 0.3 a
1.2 ± 0.8
0.6 ± 1.0
0.2 ± 0.2
0.1 ± 0.2
0.5 ± 0.2
0.5 ± 0.7
3.2 ± 0.6
0.2 ± 0.2
4.5 ± 2.0
0.2 ± 0.1
0.8 ± 0.1 a
0.2 ± 0.1
7.4 ± 1.6
0.3 ± 0.1
0.2 ± 0.1

Summer
6.5 a
0.9
0.9 b
0.9 b
16.0
0.9
0.3
0.2
3.4
0.2
0.2
0.0
0.2
11.0
0.1
0.8 b
6.4
2.1
0.1
2.2 b
2.2
0.5
0.6
0.0
0.5
0.1
2.7
0.4
2.8
0.1
2.4 b
0.1
8.9
0.4
0.5
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Table 5.17 Continued.
FA
22:5(n-3)
22:6(n-3)
24:6(n-3)

Winter
0.3 ± 0.3
13.5 ± 11.7
0.2 ± 0.2

Spring
0.2 ± 0.1
16.7 ± 4.3
0.1 ± 0.1

Summer
0.4
23.9
0.0

Sum SFAs
Sum MUFAs
Sum PUFAs
Sum HUFAs

44.7 ± 21.9
23.5 ± 6.6
8.8 ± 5.7
23.0 ± 17.7

40.3 ± 4.9
24.7 ± 2.8
8.9 ± 3.2
26.1 ± 5.6

30.5
26.3
6.6
36.7

A SIMPER analysis based on FATMs indicated that dissimilarities
between P. noctiluca and their potential prey were driven mainly by FATMs
of Bacillariophyta and Rhodophyta, while Salpida were more dissimilar to
other planktonic groups because of Dinophyceae FATMs (Fig. 5.13, Table
5.18). The FATM composition of P. noctiluca was very dissimilar from other
groups, with high average square distances between P. noctiluca and the other
groups (Table 5.18). The two FATMs that contributed most to the
dissimilarities were 14:0 and 20:4(n-6), and, except for chaetognaths, they
contributed to the dissimilarities with all groups. The PCA based on the
FATMs of gelatinous zooplankton and their potential prey represented a
positive correlation between P. noctiluca and 20:4(n-6), and between
mesozooplankton and 14:0 (Fig. 5.13 B).
In Salpida, the Dinophyceae FATMs 18:4(n-3) and 22:6(n-3) contributed
most to the dissimilarity with other planktonic groups but overall, the FATM
composition of Salpida was close to omnivorous cladocerans, cirripedia
larvae, siphonophores and other copepods, with average square distances <
30 (Table 5.18). Compared to P. noctiluca, a higher similarity was found
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between Salpida FATMs and their potential prey (Fig. 5.13 A) and, as
indicated by the SIMPER analysis, 18:4(n-3) and 22:6(n-3) positively correlated
to Salpida (Fig. 5.13 B).
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Figure 5.13 A. Principal component analysis (PCA) of log-ratio transformed fatty acid
trophic markers (FATMs) of gelatinous zooplankton (the scyphomedusa Pelagia
noctiluca and the Salpida Salpa fusiformis, Salpa maxima and Thalia democratica) and
their potential prey in the Gulf of Naples. The black circle corresponds to all samples
of P. noctiluca and the dotted circle corresponds to Salpida. B. PCA loading plot
showing variables contributing to the PCA scores. The large circle in panel B
represents the correlation between FATMs and principal components 1 and 2.
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Table 5.18 Average square Euclidean distance (SED) and the two major fatty acid
trophic markers (FATMs) contributing to the dissimilarities between gelatinous
zooplankton (the scyphomedusa Pelagia noctiluca and Salpida) and their potential
prey identified by a similarity percentage analysis (SIMPER).

Plankton group
Marine snow
Phytoplankton
Cirripedia larvae
Ostracoda
Copepoda
Herbivorous
Omnivorous
Carnivorous
Detritivorous
Others
Cladocera
Herbivorous
Omnivorous
Decapoda larvae
Siphonophorae
Salpida
Chaetognatha

SED
34.06
61.89
67.90
45.66

Pelagia noctiluca
FATM 1
FATM 2
14:0
20:4(n-6)
14:0
16:4(n-1)
16:4(n-1)
14:0
22:1(n-11)
20:4(n-6)

SED
38.89
47.07
25.55
36.84

Salpida
FATM 1
18:4(n-3)
18:4(n-3)
16:4(n-1)
18:4(n-3)

FATM 2
16:4(n-1)
22:6(n-3)
22:6(n-3)
22:1(n-11)

33.42
36.63
30.58
52.5
62.53

20:4(n-6)
20:4(n-6)
20:4(n-6)
16:4(n-1)
16:4(n-1)

14:0
14:0
14:0
20:4(n-6)
14:0

48.08
34.53
41.48
28.29
24.89

18:4(n-3)
18:4(n-3)
20:4(n-6)
18:4(n-3)
16:4(n-1)

16:4(n-1)
20:4(n-6)
16:4(n-1)
20:4(n-6)
22:1(n-11)

29.56
32.29
29.38
42.41
69.12
21.83

14:0
14:0
14:0
16:4(n-1)
14:0
16:1(n-7)

18:4(n-3)
16:1(n-7)
16:1(n-7)
14:0
16:4(n-1)
22:6(n-3)

50.41
24.13
30.03
29.95

18:4(n-3)
18:4(n-3)
18:4(n-3)
18:4(n-3)

22:6(n-3)
22:1(n-11)
16:4(n-1)
16:4(n-1)

33.54

16:4(n-1)

18:4(n-3)

Dietary composition of gelatinous zooplankton
The MixSIAR models based on SIs only, FATMs only and a combination
of the two biomarkers, were overall consistent (Table 5.19). Percentages of
contribution of prey to the diet of predators slightly varied across the three
models because of the lack of POM in the models based on FATMs only and
combined SIs and FATMs models, since the organic matter collected on filters
was not enough to determine FA profiles.
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Table 5.19 Contribution of planktonic groups (%, mean ± SD) to the dietary
composition of Pelagia noctiluca in the Gulf of Naples during 2019 calculated using
MixSIAR models based on stable isotopes (SIs) only, fatty acids trophic markers
(FATMs) only and a combination of the biomarkers.
Potential prey
Winter
POM
Phytoplankton
Marine snow
Ostracoda
Copepoda
Carnivorous/detritivorous
Others
Salpida
Salpa spp.
Thalia democratica
Spring
POM
Phytoplankton
Copepoda
Herbivorous
Omnivorous
Carnivorous/detritivorous
Others
Cladocera
Omnivorous
Decapoda larvae
Siphonophorae
Salpida
Salpa spp.
Thalia democratica
Summer
POM
Phytoplankton
Copepoda
Herbivorous
Omnivorous
Carnivorous/detritivorous
Others
Cladocera
Herbivorous
Omnivorous
Decapoda larvae

SIs

FATMs

SIs + FATMs

10.2 ± 8.4
6.8 ± 6.4
6.4 ± 6.5
10.9 ± 9.0

–
10.5 ± 9.6
10.4 ± 10.0
7.5 ± 6.4

–
6.6 ± 6.3
11.5 ± 8.8
5.8 ± 5.6

19.4 ± 11.7
9.4 ± 8.3

31.1 ± 20.9
10.1 ± 9.3

34.0 ± 19.2
9.5 ± 8.1

28.4 ± 13.9
8.4 ± 7.3

16.0 ± 11.1
14.3 ± 12.8

17.8 ± 12.6
14.9 ± 12.9

15.5 ± 9.5
7.6 ± 6.7

–
7.2 ± 7.7

–
8.3 ± 7.5

14.0 ± 12.6
5.6 ± 5.4
8.7 ± 8.1
11.6 ± 10.7

11.1 ± 10.0
10.2 ± 9.1
9.7 ± 8.7
8.2 ± 7.5

11.1 ± 9.3
10.2 ± 9.2
9.6 ± 9.1
8.2 ± 7.7

5.6 ± 5.4
5.2 ± 5.2
6.8 ± 6.1

15.7 ± 12.5
11.8 ± 9.9
8.0 ± 7.2

14.4 ± 10.4
11.4 ± 9.3
7.5 ± 6.9

8.6 ± 7.7
10.8 ± 9.9

8.0 ± 7.2
10.1 ± 9.4

7.8 ± 7.0
11.5 ± 9.8

5.5 ± 5.7
8.4 ± 8.0

–
7.6 ± 6.9

–
7.8 ± 7.1

12.4 ± 10.3
7.7 ± 7.2
17.0 ± 11.0
9.0 ± 8.3

20.1 ± 14.6
7.2 ± 6.9
15.3 ± 12.1
13.2 ± 11.6

18.5 ± 15.3
6.9 ± 7.0
16.2 ± 12.9
12.5 ± 11.1

14.6 ± 11.5
13.7 ± 13.0
11.7 ± 11.4

13.1 ± 10.8
12.5 ± 10.5
11.1 ± 9.9

13.3 ± 11.2
12.4 ± 10.9
12.4 ± 10.6

258

Wind-Driven Advection of Gelatinous Zooplankton
Underpin Their Trophic Interactions

