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A B S T R A C T

Seagrass meadows are among the most diverse and productive coastal ecosystems in the world. Currently, the
accelerating loss of these habitats is recognized worldwide. In the southern Baltic Sea, a natural recovery of
Zostera marina meadows has occurred after a dramatic reduction within the last century. The aim of this study is
to understand if and how the recovering eelgrass meadows affect the functioning of benthic ecosystems. The
trophic links within the benthic food webs in the seagrass meadows and bare sandy bottoms were depicted and
compared. The trophic connections were examined by combining stable isotope (SI) composition (δ13C, δ15N)
and fatty acid (FA) profiles of meio- and macrofauna consumers and of potential food sources (particulate
organic matter, surface sediment organic matter, epiphytes, microphytobenthos/bacteria and macrophytes) in a
Bayesian mixing model framework (MixSIAR). Significantly higher amounts of the FA bacterial marker
(C18:1ɷ7) were observed in meiofauna (approximately 40%) than in the macrofauna (1% on average), sug-
gesting that bacteria are an important part of the meiofauna diet. The mixing model results indicated that the
benthic consumers in the vegetated habitat utilized more food sources (e.g., epiphytes in the diets of meiofauna
and macrofaunal grazers) and thus had a more diverse diet. Macrofaunal omnivores relied to a larger degree on
animal-derived organic matter in vegetated habitat, which could be linked to higher invertebrate prey avail-
ability. The results highlight the importance of recovering seagrass meadows in driving the mechanisms re-
sponsible for food web organization. Any type of change to the state of seagrass meadows is crucial to the
functioning and stability of marine ecosystems.

1. Introduction

Seagrass meadows are among the most diverse and highly produc-
tive coastal ecosystems in the world (Hemminga and Duarte, 2000).
The plants play an important role as foundation species of seagrass
habitats, by creating three-dimensional structures (leaves, rhizomes,
roots). Hence, they increase the complexity of the seabed architecture
and provide shelter and numerous niches for other organisms (Gartner
et al., 2013). Moreover, seagrasses and associated macrophytes or algae
can be direct food sources for faunal consumers; thus, they sustain
populations of commercially important vertebrate and invertebrate
species (Hemminga and Duarte, 2000).

Over the past few decades, significant decreases in seagrass abun-
dance and aerial cover have been recorded worldwide (Waycott et al.,
2009). Changes in the state of seagrasses affect coastal systems and may

result in a reduction in fauna abundance and diversity, as well as in
modification of food web structures and overall functioning (Boström
et al., 2014). The mechanisms driving food web organization within
seagrass meadows remain poorly understood as they may depend on
local conditions, meadow features and consumer species pools
(Boström et al., 2014). The trajectory of eelgrass meadows extent in the
southern Baltic Sea off the Polish coast has shown dramatic changes
over the past 60 years. Before the 1950s, most of the seafloor of the
Inner Puck Bay (103 km2) was covered by the meadows. A significant
decrease (most likely caused by eutrophication and massive growth of
filamentous algae) of Zostera marina in the area was observed in 1987,
when the eelgrass area declined to only 16 km2 (Kruk-Dowigałło,
1991).

Recently, the natural recovery of eelgrass-dominated underwater
meadows has occured in several locations in the Gulf of Gdańsk
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(Jankowska pers. observation). The coverage of the seagrass beds in-
creased rapidly, but the density and biomass of the plants remain low
compared to other temperate Z. marina meadows (Jankowska et al.,
2014).

The aim of the present study is to investigate if and how the re-
covering eelgrass meadows affect the overall functioning of the benthic
systems in the Gulf of Gdańsk (southern Baltic Sea) in terms of food web
organization and thus energy flow. The Gulf of Gdańsk serves as an
example of a system characterized by both a low level of vegetation
development (low density and biomass of macrophytes) and a low
faunal diversity (defined by the Baltic Sea species pool). We hypothe-
size that recovering (low density) eelgrass meadows are capable of
shaping the food web structure in similar way as that observed in well-
developed meadows, i.e., by increasing the consumer pools and the
number of food sources in the diets of benthic consumers.

