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Abstract Most knowledge on the feeding ecology of fish has been based on the analyses of
food remains from the alimentary tracks. This traditional method, however, only provides in-
formation about recently consumed food, and is burdened with a risk of incorrect assessment
of the role of individual diet components due to the different rates of digestion. A method free
from such limitations is the analysis of fatty acids. The objective of our study was to recognise
the potential of fatty acid signatures in providing information on the diet and feeding habits
of six fish species from the shallow brackish Vistula Lagoon, southern Baltic Sea (Anguilla an-
guilla, Abramis brama, Rutilus rutilus, Pelecus cultratus, Perca fluviatilis, Sander lucioperca).
Multivariate statistical analyses of fatty acid signatures permitted relevant grouping of the fish
according to species and their diet, as well as evidenced substantial ontogenetic changes in
perch, roach, and bream. They might be caused by dietary changes but can also result from
internal regulatory processes. The obtained results confirmed that fatty acids provide useful,
time-integrated dietary information, contributing to expanding knowledge regarding the feed-
ing ecology of fish in shallow coastal water ecosystems. They also pointed to the necessity of
assessment of the invertebrates and fish’s ability to perform endogenous synthesis of polyun-
saturated fatty acids, particularly in research on benthic communities. To our best knowledge,
this is the first attempt to investigate the feeding habits of fish and food-web relationships in
the coastal waters of the Baltic Sea using fatty acids.
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mentary tracks (Amundsen and Sanchez-Hernandez, 2019;
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Hyslop, 1980). This traditional method provides essential in-
formation to understand the biology of fish species and their
ecological role in the aquatic system, important in planning
and implementing appropriate measures to protect biota
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and ecosystems. Although stomach content analysis prevails
as the basic source of information on the diet and feeding
habits of fish, it has some considerable limitations. Firstly,
such an approach provides information only about recently
consumed food items, and single estimates may not give an
accurate picture of the diet from a longer perspective. Sec-
ondly, stomachs may be empty at the time of capture or via
regurgitation (Arrington et al., 2002; Sutton et al., 2004).
Moreover, due to differential rates of digestion of differ-
ent types of prey, it tends to overestimate prey with long-
retained hard parts, and underestimate easily digestible
food (Baker et al., 2014; Buckland et al., 2017; dos Santos
and Jobling, 1991).

In aquatic food webs, trophic relationships are in-
creasingly frequently investigated through the analysis of
fatty acid signatures of organisms (Czesny et al., 2011;
Legezynska et al., 2014; Thiemann et al., 2008), because it
provides a time-integrated depiction of a consumer’s diet
(Elsdon, 2010; Kirsch et al., 1998). It should be empha-
sised that in ecological studies, other biochemical tech-
niques have also continued to develop to complement stom-
ach content analysis (Nielsen et al., 2018). Considerable
progress in feeding ecology also occurred owing to the in-
tegration of research concerning fatty acids and stable iso-
topes (Futia et al., 2021; Kelly and Scheibling, 2012). Fatty
acids are compounds of lipids that occur in every body
cell. Most of them, particularly polyunsaturated fatty acids
(PUFA), have important physiological roles in the proper
functioning of the organism, affecting its growth, repro-
duction, and survival (Parrish, 2009; Tocher, 2003). Most
animals are not able to synthesize PUFA de novo at all,
apart from elongating and desaturating them, but the rate
of such conversion is very variable, and generally cannot
meet the physiological requirements (Bell and Tocher, 2009;
Tocher, 2003, 2010). Animals must therefore obtain PUFA
primarily through diet.

The application of fatty acids trophic markers (FATM)
in research on food-web relations is based on the as-
sumption that particular species of prey have unique and
identifiable fatty acid signatures that become incorpo-
rated into the consumer adipose tissue with little mod-
ification and in a predictable way (Budge et al., 2006;
Dalsgaard et al., 2003). Such conclusions were primarily
drawn based on research on the marine environment. Nev-
ertheless, fatty acid analyses also proved useful in inves-
tigating the feeding habits of organisms in the freshwater
environment, delineating spatial and temporal differences
in diets both within and between species, and elucidat-
ing food web structure (Czesny et al., 2011; Kakela et al.,
2005; Thiemann et al., 2008). Moreover, this method is par-
ticularly promising due to the possibility of estimating the
relative contributions of prey species in the diets of indi-
vidual predators based on quantitative fatty acid signature
analysis (QFASA). It has been applied in the investigation of
the diet of seabirds and marine mammals (lverson et al.,
2004, 2007), and recently also fish (Happel et al., 2016a).
It should be emphasised that although fatty acid compo-
sitions in consumers are undeniably influenced by diet,
they can also be affected by other factors. According
to the latest research, more species than previously be-
lieved are capable of modifying their dietary fatty acids
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or even synthesising new fatty acids that had been con-
sidered to belong to essential fatty acids (Kabeya et al.,
2018; Monroig and Kabeya, 2018). Furthermore, it has
been proven that in addition to biosynthetic capacities,
differences in the fatty acid composition may also vary
with other intrinsic factors such as phylogeny and devel-
opmental and reproductive stages (Gladyshev et al., 2018;
Maazouzi et al., 2011; Scharnweber et al., 2021; Szlinder-
Richert et al., 2010). According to Chaguaceda et al. (2020),
internal regulatory processes, associated with changes in
physiological demands for PUFA over ontogeny, have sim-
ilarly important effects on the fatty acid composition of
fish as the diet. Research has also documented the ef-
fect of environmental conditions on the fatty acid compo-
sition in aquatic ecosystems (Galloway and Winder, 2015;
Janer et al., 2007; Merad et al., 2018). Therefore,
even though the importance of FATM has been demon-
strated in numerous studies involving consumers from
all trophic levels, including invertebrates, fish, birds,
and mammals (Kakela et al., 2005; Legezynska et al.,
2014; Stowasser et al., 2009; Thiemann et al., 2008),
the issue in the context of recent knowledge ap-
pears to be more complicated than was previously
assumed.