Overall, MixSIAR models indicated that the dietary composition of P.
noctiluca varied across seasons (Fig. 5.14, Table 5.19). In winter, Salpida and
carnivorous/detritivorous copepods provided the highest contribution to the
diet (30 – 37% and 19 – 34% of the assimilated diet for Salpida and copepods,
respectively) (Fig. 5.15 A). The other prey included in the models accounted
for smaller proportions of the diet, with average contributions lower than 11%
(Table 5.19). In spring, when more groups of potential prey were available,
copepods accounted cumulatively for 39% of the diet and Salpida for about
20% (Fig. 5.15 B). Additionally, cladocerans and decapoda larvae provided
similar contributions (> 10%) to the diet of P. noctiluca. In summer, the dietary
contribution of these two groups was similar to spring, with the addition of
herbivorous cladocerans, which brought the overall contribution of
cladocerans to about 25%, while copepods collectively accounted for more
than 50% of the dietary composition. Within the models based on SIs only,
POM accounted for a little contribution to the dietary composition (< 10%),
with a greater proportion in spring (15%). Phytoplankton, which were
included in all models, had a relatively minor contribution, with proportions
lower than 8% across seasons. In autumn, the SIs of P. noctiluca did not fall
within the polygon defined by the SIs of their potential prey (Fig. 5.14 D) and
therefore, MixSIAR models could not be used to determine the dietary
composition of scyphomedusae in this season.
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Figure 5.14 δ13C corrected for lipid content and δ15N (mean ± SD, ‰) of the
scyphomedusae Pelagia noctiluca and their potential prey (corrected using the DTDFs)
collected in A. winter, B. spring, C. summer and D. autumn 2019 within the Gulf of
Naples. Ellipses correspond to the Stable Isotope Bayesian Ellipses in R (SIBER)
Standard Ellipse Area corrected for the sample size.
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Figure 5.15 Contribution of potential prey to the diet of Pelagia noctiluca defined using

a combined MixSIAR model based on stable isotopes (δ13C and δ15N) and FATMs (see

Table 5.3 for details) in A. winter, B. spring and C. summer. Boxes indicate 2.5%, 5%,

25%, 75%, 90% and 97.5% confidence intervals, white lines indicate the median,
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As in P. noctiluca, the three MixSIAR models provided comparable
percentages of contribution in Salpida, except for winter (Table 5.20), when
the highest contribution in the diet of Salpida was provided by POM in the
model based on SIs only and therefore removing this potential prey in the
other models resulted in a two-fold increase of the contributions by other prey.
However, all models suggested that Salpida had a diet based on
phytoplankton (around 20% of assimilated diet in all seasons) complemented
by an omnivorous diet, which included mesozooplankton groups available in
some seasons, such as copepods of different trophic groups (Fig. 5.16, Table
5.20). Overall, copepods of all trophic groups were found to account for 48 to
84% of the assimilated diet in Salpida. The mixing models indicated that in
spring and summer, Salpida fed upon the different available prey in
proportions ranging from 12 to 29% (Table 5.20).

Trophic levels of marine plankton
The TLs of gelatinous zooplankton varied seasonally (Table 5.21), which
was correlated with the changes in the dietary composition across seasons
indicated by the MixSIAR models described above. In autumn, the TL of P.
noctiluca was < 1 as a consequence of their low δ15N. In agreement with the
SIBER analysis, these scyphomedusae likely did not prey upon the plankton
within the trophic web of the GoN long enough to reach the isotopic balance
with the SIs of their prey. From winter to summer, the TL of P. noctiluca
increased of 1, with a maximum TL of 2 in summer (Table 5.21). In winter and
spring, the three Salpida species had similar TLs which ranged from 0.9 to 1.1
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Table 5.20 Contribution of major planktonic groups (%, mean ± SD) to the dietary
composition of Salpida in the Gulf of Naples during 2019 calculated using MixSIAR
models based on stable isotopes (SIs) only, fatty acids trophic markers (FATMs) only
and a combination of the biomarkers.
Potential prey
Winter
POM
Marine snow
Phytoplankton
Copepoda
Carnivorous
Detritivorous
Others
Spring
POM
Phytoplankton
Copepoda
Herbivorous
Carnivorous
Detritivorous
Others
Summer
POM
Phytoplankton
Copepoda
Carnivorous
Detritivorous
Others
Cladocera
Herbivorous

SIs

FATMs

SIs + FATMs

32.2 ± 17.6
9.9 ± 9.5
9.8 ± 9.2

–
17.4 ± 14.0
20.3 ± 16.3

–
16.5 ± 13.9
20.2 ± 15.7

16.3 ± 14.2
18.3 ± 14.1
13.5 ± 11.6

22.2 ± 17.0
19.6 ± 16.0
20.6 ± 16.1

23.0 ± 18.3
20.1 ± 15.7
20.2 ± 15.9

16.2 ± 11.8
14.2 ± 10.6

–
19.3 ± 15.9

–
16.4 ± 14.2

22.1 ± 17.6
16.0 ± 14.1
14.3 ± 12.4
17.2 ± 14.6

20.5 ± 16.2
21.1 ± 16.5
19.5 ± 16.9
19.6 ± 16.3

20.1 ± 15.8
23.1 ± 16.8
21.0 ± 15.9
19.5 ± 15.6

11.7 ± 8.3
12.2 ± 9.9

–
16.5 ± 14.5

–
19.9 ± 15.8

20.7 ± 15.6
12.8 ± 11.3
28.6 ± 17.4

29.2 ± 19.9
14.7 ± 12.9
22.7 ± 16.7

25.9 ± 19.3
14.5 ± 11.3
22.0 ± 17.0

14.0 ± 11.6

16.9 ± 13.7

17.7 ± 14.3
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Figure 5.16 δ13C corrected for lipid content and δ15N (mean ± SD, ‰) of Salpida (Salpa
fusiformis, Salpa maxima and Thalia democratica) and their potential prey collected in
A. winter, B. spring and C. summer 2019 in the Gulf of Naples. Ellipses correspond
to the Stable Isotope Bayesian Ellipses in R (SIBER) Standard Ellipse Area corrected
for the sample size.
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(Table 5.21). In summer, the Salpida species T. democratica had a higher TL
compared to other seasons, which was up to 1.7. Based on the TLs of
gelatinous zooplankton and their potential prey, the structure of the marine
planktonic trophic web in the GoN was built (Fig. 5.17).

Table 5.21 Trophic levels (TLs) (mean ± SD) and δ15N (‰, mean ± SD) of gelatinous
zooplankton (the scyphomedusa Pelagia noctiluca and the Salpida Salpa fusiformis, S.
maxima and Thalia democratica) across seasons and planktonic organisms collected in
the Gulf of Naples along the year 2019. n, number of individuals.
Species
Fish eggs
Fish larva
Chaetognatha
Omnivorous cladocerans
Cirripedia larvae
Decapoda larvae
Pelagia noctiluca (summer)
Omnivorous copepods
Siphonophorae
Thalia democratica (summer)
Ostracoda
Other copepods
Herbivorous copepods
Carnivorous copepods
Detritivorous copepods
Phytoplankton
Marine snow
Pelagia noctiluca (spring)
Herbivorous cladocerans
Thalia democratica (spring)
Salpa maxima (spring)
Pelagia noctiluca (winter)
Salpa fusiformis (spring)
Salpa fusiformis (winter)
Salpa maxima (winter)
Thalia democratica (winter)
Pelagia noctiluca (autumn)

n
3
2
6
5
4
10
20
10
6
4
2
10
10
10
10
35
2
41
2
4
4
20
16
17
1
2
13

δ15N (‰)
11.3 ± 0.6
8.0 ± 1.1
7.3 ± 1.3
6.9 ± 0.4
6.4 ± 1.1
6.4 ± 0.7
5.9 ± 0.4
6.1 ± 0.6
5.3 ± 1.0
5.4 ± 0.3
4.9 ± 0.8
5.3 ± 1.1
5.2 ± 0.9
5.0 ± 0.9
4.9 ± 0.9
4.8 ± 1.2
4.2 ± 0.2
4.7 ± 0.5
4.2 ± 0.5
4.5 ± 0.7
4.5 ± 0.7
3.6 ± 0.3
4.3 ± 0.7
3.3 ± 0.3
3.0
2.8 ± 0.0
2.0 ± 0.4

TLs
4.40 ± 0.47
2.95 ± 0.23
2.60 ± 0.61
2.22 ± 0.18
2.20 ± 0.71
2.11 ± 0.35
2.04 ± 0.28
1.98 ± 0.22
1.80 ± 0.52
1.68 ± 0.16
1.66 ± 0.38
1.65 ± 0.41
1.58 ± 0.49
1.50 ± 0.38
1.43 ± 0.37
1.41 ± 0.55
1.34 ± 0.11
1.25 ± 0.29
1.17 ± 0.52
1.15 ± 0.45
1.15 ± 0.44
1.05 ± 0.17
1.00 ± 0.44
0.97 ± 0.17
0.88
0.79 ± 0.03
0.03 ± 0.27

CHAPTER V Results

265

4
3

Fish eggs
Fish larvae

Chaetognaths

2.5

2.25

Omnivorous cladocerans

Pelagia noctiluca

Cirripedia larvae
Decapoda larvae

Trophic levels (TLs)

2

Omnivorous copepods
Thalia
democratica

1.75

Siphonophorae

Ostracoda

Other copepods

Herbivorous
copepods

1.5
Marine snow

Phytoplankton

Carnivorous,
detritivorous copepods

1.25

Herbivorous
cladocerans

1

POM

Salpa
fusiformis

S.
maxima

0.75
Winter
Spring
Summer

?