Most of the effects of seagrass on food webs are reported from well-
developed meadows and diverse benthic communities (Lepoint et al.,
2000; Vizzini et al., 2002; Leduc et al., 2006, 2009; Baeta et al., 2009;
Lebreton et al., 2011, 2012; Michel et al., 2015; Vafeiadou et al., 2013,
2014). The present study documents the structure of the benthic food
web in two contrasting habitats: vegetated sediments of recovering
meadows and the adjacent bare sands. This study includes all major
possible food sources (bacteria/microphytobenthos, epiphytes, macro-
algae, seagrass, particulate organic matter, and surface sediment or-
ganic matter) and most consumers are analyzed at the species level
(meiofauna copepods, macrofauna and fish). Stable isotopes and fatty
acids biomarkers are used in Bayesian mixing models (MixSIAR) to
estimate the relative contribution of food sources in the consumers’
diet. This study is the first field study in a seagrass habitat integrating
all components of a benthic system and using both types of biomarkers
in Bayesian mixing models to achieve an as accurate as possible de-
piction of the trophic links in a benthic food web. Moreover, the focus
on recovering seagrass meadows is a novel approach that is now crucial
because dramatic changes of seagrass cover are occurring, and intensive
restoration programs are being undertaken worldwide.

2. Materials and methods

2.1. Study area

The study took place in the Gulf of Gdańsk, located in the southern
Baltic Sea, off the Polish coast where salinity reaches approximately 8
(Nowacki, 1993). A recent inventory of the seabed habitats in the Polish
Exclusive Economic Zone documented that areas covered by Z. marina
meadows are rapidly growing (water.iopan.gda.pl/projects/Zostera/
index-pl.html). The areal distribution of eelgrass beds, estimated in
2009, was 48 km2 for inner Puck Bay (Węsławski et al., 2013). Cur-
rently, the actual eelgrass-covered area may be even greater, as new
locations of seagrass areas in the Gulf of Gdańsk were observed during
sampling campaigns in 2012–2014 (Jankowska, pers. observation).
Meadow density in the summer seasons reached an average of
202 shoots m−2 with a biomass of 40 g dwm−2, which is lower com-
pared to other temperate eelgrass meadows in the Northern Hemi-
sphere (Jankowska et al., 2014).

2.2. Field sampling

Two sampling stations were selected in the Gulf of Gdańsk – one
within the extensive eelgrass meadows and one in the neighboring large
unvegetated area; both stations were located at similar depths
(1.5–2m), approximately 2.3 km from each other (Fig. S1, Supporting
Information). Sampling (by scuba divers) occured in the summer (Au-
gust 2014) when seagrass vegetation development is at its maximum in
the Gulf of Gdańsk (Jankowska et al., 2014). Six replicates (3 replicates
for stable isotope (SI) analyses and 3 replicates for fatty acid (FA)
analyses) for each source at each station were collected in the summer

(Table S2, Supporting Information). The same replication protocol was
used for the consumers (it was not achieved in case of rare taxa).
Sampled potential food sources included: SSOM (surface sediment or-
ganic matter, collected using sediment cores), POM (particular organic
matter from the water column, 6 liters of water collected at a depth of
1m), microphytobenthos (upper 2 cm sediment layer, collected using a
syringe and extracted in a laboratory), filamentous algae (Pylaiella lit-
toralis), benthic macrophytes including eelgrass below- and above-
ground structures and epiphytes (on the surface of the eelgrass leaves).
Samples of consumers included meiofauna (taxa associated with the
seagrass leaves collected with a 42 µm mesh size net and seabed taxa
collected in the upper 2 cm of sediments), macrofauna and fish (col-
lected with a sediment corer (upper 10 cm) and a small dredge, re-
spectively). For the meiofauna, only two harpacticoid copepod species –
Paraleptastacus spinicauda (family Leptastacidae) and Tachidius discipes
(family Tachidiidae) – were chosen for analysis since only they were
abundant enough to collect a sufficient number of individuals.