The Baltic Sea, the largest brackish water body in the
world, is becoming increasingly affected by climate change
and anthropogenic pressures and all these stressors can lead
to changes in the structure and functions of the ecosys-
tem. The Baltic food web, from plankton communities via
fish stocks to top predator populations, has undergone large
changes during the few last decades (Casini et al., 2009;
Mollmann et al., 2008, 2009; Wasmund and Uhlig, 2003). The
increased pressure of many factors adversely affecting the
quality of the environment and basic ecological processes
particularly accumulates in estuarine and coastal environ-
ments (Airoldi and Beck, 2007; Collie et al., 2008). Like all
over the world, also in the Baltic Sea, coastal waters play
a crucial role in maintaining biodiversity in marine systems
(Kraufvelin et al., 2018). However, the understanding of the
structure and functioning of food webs in coastal waters
such as estuaries and lagoons is a challenge because they
are very productive and dynamic ecosystems (McLuscy and
Elliott, 2004).

The Vistula Lagoon is a coastal water body typical
of the southern non-tidal Baltic Sea, where the struc-
ture of biocoenoses and ecological processes, including
top-down regulations, are primarily determined by salinity
(Kornijow, 2018). It provides a habitat for fish across vari-
ous life stages, including spawning, juvenile development,
feeding, and migration (Psuty and Wilkonska, 2009). It is
one of the largest coastal lagoons in Europe which has been
included in the NATURA 2000 protection program under the
EU Habitats Directive and placed on the list of Baltic Sea
Protection Areas. This study investigates the usefulness of
fatty acid analysis in providing information on the diet and
feeding habits of ichthyofauna in the Vistula Lagoon. Six fish
species were selected due to their high abundance and im-
portance in local fisheries, as well as their different feeding
habits (omnivory, zooplanktivory, benthivory and piscivory).
Special emphasis was placed on detailed fatty acid compo-
sition analysis to elucidate inter- and intraspecies differ-
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ences, and reveal food sources and feeding behaviour dis-
cussed in the context of current knowledge of feeding ecol-

ogy.

2. Material and methods
2.1. Study area

The study was carried out in the Vistula Lagoon, a large
semi-enclosed shallow water body (area 838 km?, mean
depth 2.5 m, max. depth 5.2 m). The lagoon is separated
from the Baltic Sea by the Vistula Spit. The inflow of sea-
water is possible only through the Baltiysk Strait, con-
tributing to uneven salinity along the basin (0.5—7.0 PSU).
The area is influenced by both maritime and continen-
tal climates. The lagoon is very productive, with ad-
vanced eutrophic processes. The concentrations of total
nitrogen and phosphorus in the water are high, reaching
1.1—4.4 mg dm~3 and 0.06—0.19 mg dm~3, respectively.
The low water transparency usually oscillates around 40 cm
(Kownacka et al. 2020; Nawrocka and Kobos, 2011). Despite
highly advanced eutrophication and the accumulation of or-
ganic matter in the sediments, water oxygenation is high,
even in winter under long-lasting ice cover (Glazunova and
Polunina, 2013, Kornijow et al., 2020).

The near-shore littoral zone is primarily occupied by
an intermittent belt of reed Phragmites australis (Cav.).
In deeper waters, down to approximately 2 m, scattered
patches of perfoliate pondweed Potamogeton perfoliatus
L. and sago pondweed Stuckenia pectinata (L.) Borner oc-
cur (Kornijow, 2018; Pawlikowski and Kornijow, 2019). The
phytoplankton of the lagoon is dominated by cyanobacte-
ria, slightly more abundant in the middle than in the west-
ern basin. In the latter, a higher contribution is reached by
diatoms and green algae (Kownacka et al., 2020). The zoo-
plankton is dominated by Cladocera in the western, and
Copepoda in the middle basin. Cladocera include numer-
ous filtrators, as well as predatory Leptodora kindtii. Ro-
tifera are relatively more abundant in the western basin
(Paturej and Gutkowska, 2015; Paturej et al., 2017). Due
to the brackish water conditions, the zoobenthos lacks many
freshwater taxa, e.g. insects (Odonata, Ephemeroptera, Tri-
choptera) and gastropods. In terms of density, macroinver-
tebrates are dominated by detritivorous Tubificinae and lar-
vae of Chironomidae. In the biomass, two alien species pre-
vail, namely a bivalve clam Rangia cuneata and a polychaete
Marenzelleria sp. (Kornijow, 2018). The ichthyofauna is
mostly composed of freshwater species (Kornijow, 2018;
Psuty and Wilkonska 2009). Marine fish such as flounder
(Platichthys flesus), turbot (Scophthalmus maximus), and
Atlantic herring (Clupea harengus) occur in the lagoon only
periodically. Non-piscivores (except for periodically occur-
ring herring) are dominated by ruffe (Gymnocephalus cer-
nua), roach (Rutilus rutilus), bleak (Alburnus alburnus),
European smelt (Osmerus operlanus), and silver bream
(Blicca bjoerkna). Piscivores are dominated by pikeperch
and perch.
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2.2. Sampling and laboratory analyses

Specimens of several most frequently fished fish species,
such as sichel (Pelecus cultratus), pikeperch (Sander luciop-
erca), European perch (Perca fluviatilis), European eel (An-
guilla anguilla), bream (Abramis brama), and roach (Rutilus
rutilus), were collected from May to June 2016 from the Pol-
ish part of the Vistula Lagoon. The fish were measured (wet
mass and total length) and frozen immediately after collec-
tion. Before analysis, they were filleted and skinned. Then,
the muscle tissue from each individual was homogenised and
freeze-dried.