Autumn

Figure 5.17 Planktonic trophic web diagram of the Gulf of Naples showing the
average trophic level calculated from δ15N for each planktonic group using Eq. 5.4.
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Discussion
Studies on trophic interactions of gelatinous zooplankton in the
Mediterranean Sea based on stable isotope and fatty acid analyses have defined
the dietary composition of the most noticeable species which often bloom (for
e.g. Malej et al., 1993; Milisenda et al., 2018; Syväranta et al., 2012; Tilves et al.,
2018). In the present study, trophic biomarkers (SIs and FATMs) were used to
estimate dietary composition and trophic interactions of gelatinous
zooplankton – P. noctiluca and Salpida (Salpa fusiformis, S. maxima and Thalia
democratica) – collected in the Gulf of Naples (southern Tyrrhenian Sea) on a
weekly basis. Gelatinous zooplankton and their potential prey were collected
across the year 2019 which allowed to identify a co-occurrence of temporal and
spatial shifts in the trophic interactions of gelatinous zooplankton within the
GoN.

Overall, the dietary composition of gelatinous zooplankton in the present
study reflected the seasonal succession of zooplanktonic groups. In the GoN,
planktonic assemblages vary at species level across seasons (Mazzocchi et al.,
2011, 2012), with copepods present across the whole year and cladocerans
found in large numbers during summer (Ribera d’Alcalà et al., 2004).
Collectively, copepods of various trophic guilds provided the largest
contribution to the diet of P. noctiluca, accounting for 29 – 56% of the diet, which
was complemented by the ingestion of other mesozooplankton groups
according to their seasonal availability, such as Salpida in winter and spring
(about 18 – 37% of the diet) and cladocerans in summer (6 – 28%). In particular,
the trophic plasticity of P. noctiluca can be considered a species trait, considered
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that the ability to prey upon a variety of planktonic prey was described in the
Strait of Messina (southern Italy) (Milisenda et al. 2018), along the Catalan coast
(north-western Mediterranean Sea) (Tilves et al. 2018) and in the northern
Adriatic Sea (Malej et al. 1993) based on SI analysis, and corroborated by gut
content analyses in the same areas (Fig. 5.1). A similar trophic plasticity is
shown by most Salpida species, which are considered non-selective suspension
feeders (Sutherland et al., 2010), that filter large volumes of seawater and retain
small prey such as bacteria and picoeukaryotes (Dadon-Pilosof et al., 2019),
particulate organic matter (Ishak et al., 2017), phytoplankton (Vargas and
Madin, 2004) and mesozooplankton (Hopkins and Torres, 1989). In agreement
with these previous findings, S. fusiformis, S. maxima and T. democratica overall
fed on POM and phytoplankton in the GoN, cumulatively accouting for about
24 – 42% of the diet, which was integrated with seasonally abundant
mesozooplankton groups, such as copepods (62 – 70%) and cladocerans (14 –
18%) in spring and summer.
Within a trophic web context, primary producers tend to have different
ratios of carbon stable isotopes which allow to identify the source(s) of
autotrophic production at the base of the food web (DeNiro and Epstein, 1978;
Post, 2002). In the GoN, the values of δ13C observed for gelatinous zooplankton
and mesozooplankton indicated that POM and phytoplankton were the base of
the planktonic food web. The trophic pathways from POM and phytoplankton
to mesozooplankton and gelatinous zooplankton are similar to those reported
by others (for e.g. D’Ambra et al., 2014; Skrypzeck et al., 2021; Tilves et al., 2018).
Conversely, this pattern was not detectable from nitrogen isotope values, which
were unusually low in some scyphomedusae collections.

268

Wind-Driven Advection of Gelatinous Zooplankton
Underpin Their Trophic Interactions

A potential explanation for the unusually low δ15N observed in P. noctiluca
in autumn and winter may be a difference in the bell diameter of the
scyphomedusae sampled in those seasons. Previous studies determined a
correlation between the increase in δ15N with increasing bell diameter (Fleming
et al., 2015; Nagata et al., 2015; Wang et al., 2020). However, bell diameters of P.
noctiluca collected in the GoN were statistically similar across seasons (Fig. 5.6),
which indicated that ontogenic changes did not account for the differences
observed between individuals collected in autumn-winter and in other seasons.

After ruling out ontogenetic shifts to explain different δ15N in P. noctiluca,
another potential explanation may be that scyphomedusae collected in autumn
and winter were feeding upon prey in the GoN with a low δ15N. However, the
δ15N of P. noctiluca was remarkably lower than the δ15N of POM (Fig. 5.13 C),
which otherwise suggested that prey were missing within the analyses
conducted in this study.
Scyphomedusae are able to move along the vertical and horizontal
directions (Canepa et al., 2014; Giorgi et al., 1991). Upwelling of P. noctiluca along
the submarine canyons in the western Mediterranean were described
(Benedetti-Cecchi et al., 2015), which suggests that potentially scyphomedusae
feed upon prey at great depth before being transported by upwelling waters to
the surface. The GoN hosts two important canyons, the Dohrn and the Cuma
canyons (Cianelli et al., 2012). However, despite the lack of stable isotope values
of organisms living in canyons, the δ15N is generally higher with increasing
depth in the Mediterranean Sea (Koppelman et al., 2009), which makes prey
from depth unlikely to explain the low δ15N of scyphomedusae collected in the
GoN.
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Conversely, a low δ15N is found offshore, usually corresponding to
oligotrophic waters (Kurle and McWhorter, 2017; MacKenzie et al., 2014).
Primary production in oligotrophic waters relies primarily on atmospheric N2,
which is fixed by diazotrophic organisms such as cyanobacteria (Hagström et
al., 1988). N2-fixation by primary producers results in a low δ15N due to little
fractionation associated with the biological uptake of N2 (Mompeán et al., 2013;
Montoya et al., 2004), which is relatively depleted in heavy isotopes compared
to marine nitrate (Owens, 1987). Hence, planktonic organisms relying on this
production assimilate low δ15N (Espinasse et al., 2014; McClelland et al., 2003;
Montoya et al., 2002).
The mechanism by which scyphomedusae may incorporate the isotopic
signature of prey within the offshore oligotrophic waters is wind-driven
advection. The horizontal movement of gelatinous zooplankton is supported
by the circulation of waters in the GoN (Cianelli et al., 2015). The water current
dynamics in the GoN is driven by winds and in particular, north-eastern and
south-western winds control the superficial current system that is alternatively
directed toward the open sea or toward the coast (Fig. 5.2) (Cianelli et al., 2015).
Consequently, gelatinous zooplankton may be horizontally transported inshore
and offshore of the GoN during this regime of current direction. This
explanation is supported by the reports by Lo Bianco (1909) of sudden and
massive appeareances of gelatinous zooplankton in the GoN in co-occurrence
with southern winds. Similarly, low nitrogen stable isotope values were
observed in Salpida collected together with P. noctiluca, yet less remarkably,
which supports potential wind-driven advection of gelatinous zooplankton. To
reach the steady state with the prey in the inshore waters, a turnover time (time
to reach a steady state of stable isotopes after a shift in diet) for tissues is
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required to elapse. Laboratory experiments determined that the turnover rate
of stable isotopes ranges from 18 to 36 days in adult scyphomedusae (D’Ambra
et al., 2014; Schaub et al., 2021). This implies that, if the baseline δ15N is lower
offshore compared to inshore in the GoN, P. noctiluca collected in autumn were
advected towards the coast shortly prior to collection and their tissues did not
incorporate the δ15N of the inshore prey. As a consequence, the diet of P.
noctiluca could not be defined in autumn. Alike scyphomedusae, Salpida have
a slow metabolism (Madin and Deibel, 1998) and although their stable isotope
turnover rate is unknown, individuals collected in winter likely originated from
offshore and did not reach the isotopic balance associated with the GoN inshore
diet at the time of their collection. Their SI signatures instead, rather reflected
feeding from oligotrophic waters and the more recent assimilation of prey from
inshore areas. A recent study by Skrypzeck et al. (2021) found that
scyphomedusae with low δ15N were larger in size compared to small medusae
which showed higher δ15N and this pattern was explained by cross-shelf
movements of scyphomedusae.
In addition to the key role of crustaceans, the analysis of SIs highlighted the
importance of Salpida in the diet of P. noctiluca, which was in line with the
dietary composition determined by Tilves et al. (2018) in the Catalan coast. The
abundance of Salpida is highly variable in coastal waters but may increase
during winter and spring (Licandro et al., 2006), when they seem to provide a
high contribution to the diet of P. noctiluca in the GoN. This indicates that they
can be an important pathway from the base of the food web – POM and
phytoplankton – to P. noctiluca and to higher-trophic-level predators. It should
be noted that FATMs of Dinophyceae were a relevant proportion of FAs
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determined in Salpida along the year, while the FATMs of Bacillariophyceae
increased in the FA composition of Salpida in spring and summer, which
reflected the seasonal changes in the phytoplankton composition in the GoN
(Ribera d’Alcalà et al., 2004). Conversely, Dinophyceae FATMs were an
important proportion of the FA composition of P. noctiluca, which indicated a
dominance of Dinophyceae in the diet of their prey, such as Salpida in winter.
While predation on Salpida explains the FATMs of Dinophyceae found in P.
noctiluca in winter, the reason why the FATMs of other important prey, such as
copepods, were not found within the FA composition remains unclear. A
potential explanation is that P. noctiluca accumulate dietary long-chain FAs and
likely transform them by chain-elongation to meet their physiological and
metabolic needs (Arai, 1997; Bailey et al., 1995; Nichols et al., 2003; Ying et al.,
2012). However, further investigation of storage mechanisms of FAs in
scyphomedusae is needed to elucidate the patterns observed here. An
increasing number of field data (Bayha et al., 2012; Hosia and Titelman, 2011;
Tilves et al., 2013, 2018), including the present study, are corroborating the
results of the experimental work by Båmstedt and Martinussen (2000), who
suggested that gelatinous zooplankton may provide the necessary energy to
sustain the high metabolic rates of scyphomedusae. However, the metabolic
pathways by which other gelatinous zooplankton alone or in combination with
other prey sustain the metabolism of scyphomedusae, particularly P. noctiluca
(Larson, 1987), remains unclear.
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Conclusions
The combined use of SIs and FATMs highlighted how gelatinous
zooplankton play a nuanced and complex role within coastal systems. The
translocation of individuals between inshore and offshore waters has
important implications, because the consequent shifts in the diet may overlap
with underlying temporal patterns related to the high degree of trophic
plasticity by feeding upon a variety of prey according to their seasonal
availability.