2.3. Laboratory analysis

Samples were processed in the laboratory immediately after sam-
pling. Water was prefiltered on a 320 µm sieve to eliminate large zoo-
plankton and then filtered through GF/F Whatman glass fiber filters
(0.7 µm porosity). Macrophytes were identified, and epiphytes were
detached from the leaves by shaking using a vortex mixer (10min) and
sonicating (2×60 s, using Sonifier Tansonic Labor 2000) the seagrass
leaves and macrophytes in prefiltered seawater. Then, the water con-
taining detached epiphytes was filtered through GF/F Whatman glass
fiber filters (0.7 µm porosity). Fresh microphytobenthos was collected
by transferring the upper 1 cm of the sediment to plastic boxes. Then,
the sediment was covered with a 100×150mm Whatman lens
cleaning tissue and cover glass, and exposed to artificial white light
source, to enable diatom migration. After 24 h, the microphytobenthos
were scraped off the cover slides and transferred to vials with pre-
filtered seawater. However, the FA analyses indicated that these sam-
ples contained large quantities of bacteria; thus they were treated as a
mixture of bacteria and microphytobenthos.

Adult meiofauna individuals were extracted alive from the sediment
using decantation and attraction of positive phototactic copepods with
artificial white light. Copepods were placed alive in a petri dish with
pre-filtered seawater for a few hours to allow gut clearance. Afterwards,
individuals of the two species were picked under the stereomicroscope
to make several replicate samples, each replicate sample consisting of
200 adults. Macrofauna and fish were kept for 24 h in prefiltered sea-
water to purge their gut contents. Then, they were identified to the
species level. When individuals were too small to provide enough tissue
for one sample, several individuals (from 1 to 60, detailed information
presented in Table S2) were pooled to obtain sufficient biomass for a
sample. Samples of the fish consisted of parts of their muscles (each
sample representing one individual).

All samples were placed in glass vials and stored at −80 °C.
Afterwards, samples were freeze-dried and ground for further analysis
and then kept at −80 °C. Subsequently, all samples were analyzed for
total fatty acids content and stable isotopes (δ13C and δ15N [‰]). Lipid
extraction, FA methylation and an analysis of fatty acid methyl esters
(FAMEs) were performed in a one-step method according to Abdulkadir
and Tsuchiya (2008) and De Troch et al. (2005) at the Marine Biology
Research Group (Ghent University). The fatty acid nonadecanoic acid
(C19:0) was added (to copepods and microphytobenthos – 20 μl, to the
other samples – 40 μl, Fluka 74208) as an internal standard to allow
quantification later. The FA shorthand notation A:BωX was used, where
A represents the number of carbon atoms, B gives the number of double
bounds and X is the position of the double bound closest to the terminal
methyl group (Guckert et al., 1985). The results for each FA were ex-
pressed as the relative percentage [%] of the total FA content ±
standard deviation. Total FA content refers to the FA content detected
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with the applied method. Accordingly, all samples were analyzed for
δ13C [‰] and δ15N [‰] via continuous flow – elemental analysis –
isotope ratio mass spectrometry (CF-EA-IRMS) at the University of
Liège using a vario MICRO cube elemental analyzer (Elementar Ana-
lysen systeme GmBH, Hanau, Germany) coupled to an IsoPrime100
mass spectrometer (Isoprime, Cheadle, United Kingdom). Prior to the
analyses, to remove inorganic carbon for the measurements, the sedi-
ment, filters, gastropods and fish samples were acidified with the direct
addition of HCl (Hedges and Stern, 1984) and then dried again at 60 °C
for 24 h. Sucrose (IAEA-C6, δ13C=−10.8 ± 0.5‰, mean ± st.dev.)
and ammonium sulfate (IAEA-N2, δ15N=20.3 ± 0.2‰, mean ±
st.dev.) were used as the certified reference materials (CRMs). Both
CRMs were calibrated against international isotopic references, i.e., the
Vienna Pee Dee Belemnite (VPBD) for carbon and atmospheric air for
nitrogen. The standard deviations of the multi-batch replicate mea-
surements of lab standards (amphipod crustaceans) as well as glycine
(Merck, Darmstadt, Germany) interspersed among the samples were
0.1‰ for δ13C and 0.2‰ for δ15N.