Fatty acids were analysed in the total lipid
fraction. Lipids were extracted with a mixture of
dichloromethane:methanol (2:1 v/v), according to the
procedure by Folch et al. (1957). The dichloromethane
phase containing total lipids was collected and reduced
to dryness under a stream of nitrogen. Fatty acid methyl
esters (FAME) were prepared following the methods by
Usydus et al. (2011). Briefly, 0.1 g of the extracted lipid was
dissolved in 1.6 ml of 2 M methanolic potassium hydroxide
solution, and shaken vigorously. The solution was heated,
and after its cooling, 3.2 ml of 4% methanolic solution of
hydrochloric acid was added. The samples were reheated.
After their cooling, 1.6 ml of isooctane was added. Then
the solution was vortexed and adjusted to a volume of
10 ml with a saturated solution of sodium chloride. An-
hydrous sodium sulphate was added to dry the extracts.
The resultant solution of FAME on the top layer was diluted
with methanol in a proportion of 1:4 v/v, and was subject
to final determination. FAME were determined using gas
chromatography equipped with a flame ionisation detector
(GC-FID). The column used was a Restek Rt-2560 (100 m
x 0.25 mm x 0.2 um film thickness). The chromatography
conditions were as follows: split injection; split ratio —
100:1; injection volume — 2 um; carrier gas flowing at
1.1 ml min~" — helium; injector port temperature — 250°C;
FID temperature — 260°C; oven temperature — initial
oven temperature 140°C held for 2 min, then increased
to 225°C at a rate of 2°C min~'" and held for 10 min,
followed by an increase to 240°C at a rate of 40°C min~"
and held for 10 min. The instrumental analytical precision
was determined by 5 replicate injections of the standard,
which gave coefficients of variation in the response value
in the range of 0.2—2.1%. The identity of several FAME
was confirmed by gas chromatography-mass spectrometry
(GC-MS). The same column and temperature programme
as described above were used. The interface to the mass
analyzer was maintained at 240°C, and the mass analyzer
used a 70-eV ionization potential, and scanned over a mass
range of 50—500 m/z. The individual FAME were identified
by comparison of retention times with PUFA1, PUFA3,
and a 37-component FAME mixture supplied by Supelco,
and confirmed by comparing our mass spectrum with that
from the American Oil Chemists’ Society Lipid Library
(http://lipidhome.co.uk/ms/masspec.html). Results for
each FAME were presented in relative units, as percentages
of total fatty acids, throughout the paper. The fatty acids
were grouped into saturated fatty acids (SFA), monounsat-
urated fatty acids (MUFA), and polyunsaturated fatty acids
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(PUFA). The latter were further divided into sums of n-3
PUFA and n-6 PUFA.

2.3. Statistical analysis

We detected a total of 37 fatty acids in fish tissue, but
fatty acids that did not exceed 0.5% of total fatty acid
in at least one fish sample were excluded from all statis-
tical analyses. The remaining ones were re-calculated to
100%. To explore overall patterns in fatty acid data, we
performed multivariate analyses. Multidimensional scaling
(MDS) analysis seeks to capture compositional similarities
in the fewest dimensional space. We used MDS to illustrate
the relations between particular specimens of the stud-
ied species. Principal Component Analysis (PCA) was per-
formed to identify fatty acids that contributed the most
to the observed inter-and intraspecies differences. Prin-
cipal components (PC) were extracted based on eigen-
values greater than 1. Variables with a loading factor of
>0.6 were considered significant. The relationships be-
tween fish length and fatty acids were examined by means
of the Spearman rank correlation test. Statistical analyses
were performed using the Statistica software version 10.0
(StatSoft, 2011).

3. Results

The analysis involved twenty-one fatty acids quantified in
all species with a percentage in the sum of all identified
fatty acids greater than 0.5%. The selected fatty acids con-
stituted 97.9% to 99.5% (average 98.8%) of the total of
all detected fatty acids. The summary information for the
tested samples and fatty acids is presented in Table 1. For
most of the studied species, a higher proportion of PUFA
than that of MUFA and SFA was generally observed, except
for bream and European eel in which MUFA predominated
(Table 1). The percentages of PUFA in the tested species
varied from 19.5% in eel to more than 50% in perch and
pikeperch, while the percentage of MUFA ranged from 13.9%
in perch to 52.8% in eel. SFA contents were comparable in all
the studied species, and were within a fairly narrow range
from 22.8% to 29.2%. Another common feature shown for all
the studied species was a significant predominance of fatty
acids from the n-3 PUFA family (15.0-51.3% of total fatty
acids) over fatty acids from the n-6 PUFA family (4.5—10.1%
of total fatty acids). The average value of the n-3/n-6 PUFA
ratio differed between the species, and reached from 2.2
in bream to 5.4 in perch. The value was broadly variable
within fish. It ranged 3.0-9.0, 1.0-6.2, 0.4—4.3, 2.5-5.9,
and 3.1—4.8 in pikeperch and perch, roach, bream, eel and
sichel, respectively.

3.1. Interspecies variation in fatty acid
compositions

The studied species differed in terms of the highest abun-
dance of particular fatty acids. In perch and pikeperch,
docosahexaenoic acid (22:6n-3, DHA) reached the highest
percentage. In contrast, the fatty acid signatures in eel,
bream, and sichel were dominated by 18:1n-9, while in
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the lipid of roach, 16:0 predominated. The analysis of the
data from Table 1 evidently shows that the most apparent
differences found between the studied species were the
mean percentages of the following six out of 21 quanti-
fied fatty acids: 16:0 (15.6—20.4%), 16:1 (3.8—9.8%), 18:1n-
9 (6.0—37.2%), arachidonic acid (20:4n-6, ARA) (1.5-7.3%),
eicosapentaenoic acid (20:5n-3, EPA) (2.9-9.3%) and DHA
(4.2—35.0%).

MDS analysis permitted illustrating the relationship be-
tween the studied fish based on their fatty acid signatures
(Figure 1). The samples were grouped by species in the
diagram. Samples representing perch and pikeperch, eel,
and sichel evidently formed compact clusters, relatively dis-
tant from each other, while samples representing roach and
bream formed a common group, quite extended in the di-
agram, suggesting greater intraspecific variability for these
two latter species. The position of the groups correspond-
ing to each species in the diagram can be to some extent
explained by the type of their diet. Samples representing
two piscivorous species, namely perch and pikeperch, were
located on the left side of the diagram in close proximity to
each other, and could be distinguished from other species
by negative values on the MDS1 axis, while most samples
of the other species showed positive values on the MDS1
axis. Roach and bream, whose dietary composition is very
diverse and includes both benthic and pelagic prey, com-
monly formed a large cluster stretching from the middle
to the right part of the diagram. Samples that formed that
cluster exhibited values on the MDS2 axis ranging from -0.9
to +2.5. Samples of zooplanktivorous/facultative piscivo-
rous sichel were located close to roach and bream, while
samples of opportunistic carnivorous species — eel were rel-
atively distant from the other studied species, and char-
acterised by the lowest values on the MDS2 axis. It is also
worth emphasising that although in Figure 1 pikeperch and
perch form a single cluster evidently separated from the
remaining species, the MDS2 axis to a certain extent sep-
arates specimens of both species in terms of their length.
Pikeperch with a body length from 31 cm to 50 cm reached
higher values on the MDS2 axis (from 0.3 to 0.9) than 2 spec-
imens of pikeperch with a body length of 53 cm and 56 cm
(from —0.5 to —0.1). In the case of perch, all specimens
with a body length below 27 cm were characterised by low
values on the MDS2 axis (from —0.5 to 0.4), whereas the
largest specimens of perch (>27 cm) showed positive and
negative values on the MDS2 axis.