The

overlap

between

these

patterns

complicates

the

understanding of gelatinous zooplankton trophic ecology due to the difficulty
to discern them. From the ecological point of view, gelatinous zooplankton
not only transfer organic matter along the vertical within a single food web,
through predation by pelagic and benthic predators, but also horizontally
between diverse food web, by becoming a source of organic matter for the
oligotrophic food web during the translocation from inshore to offshore
waters. Given that the offshore environment is often oligotrophic, gelatinous
zooplankton which have been feeding within eutrophic inshore food webs
could represent important organic matter resources for the oligotrophic
offshore food webs. Therefore, gelatinous zooplankton may play a key yet
overlooked role within the connectivity across systems.
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Annexes
Annex 5.1 Degrees of freedom (df), sum of squares (Sum of Sqs), variance explained
(R2), F-value and p-value of PERMANOVA comparing δ13C (‰), δ15N (‰) and fatty
acid composition across months of the scyphomedusa Pelagia noctiluca, Salpida and
their potential prey (particulate organic matter (POM), phytoplankton and bulk
mesozooplankton) collected in the Gulf of Naples in 2019. Significant differences are
indicated by (*) (p-values ≤ 0.05).
Group
Pelagia noctiluca
δ13C

Df
Sum of Sqs
Gelatinous zooplankton

R2

F-value

p-value

27.34

0.001 *

172.68

0.001 *

3.34

0.001 *

1.01

0.380

76.99

0.001 *

0.59

0.810

Month
Residuals
Month
Residuals
Month
Residuals

5
88
5
88
5
33

23.53
15.15
142.06
14.48
197.56
389.85

60.8%
39.2%
90.7%
9.2%
33.6%
66.4%

Month
Residuals
Month
Residuals
Month
Residuals

3
0.69
44
10.04
3
29.67
44
5.65
3
116.10
9
589.52
Potential prey

6.5%
93.5%
84.0%
16.0%
16.5%
83.5%

Month
Residuals
Month
Residuals

8
12
7
13

17.59
24.06
47.66
17.32

42.2%
57.8%
73.3%
26.7%

1.10

0.422

5.11

0.004 *

Month
Residuals
δ15N
Month
Residuals
Fatty acids
Month
Residuals
Bulk mesozooplankton
δ13C
Month
Residuals
δ15N
Month
Residuals
Fatty acids
Month
Residuals

10
17
10
24
9
1

16.71
25.26
33.99
11.91
523.93
19.48

39.8%
60.2%
74.0%
25.9%
96.4%
3.6%

1.12

0.389

6.85

0.001 *

2.99

0.131

10
24
10
24
10
19

13.81
5.15
29.92
9.67
218.66
127.89

72.8%
27.2%
75.6%
24.4%
63.1%
36.9%

6.43

0.001 *

7.43

0.001 *

3.25

0.001 *

δ15N
Fatty acids
Salpida
δ13C
δ15N
Fatty acids

POM
δ13C
δ15N
Phytoplankton
δ13C
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Annex 5.2 p-values of pairwise post-hoc TukeyHSD comparing δ13C (‰), δ15N (‰)
and fatty acid (FA) composition across months of the scyphomedusa Pelagia noctiluca,
Salpida and their potential prey (particulate organic matter (POM), phytoplankton
and bulk mesozooplankton) collected in the Gulf of Naples in 2019. Significant
differences are indicated by (*) (p-values ≤ 0.05). (1/3)
Months
Jan

Feb

Pelagia noctiluca
(δ13C)
Apr
0.001 *
May
0.001 *
Jun
0.204
Jul
0.427
Nov
0.235
(δ15N)
Apr
0.001 *
May
0.001 *
Jun
0.001 *
Jul
0.001 *
Nov
0.001 *
(FA)
Apr
0.99
May
1.00
Jun
0.08
Jul
0.99
Nov
1.00
Salpida
(δ13C)
Mar
0.62
Apr
0.71
Sep
0.94
(δ15N)
Mar
0.89
Apr
0.001 *
Sep
0.001 *
(FA)
Mar
0.837
Apr
0.817
Sep
0.515
POM
(δ13C)
May
Jun
Jul
Aug
Sep

Mar

Apr
May
Jun
Gelatinous zooplankton

Jul

0.997
0.001 *
0.001 *
0.001 *

0.001 *
0.001 *
0.001 *

0.001 *
0.001 *

0.993

0.127
0.521
0.001 *
0.001 *

0.917
0.001 *
0.001 *

0.001 *
0.001 *

0.001 *

0.99
0.04 *
0.97
0.99

0.21
1.00
100

0.34
0.18

0.99

0.95
0.52

0.63

0.001 *
0.003 *

0.001 *

0.227
0.192

0.822

1.000
0.900
1.000
0.984
0.999

Aug

Potential prey

0.897
0.996
0.987
1.000

0.628
0.998
0.951

0.736
0.925

0.999

Sep

Oct
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Annex 5.2 Continued. (2/3)
Months
Jan
Oct
Dec
(δ15N)
May
Jun
Jul
Aug
Sep
Oct
Dec
Phytoplankton
(δ13C)
Feb
0.563
Mar
0.621
Apr
1.000
May
0.995
Jun
1.000
Jul
0.981
Aug
1.000
Sep
1.000
Oct
0.957
Dec
0.925
(δ15N)
Feb
0.841
Mar
0.944
Apr
1.000
May
1.000
Jun
0.039 *
Jul
0.142
Aug
0.047 *
Sep
0.384
Oct
1.000
Dec
0.711
(FA)
Feb
Mar
0.884
Apr
0.999
May
0.135
Jun
0.001 *
Jul
0.999
Aug
0.035 *
Sep
0.029 *
Oct
0.158
Dec
1.000