2.4. Data analysis

The dataset consisted of data on relative FA and SI composition in
three main groups of samples: potential food sources (11 sources),
meiofauna (2 copepod species), macrofauna (19 species) and fish (3
species) (Table S2, Supporting Information).

Macrofauna species were assigned to four trophic groups based on
published literature: suspension feeders (feeding on suspended organic
matter particles), suspension/detritus feeders (facultatively feeding on
organic matter particles suspended in water or deposited on the bottom
of the sea), grazers/herbivores (feeding on many possible sources but
mainly on plant-derived material) and omnivores (with diets based on
both plant and animal material, Table S2, Supporting Information).

2.4.1. Fatty acids and stable isotopes composition
To explore the patterns of similarity in FA compositions among the

sources and consumers and between the two habitats (vegetated vs.
unvegetated), Bray-Curtis similarities were calculated for log(x+ 1)
transformed data of the relative total FA concentrations. PERMANOVA
tests were used to test the differences in a relative FA composition
among groups of samples (PsF standing for pseudo F-statistic; Anderson
et al., 2008). To test for differences in δ13C and δ15N among the sources
and the consumers from two habitats, univariate PERMANOVA tests
based on Euclidean distances (non-transformed data) of δ13C and δ15N
values in samples were applied. One-way tests were performed to test
for differences among sources (in groups defined in Table S2,
Supporting Information). Two-way tests were performed to identify
contrasts among the consumer groups (CG, meiofauna and four mac-
rofaunal feeding groups) and between the two habitats (H).

FA trophic markers (FATMs) were identified and assigned to specific
food sources (bacteria, diatoms, flagellates, vascular plants, detritus,
terrestrial vegetation) based on the literature (Table 1). A one-way

PERMANOVA test on Euclidean distances (untransformed data) was
used to compare the relative contribution of selected FATMs in the FA
profile of different sources and consumer groups.

2.4.2. Mixing models
Bayesian mixing models were applied to calculate relative con-

tributions of potential food sources to the diets of meio- and macro-
fauna consumers from the two habitats (vegetated and unvegetated)
based on SI and FA data. Models were run using MixSIAR (R package,
Stock and Semmens, 2013) with two factors (fixed factor habitat (H)
and random factor species (Sp)). To meet the methodological require-
ments of the model, the potential food sources were grouped. The
groupings were based on the similarity of the FA composition and SI
values of the sources (tested by PERMANOVA). The final set of sources
used as input for the mixing models included plants (all macrophytes
and Zostera tissues), epiphytes (filamentous algae and epiphytes), mi-
croorganisms (microphytobenthos and bacteria) and POM/SSOM
(grouped as have overlapping isotopic composition), meiofauna prey
(mean values of markers of all meiofauna individuals) and macrofauna
prey (mean values of markers of all macrofauna individuals, except
omnivores). Different potential food sources were used in the model for
each consumer group based on general knowledge about their feeding
preferences (Jaschinski et al., 2008; Baeta et al., 2009; Lebreton et al.,
2011; Vafeiadou et al., 2013; Michel et al., 2015).