The principal component analysis (PCA) was used to iden-
tify fatty acids that contributed the most to the observed
differences between the studied fish species (Figure 2).
Overall, this PCA explained 85.6% of total variability using 5
principal components. The first principal component (PC1)
explained 44.4% of the total variance. This PC was strongly
negatively correlated with ARA, EPA, and DHA, and strongly
positively correlated with 14:0, 16:1, 18:1n-9. On the one
hand, this factor distinguished pikeperch and perch among
the studied species due to the high percentage of ARA, EPA,
and DHA in their tissues. On the other hand, a high percent-
age of 14:0 and monounsaturated fatty acids were a char-
acteristic feature of eel. The second principal component
(PC2) accounted for 16.7% of the total variance, and was
negatively associated with the majority of SFA, particularly
16:0, 18:0, and 20:0. Samples representing bream, roach
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Table 1 Morphological characteristics (mean, min-max) and fatty acid composition (mean+SD) in fish from the Vistula La-
goon.

sichel pikeperch perch bream roach eel

Pelecus Sander lucioperca Perca Abramis brama  Rutilus rutilus  Anguilla

cultratus fluviatilis anguilla
n 31 16 38 53 34 12
length [cm] 35.4 40.9 22.6 30.2 22.7 58.0

30.5—42.0 31.0-56.0 16.5—-31.0 13.0—49.5 15.0—31.0 56.0—60.0
mass [g] 263.6 606.3 154.0 444.5 156.5 342.6

163.3—440.5 250.0—1433.5 51.5—329.4 25.9—-1521.4 36.7—431.3 284.9—398.5
fatty acid [%]
14:0 1.78+0.28 1.144+0.14 1.09+0.24 2.17+0.48 1.90+0.50 3.91+0.29
15:0 0.33+0.04 0.43+0.05 0.37+0.06 0.46+0.09 0.54+0.14 0.36+0.06
16:0 15.55+0.68 20.01+1.47 18.44+2.27 20.43+3.98 19.83+2.30 18.45+0.69
17:0 0.67+0.07 0.81+0.14 0.64+0.13 0.82+0.15 0.90+0.20 0.58+0.11
18:0 4.42+0.48 6.15+0.97 4.34+0.58 5.33+1.27 4.71+0.60 4.22+0.29
20:0 0.19+0.02 0.24+0.08 0.19+0.05 0.27+0.08 0.20+0.04 0.14+0.02
SFA 22.76+0.93 28.54+1.84 24.89+2.82 29.2245.18 27.87+3.10 27.52 +0.86
16:1 8.58+1.48 4.58+0.77 3.80+1.35 9.81+2.24 9.40+2.76 9.26+0.61
18:1n-9 21.01+2.58 7.39+0.84 6.03+1.50 23.50+4.74 16.92+4.36 37.17+1.41
18:1n-7 5.50=+0.41 4.01+0.50 3.28+0.61 5.17+0.72 4.95+0.96 4.37+0.22
20:1n-11 0.27+0.11 0.14+0.05 0.09+0.05 1.12+0.72 1.06+0.64 0.65+0.37
20:1n-9 1.57+0.15 0.40+0.05 0.40+0.10 0.93+0.31 1.12+0.27 1.27+0.27
24:1 0.14+0.02 0.40+0.07 0.29+0.11 0.13+0.11 0.11+0.04 0.07+0.02
MUFA 37.06+3.89 16.93+1.46 13.89+3.40 40.66+7.06 33.57+7.71 52.80+1.34
18:2n-6 (LA) 2.83+0.54 2.02+0.31 2.04+0.68 4.03+1.29 3.23+£1.72 2.25+0.72
18:3n-3 (ALA) 1.62+0.21 1.17+0.14 0.98+0.22 2.38+0.66 2.70+0.84 1.83+0.20
20:2n-6 0.85+0.15 0.50+0.10 0.39+0.07 1.08+0.26 0.95+0.16 0.60+0.19
20:3n-6 0.26+0.04 0.24+0.07 0.20+0.04 0.43+0.13 0.41+0.09 0.22+0.02
20:3n-3 0.55+0.07 0.35+0.07 0.27+0.04 0.60+0.19 0.54+0.13 0.43+0.07
20:4n-6 (ARA)  3.99+0.64 7.34+1.54 7.16+1.00 3.77+1.67 4.45+1.17 1.45+0.26
20:5n-3 (EPA) 6.97+0.65 8.35+0.61 9.32+0.99 5.03+2.14 5.72+1.43 2.86+0.62
22:5n-3 4.124+0.41 6.37+1.08 5.72+1.48 3.79+1.65 5.10£1.13 5.68+0.99
22:6n-3 (DHA)  18.78+2.62 27.94+3.27 34.96+6.12 8.74+5.07 15.27+8.28 4.23+1.12
PUFA 39.99+3.49 54.29+2.35 61.03+6.05 29.85+9.73 38.36+9.88 19.54+1.60
n-3 PUFA 32.05+3.04 44.18+3.10 51.25+6.84 20.54+8.44 29.3249.56 15.02+1.63
n-6 PUFA 7.94+0.88 10.11£1.74 9.78+1.48 9.31+2.07 9.04+1.58 4.52+0.73

SFA — Saturated fatty acids; MUFA — Monounsaturated fatty acids; PUFA — Polyunsaturated fatty acids; LA — Linoleic acid; ALA —
a-linolenic acid; ARA — Arachidonic acid; EPA — Eicosapentaenoic acid; DHA — Docosahexaenoic acid.

and perch adopted wide ranges of scores. The next princi-
pal component (PC3) (13.4% of total variance) had high pos-
itive factor loadings for 15:0 and 17:0 among SFA, 20:1 n-11
among MUFA, and «-linolenic acid (18:3n-3, ALA), 20:2n-6
and 20:3n-6 among PUFA. Roach and bream were grouped
together in this ordination. The fourth principal component
(PC4) accounted for 6.3% of the total variance, and linoleic
acid (18:2n-6, LA) had the largest effect on that PC. The
last principal component (PC5), explaining 4.8% of the total
variance, was marked by high loading on 20:1n-9. The last
two principal components distinguished mainly bream and
sichel, respectively.