Feb

Mar

Apr
0.997
0.992

May
0.999
0.996

Jun
0.988
1.000

Jul
0.875
0.912

Aug
1.000
1.000

Sep
1.000
1.000

Oct
1.000

0.414
0.075
0.103
0.051
0.239
0.966
1.000

0.578
0.868
0.551
1.000
0.602
0.540

0.975
0.999
0.685
0.091
0.102

0.998
0.953
0.081
0.150

0.668
0.027 *
0.075

0.247
0.337

0.993

1.000
0.565
0.753
0.784
0.963
0.143
0.194
0.988
1.000

0.601
0.793
0.849
0.988
0.109
0.159
0.998
1.000

1.000
1.000
0.997
0.998
1.000
0.985
0.966

1.000
1.000
0.805
0.903
1.000
0.998

0.999
1.000
1.000
0.997
0.987

0.770
0.862
1.000
0.653

1.000
0.653
0.682

0.762
0.766

1.000

1.000
0.845
0.501
0.002 *
0.007 *
0.002 *
0.019 *
0.965
0.169

0.944
0.630
0.002 *
0.007 *
0.002 *
0.016 *
0.995
0.224

1.000
0.071
0.242
0.088
0.569
1.000
0.785

0.114
0.378
0.144
0.780
1.000
0.904

0.996
1.000
0.752
0.089
0.998

1.000
0.996
0.279
1.000

0.895
0.117
1.000

0.601
1.000

0.758

0.613
0.985
0.343
1.000
0.886
0.861
0.989
0.762

0.060
0.001 *
0.953
0.016 *
0.014 *
0.071
1.000

0.953
0.737
1.000
1.000
1.000
0.114

0.065
0.997
0.999
0.947
0.001 *

0.445
0.409
0.766
0.987

1.000
1.000
0.035 *

1.000
0.030 *

0.131
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Annex 5.2 Continued. (3/3)
Months
Jan
Feb
Bulk mesozooplankton
(δ13C)
Feb
1.000
Mar
0.947
0.972
Apr
0.982
0.994
May
0.929
0.964
Jun
0.628
0.564
Jul
0.944
0.899
Aug
0.860
0.781
Sep
0.040 * 0.028 *
Oct
0.238
0.183
Dec
0.125
0.102
(δ15N)
Feb
0.561
Mar
0.559
1.000
Apr
0.001 *
0.084
May
0.020 *
0.716
Jun
0.040 *
0.485
Jul
0.002 *
0.201
Aug
0.001 * 0.020 *
Sep
0.001 * 0.030 *
Oct
0.194
0.998
Dec
0.996
1.000
(FA)
Feb
1.000
Mar
1.000
1.000
Apr
1.000
1.000
May
1.000
1.000
Jun
1.000
1.000
Jul
0.998
0.961
Aug
0.990
0.900
Sep
0.891
0.485
Oct
0.997
0.956
Dec
1.000
1.000

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

1.000
1.000
0.209
0.387
0.266
0.008 *
0.046 *
0.029 *

1.000
0.222
0.355
0.195
0.001 *
0.021 *
0.024 *

0.176
0.294
0.173
0.002 *
0.023 *
0.021 *

0.990
0.993
1.000
1.000
0.998

1.000
0.703
0.963
0.592

0.688
0.969
0.604

1.000
0.996

0.978

0.477
0.978
0.783
0.660
0.216
0.300
1.000
1.000

0.981
1.000
1.000
1.000
1.000
0.526
0.383

0.996
0.998
0.794
0.908
0.995
0.869

1.000
1.000
1.000
0.855
0.605

0.999
1.000
0.736
0.510

1.000
0.220
0.199

0.312
0.266

0.997

1.000
1.000
1.000
0.996
0.985
0.859
0.995
1.000

1.000
1.000
0.731
0.577
0.122
0.717
0.999

1.000
0.998
0.994
0.951
0.998
1.000

0.975
0.948
0.804
0.973
1.000

1.000
1.000
1.000
1.000

1.000
1.000
1.000

1.000
0.998

1.000
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Annex 5.3 Fatty acid (FA) composition (% of total FAs) of phytoplankton collected in
the

Gulf

of

Naples

in

2019

across

seasons.

SFAs, saturated;

MUFAs,

monounsaturated; PUFAs, polyunsaturated; HUFAs, highly unsaturated FAs.
Significant differences were tested using one-way ANOVAs and are indicated in
bold, different superscript letters (a,b) indicate significant differences (p-value £ 0.05)
tested using Tukey post-hoc pairwise comparisons.
FA
14:0
15:0
15:0 iso
15:0 anteiso
16:0
17:0
17:0 iso
17:0 anteiso
18:0
19:0
20:0
24:0
15:1(n-5)
16:1(n-7)
16:1(n-5)
18:1(n-9)
18:1(n-7)
18:1(n-5)
19:1(n-x)
20:1(n-9)
22:1(n-11)
22:1(n-9)
24:1(n-9)
16:3(n-4)
16:4(n-1)
18:2(n-6)
18:3(n-3)
18:4(n-3)
20:2(n-6)
20:4(n-6)
20:4(n-3)
20:5(n-3)
22:4(n-6)
22:5(n-3)
22:6(n-3)

Winter
11.2 ± 3.6 a
0.8 ± 0.1
0.2 ± 0.1
0.2 ± 0.1
30.3 ± 6.1
0.3 ± 0.1
0.2 ± 0.1
0.1 ± 0.0
13.0 ± 0.6
0.1 ± 0.0
0.7 ± 0.2
0.8 ± 0.2
0.0 ± 0.0
9.4 ± 2.4 a
1.0 ± 0.1
12.4 ± 4.7 a
7.7 ± 0.6 a
0.1 ± 0.1
1.0 ± 1.0
0.8 ± 0.3
0.1 ± 0.0
0.8 ± 0.4
0.2 ± 0.1
0.8 ± 0.3
1.4 ± 1.6
2.7 ± 1.1
0.1 ± 0.0
0.2 ± 0.1
0.0 ± 0.0
0.1 ± 0.0 a
0.1 ± 0.1
2.2 ± 1.1 a
0.0 ± 0.0
0.0 ± 0.0
0.9 ± 0.2 a

Spring
8.1 ± 5.8 a
0.5 ± 0.0
0.4 ± 0.1
0.2 ± 0.1
20.3 ± 5.5
0.3 ± 0.2
0.1 ± 0.1
0.1 ± 0.0
10.9 ± 6.6
0.1 ± 0.0
0.6 ± 0.4
0.8 ± 0.2
0.1 ± 0.1
7.6 ± 4.5 a
0.4 ± 0.6
8.6 ± 3.6 ab
5.9 ± 3.4 ab
0.4 ± 0.4
0.1 ± 0.1
0.6 ± 0.7
0.1 ± 0.1
0.6 ± 0.6
0.3 ± 0.3
1.5 ± 1.4
1.5 ± 1.2
3.9 ± 0.7
0.9 ± 0.7
2.0 ± 1.3
0.3 ± 0.3
0.4 ± 0.3 a
0.4 ± 0.2
7.9 ± 1.9 b
0.2 ± 0.2
0.3 ± 0.2
13.8 ± 4.8 b

Summer
15.3 ± 2.7 ab
0.6 ± 0.1
0.6 ± 0.3
0.3 ± 0.2
26.1 ± 11.6
0.2 ± 0.0
0.2 ± 0.0
0.1 ± 0.0
4.4 ± 2.4
0.1 ± 0.0
0.4 ± 0.0
0.9 ± 0.2
0.1 ± 0.1
25.1 ± 4.1 b
0.0 ± 0.0
3.0 ± 0.4 b
2.8 ± 0.8 b
0.1 ± 0.0
0.2 ± 0.2
0.3 ± 0.1
0.1 ± 0.1
0.6 ± 0.3
0.2 ± 0.1
1.7 ± 1.2
0.4 ± 0.5
1.9 ± 0.2
0.6 ± 0.3
0.6 ± 0.2
0.2 ± 0.1
1.0 ± 1.0 ab
0.4 ± 0.1
6.9 ± 5.9 ab
0.3 ± 0.2
0.2 ± 0.2
4.1 ± 4.0 a

Autumn
16.5 ± 0.1 b
0.6 ± 0.0
0.4 ± 0.2
0.2 ± 0.0
27.9 ± 0.5
0.3 ± 0.1
0.2 ± 0.0
0.2 ± 0.0
4.6 ± 0.7
0.1 ± 0.1
0.4 ± 0.1
1.3 ± 0.6
0.1 ± 0.0
24.5 ± 0.4 b
0.1 ± 0.0
4.7 ± 0.8 b
2.1 ± 0.1 b
0.0 ± 0.0
0.2 ± 0.0
0.2 ± 0.0
0.1 ± 0.0
0.5 ± 0.2
0.2 ± 0.1
1.2 ± 0.6
0.3 ± 0.2
2.6 ± 0.8
0.4 ± 0.2
0.6 ± 0.5
0.2 ± 0.1
1.3 ± 0.2 b
0.3 ± 0.2
4.0 ± 1.3 a
0.2 ± 0.1
0.6 ± 0.2
2.6 ± 0.9 a

Sum SFAs
Sum MUFAs
Sum PUFAs
Sum HUFAs

57.8 ± 6.2
33.6 ± 3.0 a
5.3 ± 2.6
3.3 ± 1.2

42.3 ± 6.8
24.7 ± 1.7 b
9.7 ± 3.9
23.3 ± 7.4

49.1 ± 14.8
32.4 ± 3.6 a
5.3 ± 1.8
13.2 ± 11.4

52.8 ± 2.3
32.9 ± 0.6 a
5.1 ± 0.6
9.3 ± 2.3
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Annex 5.4 Stable isotope values (‰, mean ± SD) of δ13C and δ15N of potential prey of
gelatinous zooplankton collected in the Gulf of Naples in 2019.
δ13C (‰)
POM
Phytoplankton
Marine snow
Cirripedia larvae
Ostracoda
Copepoda
Herbivorous
Omnivorous
Carnivorous
Detritivorous
Others
Cladocera
Herbivorous
Omnivorous
Decapoda larvae
Fish eggs
Fish larva
Siphonophorae
Chaetognatha
δ15N (‰)
POM
Phytoplankton
Marine snow
Cirripedia larvae
Ostracoda
Copepoda
Herbivorous
Omnivorous
Carnivorous
Detritivorous
Others
Cladocera
Herbivorous
Omnivorous
Decapoda larvae
Fish eggs
Fish larva
Siphonophorae
Chaetognatha

Winter

Spring

Summer

Autumn

– 21.5
– 19.8 ± 1.2
– 19.9 ± 2.0
– 17.2 ± 0.5
– 19.9

– 22.8 ± 1.0
– 20.2 ± 1.1

– 22.3 ± 1.8
– 21.1 ± 0.9

– 21.9 ± 1.5
– 21.0 ± 1.3

– 18.4 ± 0.6
– 20.0
– 19.8 ± 0.8
– 19.9 ± 0.8
– 19.2 ± 0.5

– 20.6 ± 0.6
– 20.6 ± 0.6
– 20.6 ± 0.4
– 21.1 ± 0.4
– 20.4 ± 0.7

– 19.4 ± 0.3
– 20.4 ± 0.3
– 20.4 ± 0.4
– 20.9 ± 0.2
– 19.9 ± 0.3

– 18.7 ± 0.7
– 19.6 ± 0.3
– 19.7 ± 0.2
– 19.5 ± 0.6
– 19.9 ± 0.6

– 20.7
– 18.9 ± 0.2
– 19.3 ± 0.1
– 18.6
– 19.1

– 19.3

– 18.1

– 20.1
– 19.2 ± 0.5
– 19.1

– 19.0

– 19.1 ± 0.7

– 18.7 ± 0.3
– 18.1

– 18.7

– 18.3 ± 0.1

– 18 ± 0.6
– 17.8
– 19.5
– 18.1 ± 0.2
– 17.7 ± 0.4

5.9 ± 0.9
6.2 ± 0.5

3.7 ± 1.4
5.1 ± 1.0

1.6
4.2 ± 0.8
4.2 ± 0.2
7.3 ± 0.2
4.3

3.5 ± 2.1
4.2 ± 0.9

5.1 ± 0.1
4.9
3.8 ± 0.4
3.5 ± 0.7
4.2 ± 0.3

4.7 ± 0.9
6.4 ± 0.3
5.5 ± 0.3
5.0 ± 0.7
5.6 ± 1.3

5.9 ± 0.5
6.3 ± 0.3
5.1 ± 0.9
5.6 ± 0.3
6.0 ± 0.5

5.7 ± 1.5
5.9 ± 0.9
5.5 ± 0.9
5.0 ± 1.1
5.0 ± 1.2

3.9
6.9 ± 0.4
7.1 ± 0.4
11.4
8.8

4.6

5.3

6.9 ± 0.0
6.1 ± 0.7
10.6

5.5

5.6 ± 0.7

5.7 ± 0.9
6.1

5.5

8.0 ± 1.1

6.6 ± 0.3
11.8
7.3
4.4 ± 0.9
8.0 ± 0.2
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Annex 5.5 Fatty acid (FA) composition (% of total FAs, mean ± SD) of
mesozooplankton groups (mean ± SD) collected in the Gulf of Naples along the year
2019. (1/2)
FAs
14:0
15:0
15:0 iso
15:0 anteiso
16:0
17:0
17:0 iso
17:0 anteiso
18:0
19:0
20:0
24:0
15:1(n-5)
16:1(n-7)
16:1(n-5)
17:1(n-5)
17:1(n-x)
18:1(n-9)
18:1(n-7)
18:1(n-5)
19:1(n-x)
20:1(n-9)
22:1(n-11)
22:1(n-9)
24:1(n-9)
16:3(n-4)
16:4(n-1)
18:2(n-6)
18:3(n-3)
18:4(n-3)
20:2(n-6)
20:4(n-6)
20:4(n-3)
20:5(n-3)
21:5(n-3)
22:4(n-6)
22:5(n-3)
22:6(n-3)

Cirripedia
larvae
9.0 ± 1.7
0.4 ± 0.1
0.1 ± 0.0
17.3 ± 1.7
0.2 ± 0.2
0.8 ± 0.2
0.1 ± 0.0
5.5 ± 2.4
0.2 ± 0.1
0.1 ± 0.0
19.9 ± 4.0
0.2 ± 0.1
0.1 ± 0.0
0.1 ± 0.0
3.2 ± 0.2
5.2 ± 2.0
0.1 ± 0.0
0.1 ± 0.1
0.4 ± 0.3
0.3 ± 0.2
0.2 ± 0.2
0.1 ± 0.0
3.3 ± 0.8
3.6 ± 2.2
1.4 ± 0.3
0.2 ± 0.1
2.3 ± 1.2
0.1 ± 0.1
1.2 ± 1.2
0.3 ± 0.0
19.4 ± 1.6
0.6 ± 0.2
0.2 ± 0.2
0.2 ± 0.1
3.7 ± 1.9

Ostracoda
1.9 ± 0.5
0.6 ± 0.1
0.2 ± 0.0
0.1 ± 0.1
19.5 ± 3.3
0.7 ± 0.1
0.2 ± 0.0
0.2 ± 0.1
8.4 ± 1.7
0.1 ± 0.0
0.3 ± 0.0
0.1 ± 0.0

Copepoda
Herbivorous Omnivorous Carnivorous Detritivorous
6.3 ± 0.7
4.9 ± 1.2
4.5 ± 0.5
3.5 ± 1.6
0.7 ± 0.2
1.1 ± 0.3
1.2 ± 0.3
0.5 ± 0.1
0.3 ± 0.1
0.4 ± 0.0
0.3 ± 0.0
0.4 ± 0.1
0.2 ± 0.0
0.3 ± 0.0
0.2 ± 0.1
0.2 ± 0.0
30.0 ± 4.1
27.4 ± 5.8
27.1 ± 5.1
21.6 ± 2.0
1.1 ± 0.2
1.8 ± 0.4
1.9 ± 0.4
0.9 ± 0.1
0.3 ± 0.1
0.3 ± 0.1
0.2 ± 0.1
0.2 ± 0.0
0.1 ± 0.0
0.2 ± 0.1
0.1 ± 0.1
0.1 ± 0.1
10.2 ± 2.0
8.6 ± 1.3
10.1 ± 2.6
7.1 ± 1.3
0.1 ± 0.0
0.3 ± 0.1
0.3 ± 0.1
0.2 ± 0.0
0.2 ± 0.0
0.3 ± 0.1
0.3 ± 0.1
0.3 ± 0.0
0.1 ± 0.0
0.1 ± 0.1
0.2 ± 0.1
0.2 ± 0.1

12.6 ± 2.4

9.7 ± 1.6
0.3 ± 0.4

5.5 ± 1.5
0.4 ± 0.0

4.2 ± 0.6
0.3 ± 0.1

7.8 ± 0.4
0.4 ± 0.1

0.1 ± 0.0
21.4 ± 1.3
2.8 ± 0.7
0.1 ± 0.0
0.3 ± 0.3
0.8 ± 0.1
4.2 ± 1.3
0.3 ± 0.0
1.0 ± 0.5
0.3 ± 0.1
0.5 ± 0.5
2.4 ± 1.0
0.1 ± 0.0
0.9 ± 0.5
0.1 ± 0.1
0.3 ± 0.1
0.2 ± 0.1
5.8 ± 1.7
0.1 ± 0.0
0.2 ± 0.1
0.2 ± 0.0
13.3 ± 5.7