Very wide ranges of scores obtained for some princi-
pal components suggest high intra-species variability of the
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fatty acid composition in certain cases (Figure 2). Due
to this, separate PCA analyses were performed for each
species to investigate the intraspecific variability in more
detail.

3.2. Intra-species variation in fatty acid
compositions

The PCA conducted for each species separately indicated
differences in fatty acid signatures between different size
classes of perch, bream, and roach (Figure 3). For perch, the
first two components explained 56.0% of the total variance,
whereas the first component explained 41.6% of the total
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Multidimensional scaling (MDS) plot for all studied fish species. The analysis was based on 21 fatty acids with a percent-

age higher than 0.5%. The data were standardised to equal 100% prior to analysis. Each point represents an individual fish.

variance. PCA analysis (Figure 3A) confirmed the conclusions
previously drawn in the interpretation of the MDS analy-
sis. The samples, represented by smallest size class perch
(16.5—19 cm), reached high positive values on the PC2 axis,
whereas the samples representing perch in the medium size
class (21—26 cm) largely showed negative values on the
PC2 axis. The PC2 axis was positively correlated with 20:0,
and negatively correlated with 20:1n-11. All these samples
(small- and medium-size classes) also showed negative val-
ues on the PC1 axis which was strongly negatively correlated
with DHA, and strongly positively correlated particularly
with 16:0, 18:1n-9, and 18:1n-7. Furthermore, PC 1 sepa-
rated the largest specimens (>27 cm) into two groups. The
analysis of individual fatty acids for their relationship with
perch length indicated a statistically significant relationship
between these variables (p<0.05, 0.46<Rs<0.71). With an
increase in body length, the percentage of EPA and DHA in
the muscle tissue decreased, and the percentage of 16:0,
16:1, 18:1n-9, 18:1n-7, 20:1n-9, and 18:2n-6 increased.
According to PCA analyses, the largest size classes of
bream and roach were closely grouped, while the varia-
tion was high for specimens measuring less than 24 cm
(Figure 3B,C). For bream, the first (PC1) and second prin-
cipal components (PC2) explained 37.7 and 26.3% of the
total variance, respectively (Figure 3B). The samples rep-
resented by bream with a body length of more than 24 cm
largely showed negative values on the PC1 axis which had
high negative factor loadings primarily for EPA and 22:5n-
3, and high positive factor loadings for 16:0, 18:0, 20:0,
and 24:1. Specimens smaller than 24 cm formed two groups
that showed both positive and negative values on the PC1
and PC2 axis. PC2 was strongly positively correlated with
ARA, and strongly negatively correlated with 14:0, 15:0,
and 16:1. For bream, the statistically significant correla-
tion between individual fatty acids and fish length was indi-
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cated (p<0.05, 0.44<Rs<0.82). With an increase in length
in bream, the percentage of 15:0, 20:1n-11, 18:3n-3, 20:2n-
6, 20:3n-3 and EPA increased, and the percentage of 16:0,
18:0, 20:0, and 24:1 decreased.

For roach, the PC1 axis accounted for 34.3% of the
total variance, and showed a strong negative correlation
with PUFA, mainly DHA and EPA, while SFA and MUFA were
positively correlated with PC1. PC2 (22.3% of total vari-
ance) was strongly positively correlated with 20:1n-11 and
22:5n-3, and negatively correlated with 18:2n-6. Moreover,
15:0, 17:0, 18:1n-7, 20:1n-11, and 18:3n-3 were positively
correlated with both PC1 and PC2. Roach from different
size classes were separated as presented in Figure 3C.
Furthermore, in roach, like in bream, a positive length-
related trend with 15:0, 20:1n-11, and 18:3n-3 was ob-
served (p<0.05, 0.35<Rs<0.69). In roach, a similar posi-
tive relationship was also found for 18:1n-7 and 20:1n-9,
while for 18:2n-6, a negative length-related trend was found
(p<0.05, 0.49< Rs<0.65).

4. Discussion

Our study demonstrated that the majority of the inves-
tigated fish species could be distinguished by their fatty
acid signatures. The applied multivariate analyses permit-
ted grouping of the studied fish samples according to their
fatty acid signatures into four clusters (Figure 1). Based on
the current knowledge of the ecology of the studied species,
the obtained pattern can be largely explained by the diet
characteristic of particular species. A deeper analysis of
the data additionally allows for the identification of fac-
tors other than the diet that may affect fatty acids com-
position in fish. As shown in Figure 1, cluster 1 collected
samples representing two predatory species of the Percidae
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family: perch and pikeperch. Samples representing species
from the Cyprinidae family formed two closely located clus-
ters, cluster 2 (bream and roach) and cluster 3 (sichel),
while cluster 4 covered samples representing individuals of
European eel. The differences in fatty acid signatures be-
tween the studied species are largely attributable to dif-
ferences in DHA, EPA, ARA, and 18:1n-9. Samples forming
cluster 1 were characterised by high proportions of DHA,
EPA, and ARA. Samples involved in clusters 2 and 3 were in
turn characterised by a much lower content of those fatty
acids, but also by a distinctly higher proportion of 18:1n-
9 in comparison to predatory species. Samples from clus-
ter 4 had the lowest proportion of DHA, EPA, and ARA among
all analysed samples, and the highest proportion of 18:1n-9
and 14:0.

The feeding ecology of pikeperch and perch assighed
to cluster 1 in the current study are well known
(Demchuk et al., 2021, Hansson et al., 1997; Hjelm et al.,
2000; Lehtonen et al., 1996; Mustamaki et al., 2014).
Pikeperch can be classified as an obligatory piscivorous,
while perch is considered as an omnivorous predator.
Pikeperch usually becomes piscivorous during the first year
of life, while perch undergoes ontogenetic diet shifts from
feeding on zooplankton, through benthic invertebrates, to
the piscivory phase. DHA, EPA, and ARA occurring in the lipid
of their muscle tissue in a significant proportion belong to
highly unsaturated fatty acids (HUFA) with high nutritional
value and high potential to affect consumer fitness through
their impact on many vital processes (Tocher, 2003). Dietary
deficiencies of these fatty acids can have serious conse-
quences, including inhibited growth, limited ability to re-
produce, and increased incidences of disease and metabolic
disorders. Probably due to the physiological importance of
these compounds, they are retained in aquatic food webs
and are effectively transferred to higher trophic levels
(Gladyshev et al., 2011; Koussoroplis et al., 2011; Lau et al.,
2012; Strandberg et al., 2015). According to the current
knowledge, DHA is selectively and highly accumulated over
other PUFA in fish. Investigating the retention of PUFA in
different fish taxa from streams, Guo et al. (2017) indi-
cated that Perciformes had higher proportions of DHA, EPA,
and ARA than fish from the Cyprinidae family, but signifi-
cant differences were only found in DHA. A similar result
was obtained for fish from the Vistula Lagoon in the cur-
rent study. Sushchik et al. (2017) also confirmed a higher
proportion of DHA in piscivorous fish, including perch and
pike, in comparison to Cyprinidae (roach and bream). The
cited study also evidenced, however, that the percent-
age of EPA in Cyprinidae can be higher than in Percidae,
as was the case for fish from the Krasnoyarsk Reservoir
(Siberia, Russia).