0.0 ± 0.0
4.9 ± 2.8
3.7 ± 1.1
0.1 ± 0.0
0.4 ± 0.3
0.7 ± 0.3
0.1 ± 0.1
0.1 ± 0.0
0.5 ± 0.2
0.3 ± 0.1
0.1 ± 0.1
1.8 ± 0.6
0.1 ± 0.1
0.7 ± 0.6
0.3 ± 0.1
0.8 ± 0.8
0.2 ± 0.0
8.2 ± 1.7

0.0 ± 0.0
5.4 ± 1.6
3.2 ± 0.7
0.2 ± 0.1
0.7 ± 0.2
1.2 ± 0.2
0.2 ± 0.1
0.2 ± 0.1
0.9 ± 0.3
0.4 ± 0.1
0.3 ± 0.2
2.0 ± 0.3
0.2 ± 0.2
0.9 ± 0.2
0.3 ± 0.1
0.4 ± 0.4
0.3 ± 0.1
9.8 ± 3.4

0.5 ± 0.4
0.3 ± 0.2
16.6 ± 3.9

0.4 ± 0.2
0.3 ± 0.0
20.9 ± 8.2

0.5 ± 0.1
4.4 ± 1.3
2.6 ± 0.6
0.2 ± 0.2
0.5 ± 0.1
0.9 ± 0.1
0.3 ± 0.1
0.3 ± 0.1
0.9 ± 0.3
0.2 ± 0.1
0.1 ± 0.0
2.1 ± 0.2
0.2 ± 0.0
1.1 ± 0.2
0.3 ± 0.1
0.4 ± 0.3
0.2 ± 0.1
8.6 ± 3.1
0.1 ± 0.1
0.5 ± 0.3
0.3 ± 0.2
24.6 ± 5.6

0.1 ± 0.0
18.2 ± 2.4
4.0 ± 0.7
0.1 ± 0.0
0.3 ± 0.1
2.5 ± 0.3
1.0 ± 0.6
0.2 ± 0.1
1.7 ± 1.0
0.5 ± 0.0
1.5 ± 1.1
1.7 ± 0.1
0.1 ± 0.0
0.6 ± 0.3
0.2 ± 0.1
0.4 ± 0.3
0.7 ± 0.2
7.0 ± 0.5
0.1 ± 0.0
0.3 ± 0.1
0.4 ± 0.2
15.1 ± 2.8
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Annex 5.5 Continued. (2/2)
FAs
14:0
15:0
15:0 iso
15:0 anteiso
16:0
17:0
17:0 iso
17:0 anteiso
18:0
19:0
20:0
24:0
15:1(n-5)
16:1(n-7)
16:1(n-5)
17:1(n-5)
17:1(n-x)
18:1(n-9)
18:1(n-7)
18:1(n-5)
19:1(n-x)
20:1(n-9)
22:1(n-11)
22:1(n-9)
24:1(n-9)
16:3(n-4)
16:4(n-1)
18:2(n-6)
18:3(n-3)
18:4(n-3)
20:2(n-6)
20:4(n-6)
20:4(n-3)
20:5(n-3)
21:5(n-3)
22:4(n-6)
22:5(n-3)
22:6(n-3)

Copepoda
Others
4.8 ± 3.0
0.7 ± 0.1
0.3 ± 0.2
0.2 ± 0.0
19.5 ± 3.1
0.9 ± 0.3
0.3 ± 0.1
0.1 ± 0.0
6.3 ± 1.3
0.1 ± 0.1
0.9 ± 1.1
0.2 ± 0.1
11.7 ± 4.2
0.4 ± 0.1
0.1 ± 0.1
10.0 ± 4.7
3.3 ± 1.3
0.2 ± 0.1
0.2 ± 0.1
1.2 ± 0.9
1.1 ± 1.9
0.5 ± 0.3
0.8 ± 0.3
0.7 ± 0.2
4.9 ± 3.6
2.7 ± 0.2
0.3 ± 0.2
1.3 ± 0.5
0.3 ± 0.1
0.6 ± 0.4
0.6 ± 0.1
10.0 ± 1.9
0.1 ± 0.0
0.4 ± 0.3
0.8 ± 0.7
13.5 ± 3.4

Cladocera
Decapoda
Herbivorous Omnivorous
larvae Siphonophorae Chaetognatha
5.6
5.1 ± 1.8
2.4 ± 1.2
2.1
1.8 ± 0.8
1.1
0.9 ± 0.0
0.5 ± 0.2
0.4
0.5 ± 0.2
0.3
0.3 ± 0.1
0.1 ± 0.1
0.1
0.2 ± 0.1
0.1
0.2 ± 0.0
0.1 ± 0.0
0.1
0.1 ± 0.0
29.3
23.0 ± 2.3
20.4 ± 2.2
15.5
19.3 ± 1.3
1.3
1.2 ± 0.1
1.0 ± 0.1
0.1
1.1 ± 0.1
0.2
0.3 ± 0.0
0.3 ± 0.1
0.1
0.4 ± 0.2
0.1
0.1 ± 0.0
0.1 ± 0.0
0.1
0.2 ± 0.0
10.5
6.6 ± 0.1
6.5 ± 1.5
8.9
8.4 ± 3.3
0.1
0.1 ± 0.0
0.1 ± 0.0
0.1
0.2 ± 0.1
0.2
0.1 ± 0.0
0.2 ± 0.1
0.2
0.6 ± 0.4
0.3
0.1 ± 0.1
0.1 ± 0.1
0.1
0.2 ± 0.2
0.1 ± 0.1
0.1
0.6 ± 0.2
10.1
10.2 ± 2.9
5.7 ± 1.4
7.3
7.9 ± 2.4
0.5
0.4 ± 0.1
0.2 ± 0.0
0.3
0.1 ± 0.1
0.5
0.1 ± 0.0
0.1
0.1 ± 0.0
0.2 ± 0.1
0.1
0.2 ± 0.1
10.3
8.0 ± 0.9
10.0 ± 3.1
12.6
7.5 ± 3.2
5.8
4.7 ± 0.5
5.9 ± 2.2
2.0
2.5 ± 0.1
0.1
0.1 ± 0.0
0.1 ± 0.0
0.0
0.2 ± 0.1
1.8
0.2 ± 0.1
0.4 ± 0.2
0.7
0.5 ± 0.4
1.8
0.5 ± 0.1
1.3 ± 0.3
1.2
0.6 ± 0.1
0.3
0.1 ± 0.0
0.3 ± 0.4
0.5
0.2 ± 0.1
0.2
0.1 ± 0.1
0.1 ± 0.1
0.3
0.3 ± 0.2
0.3
0.3 ± 0.1
0.3 ± 0.1
0.9
1.0 ± 0.3
0.2
0.3 ± 0.1
0.2 ± 0.1
0.7
0.2 ± 0.1
0.1
0.3 ± 0.3
0.1 ± 0.1
5.2
0.1 ± 0.1
4.9
2.5 ± 0.5
2.5 ± 0.2
1.6
2.5 ± 0.4
0.0
0.3 ± 0.1
0.2 ± 0.1
1.8
0.2 ± 0.0
0.1
0.8 ± 0.3
0.5 ± 0.3
0.7
1.0 ± 0.5
0.2
0.2 ± 0.1
0.6 ± 0.2
0.2
0.2 ± 0.1
1.4
1.7 ± 0.9
1.9 ± 0.8
3.7
1.4 ± 0.9
0.2
0.3 ± 0.0
0.3 ± 0.0
0.6
0.4 ± 0.3
9.1
18.3 ± 3.1
16.1 ± 1.1
9.5
12.0 ± 1.9
0.1
0.1 ± 0.0
0.1 ± 0.0
0.1
0.1 ± 0.1
0.2
0.3 ± 0.2
0.5 ± 0.2
1.8
0.9 ± 0.3
0.1
0.5 ± 0.1
0.4 ± 0.2
0.3
0.5 ± 0.2
3.2
11.6 ± 3.4
20.0 ± 5.2
19.5
25.8 ± 5.3
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Concluding remarks
This PhD thesis explored different aspects of using trophic biomarkers for
ecological study purposes with the emphasis on gelatinous zooplankton
trophic ecology. Using stable isotopes and fatty acid trophic markers, I studied
the dietary composition of gelatinous zooplankton – scyphomedusa Pelagia
noctiluca and Salpida Salpa fusiformis, S. maxima and Thalia democratica – and
their complex role within planktonic trophic webs. I focused my study on the
Gulf of Naples (southern Tyrrhenian Sea), which is a coastal site with an
alternation of eutrophic coastal and oligotrophic offshore waters and where
the role of gelatinous zooplankton can be considered as representative of
several coastal environments under climatic and anthropogenic pressure.