The differences in fatty acid signatures between perch
below and above 27 cm length indicated in the current
study are intriguing. This result suggests that in the Vis-
tula Lagoon, perch start feeding on similar prey (fish) as
pikeperch only after reaching 27 cm body length. Our results
also suggest that even after reaching a certain size thresh-
old that predisposes perch to piscivory, it may still feed on
invertebrates. This is suggested by the dispersal of perch
samples larger than 27 cm observed in the MDS and PCA
analyses (Figures 1, 3A). A similar conclusion was drawn by
Mustamaki et al. (2014). According to the authors, irrespec-
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tive of its size, perch feeds both on fish and invertebrates in
the northern Baltic Proper. The PCA analysis also revealed
high variability of fatty acid signatures in perch from dif-
ferent size classes (Figure 3A). Perch individuals included
in the current study showed a significant variation in body
length (16.5—31.0 cm). Individuals of small and medium size
classes generally showed a higher percentage of n-3 PUFA,
particularly DHA, and a lower percentage of SFA (i.e. 16:0)
and MUFA (i.e. 16:1, 18:1-9, 18:1n-7) than the largest size
class. Medium-sized perch had higher proportions of 20:1n-
11 and 22:5n-3 than the remaining individuals. Although the
determination of perch’s detailed diet based on the anal-
ysis of fatty acid signatures is difficult due to the lack of
fatty acid signatures of putative prey species, certain con-
clusions can be drawn. The results suggest that perch be-
come piscivorous after reaching a body size of 27 cm, and
below that size feds on various invertebrates. According to
Chaguaceda et al. (2020), piscivorous perch in comparison
to planktivorous and benthivorous ones is characterised by
higher proportions of 16:1 and 18:1n-9, and a lower propor-
tion of EPA. In our study, the piscivory of perch was addi-
tionally confirmed by the MSD analysis in which perch with
high proportions of 16:1 and 18:1n-9, and a low proportion
of EPA was identified together with pikeperch (Figure 1).
The literature (Czesny et al., 2011; Happel et al., 2015;
Kornijow et al., 2016; Lau et al. 2012; Makhutova et al.,
2011) and our results suggest that the small-size class
of perch relies more on pelagic crustaceans, while the
medium-size class, first of all, depends on benthic in-
vertebrates. The difference between perch of small- and
medium-size classes was primarily driven by differences in
proportions of 20:1n-11, DHA and EPA ((Figure 3A). EPA and
DHA are commonly found to be prevalent in pelagic sources,
while 20:1n-11 is frequently detected only in oligochaetes
and bivalves, typical benthic invertebrates (Kornijow et al.,
2021; Lau et al. 2012; Makhutova et al., 2011). Medium-
sized perch also showed a higher proportion of 16:1, and
lower proportions of n-3 PUFA in comparison to the smallest
perch, which additionally supports the thesis on the influ-
ence of benthic feeding (Czesny et al., 2011; Happel et al.,
2015).

On the other hand, according to Chaguaceda et al.
(2020), in perch, the diet explains only a limited part of
fatty acid variability. Equally important are internal regu-
latory processes. A decrease in the proportion of EPA and
DHA, and an increase in MUFA in the muscle tissue dur-
ing fish growth were also reported for other fish species,
and are probably related to changes in the energy require-
ments throughout the life cycle (Maazouzi et al., 2011;
Makhutova and Stoyanov, 2021; Tocher, 2010). Another fac-
tor that may be responsible for changes in fatty acid pro-
files is the ability of some species to biosynthesise HUFA
through bioconversion. In fish, like in all vertebrates, C18
PUFA such as ALA and LA cannot be synthesised de novo and
must come from the diet. However, some fish species can
convert dietary ALA and LA to their biologically active long-
chain derivatives, including n-3 EPA and DHA, and n-6 ARA.
The ability of fish to elongate and desaturate C18 precur-
sors varies greatly between species, and has been assumed
to be habitat- and trophic level dependent (Tocher, 2003;
Trushenski and Rombenso, 2020). It is generally accepted
that most marine fishes and many carnivorous fishes are not
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capable of such biochemical conversion at a physiologically
significant rate. In contrast, freshwater fish, mainly herbiv-
orous and omnivorous, are capable of meeting the physio-
logical demand for HUFA through such biosynthetic capac-
ity. Nevertheless, knowledge of the bioconversion capabil-
ities in fish is still limited, particularly for wild fish, and
therefore further research is required. The latest study on
perch from the natural environment showed that EPA levels
in the muscle tissue corresponded with those in consumed
resources, but a mismatch was recorded between ARA and
DHA proportions in the consumer muscle tissue compared
to their resources in the diet (Scharnweber et al., 2021).
Sawyer et al. (2016) showed, based on the mass-balance
model, that in the case of yellow perch (Perca flavescens),
the main source of EPA and ARA was diet, while DHA came
primarily from bioconversion. Henrotte et al. (2011) demon-
strated that Eurasian perch was able to elongate and desat-
urate ALA into DHA but showed a rather limited capacity
for the elongation of LA to ARA. Moreover, they indicated
the dependency of bioconversion efficiency on ontogeny. To
sum up, the current study does not unequivocally point to
specific factors responsible for the observed change in fatty
acid profiles in perch. However, they suggest that in certain
species, EPA is a better indicator of diet than DHA.

As previously mentioned, fish from the Cyprinidae fam-
ily, namely sichel, bream, and roach were characterised by
significantly lower proportions of DHA, EPA, and ARA, and a
higher proportion of 18:1n-9 than predatory species. Addi-
tionally, sichel had the highest percentage of 20:1n-9 among
the studied fish species, and a lower percentage of 16:0
and 20:1n-11 compared to bream and roach. Higher con-
tent of 20: 1n-9 in Cyprynidae indicates zooplankton in their
diet, since monounsaturated fatty acids with 20 and 22 car-
bon atoms are particularly abundant specifically in Calanoid
copepods, and have been recommended as zooplankton
markers (Dalsgaard et al., 2003; Kelly and Scheibling, 2012).
Specifically herbivorous copepods are able to synthesise de
novo considerable amounts of 20:1n-9 and 22:1n-11 fatty
acids, which typically accumulate in wax esters as a long-
term energy reserve (Lee et al., 2006). In the case of the
tested species, the content of 22:1 did not exceed 0.2% of
total fatty acids, while 20:1n-9 showed relatively high con-
tent in sichel (1.1—1.8%). This result is in agreement with
some studies from the Baltic Sea region (Keinanen et al.,
2017; Lind et al., 2018), where a higher ratio of 20:1 to 22:1
was detected in other zooplanktivorous species such as her-
ring Clupea harengus membras and sprat Sprattus sprattus
which predominantly consumed small-sized copepods such
as Temora longicornis, Eurytemora affinis, and Acartia spp.
(Ojaveer et al., 2018). Our results are also consistent with
a previous study based on stomach content analysis which
classified sichel as a zooplanktivore/facultative piscivore
(Specziar and Rezsu, 2009; Stolarski, 1995). Total lengths
of sichel studied in the Vistula Lagoon ranged from 30.5 cm
to 42 cm. According to the literature, in the Vistula Lagoon
sichel larger than 20 cm starts to feed on fish and becomes
a facultative predator (Stolarski, 1995). Its prey is primarily
small pelagic fish such as smelt, as well as all juvenile fish,
which in turn rely on zooplankton. It is important to empha-
sise that zooplankton plays a key role in linking food webs,
serving as the main energy pathway from primary producers
to higher trophic level organisms. Copepods are the main
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component of zooplankton by biomass in the Vistula Lagoon,
with a distinct spring peak largely accounted for by Eury-
temora affinis (Dmitrieva and Semenova, 2012). This is of
particular importance for larval survival and subsequent re-
cruitment of fish because copepods have a high DHA content
compared to other crustacean zooplankton (Persson and
Vrede, 2006). Especially, larvae and juveniles require a large
amount of DHA for proper development and ultimately sur-
vival (Bell et al., 1995; Ishizaki et al., 2001; Mourente et al.,
1991).

Samples representing bream and roach formed one scat-
tered cluster (Fig. 1). This confirms the general opinion
that the diet of both species, feeding mainly on zooplank-
ton and macroinvertebrates is diverse and partly overlaps
(Lammens and Hoogenboezem, 1991; Nagelkerke and Sib-
bing, 1996; Specziar et al., 1997). Roach is considered one
of the most successful generalists, feeding on zooplank-
ton and macroinvertebrates, including molluscs and live or
dead plant material (Demchuk et al., 2021; Kornijow et al.,
2005; Specziar and Rezsu, 2009). Compared with roach,
bream is more dependent on the food of animal origin, with
a preference for soft-bodied macroinvertebrates buried in
sediments (Lammens et al., 1985; Nagelkerke and Sib-
bing, 1996). It is also worth emphasising that in the case
of both fish species from the Vistula Lagoon, the highest
variability of fatty acid signatures particularly concerned
specimens of small size classes (roach: 15—22 cm; bream:
13—23 cm; Figure 3B, C). The variation observed between
individuals of different size classes was primarily related
to the percentage of HUFA and 20:1n-11, 18:3n-3. The
proportion of 20:1n-11 and 18:3n-3 increased with an in-
crease in body length in both species. While for roach, the
proportion of 15:0, 17:0 and 18:1n-7, used as tracers for
the contribution of bacteria (Kelly and Scheibling, 2012),
also increased. This suggests that the diet of bream and
roach was rich in bivalves and/or oligochaetes, as previ-
ously 20:1n-11 has been detected only in these inverte-
brates (Makhutova et al., 2011). According to the literature,
molluscs are the most important constituent of the roach
diet (Specziar and Rezsu, 2009; Specziar et al., 1997). It is
related to the structure and functioning of their feeding sys-
tem. Molluscs have also been found in the digestive tracts
of bream, although it is believed that roach can switch to
feed on molluscs faster than bream (Nagelkerke and Sib-
bing, 1996; Prejs et al., 1990). The reason is that bream
is able to penetrate the sediment to a greater depth than
roach (Lammens et al., 1985; Persson and Bronmark, 2002),
and is, therefore, more efficient at feeding on benthic or-
ganisms associated with the sediments.