Chapter II
Fatty acids are becoming increasingly recognised as substantial tracers of
trophic interactions within food webs. To assess their potential as trophic
biomarkers within the planktonic community, I extensively reviewed the
literature in order to gather fatty acid profiles of marine plankton. First, I
observed that although various protocols to extract fatty acids exist, they are
performed using five main lipid extraction organic solvents (chloroform,
dichloromethane, hexane, toluol and methyl-tert-butyl ether (MTBE)). This
raised the question of the effect of different extraction solvents on fatty acid
profiles and on the comparability of data across studies. Therefore, I
performed a review synthesis on a large fatty acid dataset in order to assess
the effect of solvents on the number of extracted fatty acids, the categories of
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fatty acids and the fatty acid composition. Results indicated that although the
number of fatty acids extracted by the different solvents was comparable
across most solvents, categories and proportions varied within the same
planktonic group according to the solvent, which therefore limits the
comparability of fatty acid profiles across studies. Consequently, this review
synthesis suggested that more laboratory work is required to assess the fatty
acid composition of marine plankton and obtain unbiased and comparable
fatty acid profiles which can find large application in ecological studies.

Chapter III
According to the results obtained in Chapter II, I performed a
methodological work on the effect of three organic solvents (chloroform,
dichloromethane and MTBE) for lipid extraction on fatty acid composition
and stable isotope values in three marine plankton groups (phytoplankton,
mesozooplankton and the scyphomedusa Pelagia noctiluca). The solvents
chloroform and dichloromethane were chosen because they are commonly
used in the laboratory despite their known toxicity and hazardous effects on
the environment, while the non-carcinogenic solvent MTBE is rarely used but
has proven its efficiency in lipid recovery and fatty acid extraction in other
types of organisms. In the present study, the three solvents were used in
combination with methanol and water in biphasic extraction protocols, and I
compared (i) the yield of extracted lipids, (ii) the extraction recovery and
content of total FAs, (iii) FA composition and (iv) SI values after lipid removal.
Overall, the results suggested that in order to reduce the use of toxic solvents,
MTBE can be a reliable substitute for lipid extraction in ecological studies
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which require determination of FAs and SIs, without affecting the
comparability of data.

Chapter IV
Based on the literature review performed in Chapter II, I addressed the
question of the use of fatty acid trophic markers in planktonic community. In
total, I analysed 755 fatty acid profiles belonging to the planktonic groups of
heterotrophic bacteria, phytoplankton and zooplankton, in order to compare
fatty acid profiles within each group and across different taxonomic levels.
The final goal of this study was to identify fatty acids that can be used as
trophic markers to track trophic pathways along the planktonic food web.
Based on multivariate analyses, a restricted number of fatty acid trophic
markers was selected and reflected taxonomic classes in primary producers
(heterotrophic bacteria and phytoplankton). This result indicated that,
because fatty acid trophic markers are transferred across trophic levels with
predictable modifications, the baseline of the food web and trophic
interactions can be tracked using a selection of fatty acid trophic markers and
that the resolution of the dietary patterns can be solved at a low taxonomic
level (class). Conversely, in zooplankton, fatty acid composition marginally
reflected the taxonomic ranking at order level and rather grouped them
according to their trophic guilds. Overall, these results suggested that a
selection of fatty acids can be used as trophic markers and that the transfer of
these fatty acids along the trophic web reflects the baseline composition of
primary producers and trophic guilds of consumers.
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Chapter V
Chapter V represents the field work conducted during this PhD thesis. I
collected gelatinous zooplankton and their potential prey in the Gulf of
Naples and I assessed their trophic interactions along the year 2019 using
trophic biomarkers (stable isotopes and fatty acid trophic markers). A
consequent sampling of gelatinous zooplankton (the scyphomedusa Pelagia
noctiluca and Salpida (Salpa fusiformis, S. maxima and Thalia democratica))
allowed to assess trophic interactions according to a seasonal pattern. Trophic
biomarkers indicated a co-occurrence of temporal and spatial patterns in the
Gulf of Naples in 2019. The appearance of gelatinous zooplankton with
unusually low δ15N in coastal waters suggested that these organisms, which
were likely feeding in offshore waters, were advected towards the coast.
Overall, P. noctiluca performed horizontal movements in the Gulf of Naples
and opportunistically preyed upon mesozooplankton according to their
seasonal abundance in waters, with an important contribution of Salpida in
their dietary composition. Although the spatio-temporal pattern was less
marked in Salpida, offshore-inshore movements were also detectable in
winter and the seasonal increase in trophic level along the year indicated that
they integrated their basic diet – particulate organic matter and phytoplankton
– with mesozooplankton in warmer seasons. This chapter questioned about
the role of gelatinous zooplankton within planktonic communities and their
importance in the transfer of organic matter not only along a vertical pattern
to higher-trophic level predators and the benthic food web, but also between
the oligotrophic offshore and the eutrophic inshore food webs.
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Future perspectives and research directions
During the three years of my PhD program, I performed experiments that
have contributed to my understanding of trophic biomarkers and trophic
interactions of gelatinous zooplankton within the planktonic community.
However, my research highlighted gaps in current knowledge on gelatinous
organisms and raised several questions and research perspectives.
Biotechnological applications of scyphomedusae have been recently
promoted due to their potential use as nutraceuticals, cosmeceuticals,
biomedicals and biomaterials (reviewed in Merquiol et al., 2019). The fatty acid
composition of the scyphomedusa P. noctiluca collected in the Gulf of Naples
and analysed in Chapter V notably suggested the high potential benefit of
scyphomedusae as prey. Indeed, the high proportions of the essential fatty
acids 20:5(n-3) and 22:6(n-3) found in P. noctiluca aligns with previous findings
across jellyfish (Holland et al., 1990; Joseph, 1979; Sipos and Ackman, 1968;
Svetashev, 2019; Ying et al., 2012). Additionally, P. noctiluca had proportions
of 20:4(n-6) and 24:6(n-3) higher than in most marine zooplankton, which has
been previously found in various scyphomedusae species (Milisenda et al.,
2018; Nichols et al., 2003; Prieto et al., 2018; Schaub et al., 2021; Stenvers et al.,
2020; Tilves et al., 2018; Wang et al., 2015; Ying et al., 2012). This is worth noting
that these fatty acids are essentials for metabolic purposes and that (n-3) fatty
acids are involved in crucial biological processes (for i.e. growth,
development,

tissue, and cell

homeostasis)

and offer

considerable

nutraceutical properties (Leone et al., 2015). This strongly suggests the benefits
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in consuming scyphomedusae as prey, not only for marine predators (Hays et
al., 2018), but also for humans (Leone et al., 2019; Prieto et al., 2018).

The plasticity in the diet of P. noctiluca makes this scyphomedusa
adaptable to adverse conditions. Given their 600-million-year evolutionary
history, the potential of scyphomedusae to overcome climate change and
anthropogenic perturbations is highly likely underestimated. The distinctive
physiological pathways of scyphomedusae – and in general of other
gelatinous zooplankton – are scarcely studied and recent works have
highlighted the necessity to perform laboratory experiments in order to
understand the underlying mechanisms regarding gelatinous zooplankton
metabolism (Schaub et al., 2021). In particular, the incorporation of fatty acids
and stable isotopes by gelatinous zooplankton tissues is likely very different
from other marine invertebrates due to their unique body plan and
evolutionary history. However, the turnover rate and modification estimates
of trophic biomarkers, which are of critical use to accurately assess trophic
interactions, have only been assessed in a limited number of studies (D’Ambra
et al., 2014; Schaub et al., 2021; Tilves et al., 2018). Yet, existing literature
emphasises the importance of accurate species-specific turnover rates and
trophic biomarker modification estimates (see Pitt et al., 2009) and the
consequences that arise when these criteria are not met (Bond and Diamond,
2011; Galloway and Budge, 2020). Without these specific parameters,
inferences arising from stable isotopes and fatty acids in gelatinous
zooplankton are limited in scope and potentially inaccurate, which affects the
understanding of trophic ecology of such complex organisms and by
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implication, alters the comprehension of the entire structure of marine food
webs where gelatinous zooplankton are present.

Populations dynamics of gelatinous zooplankton are well-defined in
coastal areas (Berline et al., 2013; Goy et al., 1989) but there is a lack of
knowledge about their offshore movements. While their transportation
patterns towards the coast is mostly driven by wind and currents, some
studies have demonstrated that some species have complex population
dynamics across large biogeographic ranges (Berline et al., 2013; Kingsford et
al., 2021). This is particularly true for holoplanktonic species, such as P.
noctiluca and all Salpida species, from which their life cycle does not restrict
them to nearshore environments. The stable isotope values of gelatinous
zooplankton collected in the Gulf of Naples indicate that P. noctiluca and
Salpida have complex population dynamics and their transportation offshore
and inshore may occur at a larger scale than the restricted areas where they
are usually collected and studied (Milisenda et al., 2018; Sabatés et al., 2018;
Tilves et al., 2018). This stresses on the importance of determining large scale
spatio-temporal isoscapes (Graham et al., 2010) in order to have a better
comprehension of the movements of gelatinous zooplankton across
environments.
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