Although the analysis of fatty acid signatures in roach
and bream allows for tracing some shifts in their diet com-
position in relation to their size, it would be very dif-
ficult to precisely conclude the detailed composition of
their diet. As previously indicated, the use of FATM to
study benthic food web interactions is very complicated
(Kelly and Scheibling, 2012). Moreover, contrary to what
has been believed for decades, recent studies provide ev-
idence that not only primary producers but also a wide
range of invertebrates possess genes involved in the biosyn-
thetic pathways of PUFA, including de novo biosynthesis of
C18 PUFA (Kabeya et al., 2018; Monroig and Kabeya, 2018).
It has been recently confirmed that various aquatic inver-
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tebrates such as annelids as well as molluscs and arthro-
pods which dominate benthic habitats can produce PUFA
endogenously, which presents challenges when reconstruct-
ing dietary links. The bottom fauna of the Vistula Lagoon is
not abundant in terms of a number of species. The major
components of zoobenthos are larvae of Chironomidae and
Oligochaeta (Ezhova et al., 2005; Kornijow et al., 2021).
Over the last few decades, Marenzelleria sp., belonging to
the group of Polychaetes, has also been found in large num-
bers in the Vistula Lagoon (Zmudzinski, 1996). Nonetheless,
probably due to the ability of these invertebrates to bur-
row deep in the bottom sediments, they do not constitute
food available for benthivorous fish (Golubkov et al., 2021;
Zmudzinski, 1996). The most numerous taxa among molluscs
are bivalves, dominated by two alien species — Dreissena
polymorpha and Rangia cuneata (Kornijow, 2018). Fatty acid
data of Oligochaeta are scarce, whereas data regarding Chi-
ronomidae and Dreissena polymorpha are more abundant.
According to the literature, the main difference between
bivalves and Chironomidae and Oligochaeta is the fact that
the latter are almost devoid of DHA, whereas in bivalves it
occurs in considerably higher proportion (Budge et al., 2001;
Czesny et al., 2011; Makhutova et al., 2011). The presence
of 20:1n-11 is a characteristic feature of Oligochaeta and
bivalves while it is not recorded in Chironomidae. More-
over, in comparison to Chironomidae, Oligochaeta show a
lower percentage of 16:1, LA, ALA and EPA (Goedkoop et al.,
2000; Makhutova et al., 2011; Sushchik et al., 2006). It is
worth emphasising that, based on stomach content anal-
ysis, the importance of oligochaetes in fish diets is often
underestimated due to their high rate of digestion and
therefore frequently impossible identification of their re-
mains in the digestive contents (Bouguenec and Giani, 1989;
Wisniewski, 1978). Bivalves can be in turn overestimated
due to the resistance of their shell to the digestive pro-
cesses. This research, however, does not permit detailed
determination of the prey of roach and bream, because
probably the key importance lies in the ability to modify
fatty acids by these fish species (Galloway and Budge, 2020).
According to the literature, larvae and pupae of Chirono-
midae are an important component of the diet of ben-
thivorous and omnivorous fish (Filuk and Zmudzinski, 1965;
Kakareko, 2002; Kornijow et al., 2005; Kornijow et al.,
2016). It is however difficult to find an unequivocal con-
firmation of this fact in the fatty acid signatures of these
fishes. It is due to the fact that these insects are a scarce
source of DHA, but rich in C18 PUFA, whereas LA can serve
as a precursor for ARA, while ALA can serve as a precur-
sor for EPA and DHA (Bell and Tocher, 2009; Castro et al.,
2016; Monroig et al., 2018). Therefore, consistent with pre-
vious controlled dietary studies in species that have the
enzymatic capacity to synthesize HUFA from their precur-
sors, which is highly likely in fish of the Cyprinidae family,
their fatty acid composition may not directly reflect the diet
(Garrido et al., 2020; Happel et al., 2016b; Janaranjani and
Shu-Chien, 2020; Prigge et al., 2012). The absence of DHA
in Chironomidae, like in Oligochaeta, might have induced a
high conversion of dietary ALA to ensure sufficient DHA sup-
ply in roach and bream. It therefore cannot be excluded that
the process of endogenous synthesis of HUFA in the organ-
isms of individual studied fish species affects their fatty acid
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composition, especially when experiencing food resources
that are relatively poor in HUFA.

Samples representing eel from the Vistula Lagoon formed
a relatively compact group pointing to low variability within
the group of tested individuals (Figure 1). It is worth empha-
sising, however, that individuals covered by the study were
characterised by a relatively narrow range of body length.
Fatty acid signatures in eels strongly differed from fatty acid
signatures determined for the remaining species. The major
difference was the low proportion of EPA, DHA and ARA (less
than 5% for each fatty acid) and the extremely high propor-
tion of 18:1n-9 in European eel in comparison with other
species. Another important feature was higher than in other
species content of 14:0. Fatty acid signatures observed for
eel from the Vistula Lagoon were the same as in the study by
Tverin et al. (2019). The study of grey seal foraging habits
included 11 fish species representing pelagic, demersal and
coastal habitats of the Baltic Sea (Tverin et al., 2019). Like
in our study, European eel was characterised by high content
of 14:0 and MUFA, especially 16:1 and 18:1n-9, and low con-
tent of DHA. Stomach content and stable isotope analyses
suggest that the European eel is an opportunistic carnivore,
and adapts its diet to food availability (Bouchereau et al.,
2009; Dorner et al., 2009). Based on the measured fatty acid
signatures, it is difficult to conclude the type of prey con-
sumed by eels from the Vistula Lagoon. The difficulty in cor-
relating the fatty acid composition of European eel muscle
tissue with suitable food resources was previously reported
by Prigge et al. (2012). According to experimental studies,
the authors found that fatty acid composition in eel muscle
tissue seemed to be rather insensitive to fatty acids supplied
in the diet. This phenomenon may be related to the biology
of this species. The European eel, a catadromous species,
lives in rivers, lakes, and estuaries, where it feeds and grows
as a “yellow” eel, and after reaching the threshold size and
physiological condition, including sufficient lipid reserves,
it migrates back to its spawning site as a “silver” eel, and
at this stage stops feeding. During the spawning migration,
the energy required to travel thousands of kilometres and
successfully reproduce is taken from the lipids accumulated
in its body (Clevestam et al., 2011). This may explain the
high content of MUFA in eels, as these fatty acids are heavily
catabolised for energy in fish (Tocher, 2003). Moreover, it has
been evidenced that during the maturation process, EPA and
DHA are selectively moved from the muscle, and incorpo-
rated into gonads (Baeza et al., 2015; Nowosad et al., 2015).
The composition of fatty acids in eels from the Vistula La-
goon may therefore indicate that these fish are already un-
dergoing certain physiological and biochemical changes con-
nected with the preparation of their organisms for repro-
ductive migration. Note, it has been established that anguil-
lid eels possess enzymatic capacities which allow modifying
PUFA content in their tissues. Kissil et al. (1987) showed
that European glass eel had the ability to convert LA into
ARA. The complete enzymatic repertoire required for the
biosynthesis of HUFA from C18 PUFA has been in turn con-
firmed for Japanese eel (Anguilla japonica) (Wang et al.,
2014; Xu et al., 2020). This makes interpretations more dif-
ficult, because it may complicate any relationship between
the contents of these fatty acids in the prey and tissues of
consumers.
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5. Conclusions

This study is the first step toward the application of fatty
acids to highlight the role fish played in the food webs of
the shallow coastal waters of the Baltic Sea. The presented
results not only allowed for differentiating the studied fish
species based on fatty acid signatures but also pointed to in-
traspecific changes in their diet. They expanded knowledge
obtained based on stomach content analysis. However, our
study revealed that further research, also experimental, is
needed, in the case of many fish species, to take full ad-
vantage of the possibilities offered by fatty acids. The study
conducted emphasised the importance of understanding the
roles of different fatty acids in the organism’s physiology
and lipid metabolism before attempting to infer diet from
fatty acid data. Particularly, the explanation of endogenous
PUFA synthesis ability in different species of invertebrates
and fish can considerably improve the usefulness of fatty
acids in research on food webs in shallow coastal waters.
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