To improve the precision in discriminating sources by the model
and to fulfil the model assumptions regarding the numbers of sources
and markers, both SI and FA data were used as tracers (Stock and
Semmens, 2013). The FAs used in the models were selected based on
the assignment of certain FAs to particular food sources (FATMs,
Table 1) and assuming that they belong to different biosynthetic
pathways of animals and represent basic dietary FA sources (Kelly and
Scheibling 2012): diatom FATMs (16:1ω7 and 20:5ω3) and detritus
FATMs (18:0, 18:1ω9). The relative FA data were log-transformed fol-
lowing the recommendations by Budge et al. (2006). Applied fractio-
nation factors for SI were based on the meta-analysis of McCutchan
et al. (2003) i.e. 0.4 ± 1.2‰ for carbon and 2.3 ± 1.6‰ for nitrogen.
For the FAs, no fractionation factors were used, as the FAs used in the
models were basic dietary FA sources that were abundant both in the
sources’ and consumers’ tissue, and it was assumed that bioconversion
by consumers was negligible. Models were run on 100 000 iterations,
with no resource contribution data defined a priori (uninformative
prior). Several diagnostics were used to define whether the model was
run correctly: Gelman-Rubin Diagnostics smaller than 1.05 and Geweke
diagnostics similar among 3 chains. The model solutions (95%, 75%,
25% Bayesian credibility intervals, mode solutions [%]) are presented.
Additionally, when differences between the two habitats in the source
contributions to consumer diet were detected, a direct pairwise com-
parison of the model solutions was applied to check the probability that
a certain source contribution is higher in consumers from one habitat
than in those from the other (1 is the highest possible value).

3. Results

3.1. FA and SI biomarkers in food sources

In total, nineteen FA have been identified and used for the food
source composition analysis. The identified FA included seven saturated
FAs (SAFAs), seven monounsaturated FAs (MUFAs) and five poly-
unsaturated FAs (PUFAs). There were significant differences in the re-
lative FA composition (P < 0.001) and in selected FATM contributions
among potential food sources (P < 0.05, PERMANOVA, Table 2).

The FA composition of plant species was clearly distinguished from
all other sources. Each of the plants contained large amounts (average
of 56.3% of the total FA) of the two vascular plant FATMs (18:2ω6 and
18:3ω3, Fig. 1).

Filamentous algae and epiphytes contained the highest proportions

Table 1
Fatty acids trophic markers (FATMs) used as tracers of particular food sources within this
study; based on published literature.

Food source FATMs Reference

Bacteria 14:0, 18:1ω7 Jaschinski et al. (2008)
Diatoms 16:1ω7 Dalsgaard et al. (2003)

20:5ω3 Kelly and Scheibling (2012)
Macroalgae 20:5ω3
Flagellates 22:6ω3 Nelson et al. (2002)
Detritus 18:0, 18:1ω9 Søreide et al. (2008)
Marine vascular plants 18:2ω6 Richoux and Froneman (2008)

18:3ω3 Kelly and Scheibling (2012)
Terrestrial vegetation 22:0, 24:0 Budge and Parrish (1998)
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of diatom FATMs – 20:5ω3 (36.2% and 14.5%, respectively). The FA
composition of microphytobenthos/bacteria was dominated by the
bacterial marker – 18:1ω7 (41.0%). The SSOM had very similar FA
profiles at the two sampling locations (vegetated, unvegetated) and
were characterized by high proportions of three FAs (18:1ω7, 18:1ω9
and 16:1ω7 – markers of bacteria, detritus and diatoms, respectively).
The POM samples had high proportions of SAFA 18:0 (10.3%) and 16:0
(7.6%) (Fig. 1, Table S3, Supporting Information).

The composition of both carbon and nitrogen stable isotopes dif-
fered significantly among sources (P < 0.001, PERMANOVA, Table 2).
The mean δ13C values of the sources ranged from −25.0‰ (POM) to

−10.6‰ (plants) (Fig. 2, Table 3). The second most δ13C-enriched
source was microphytobenthos/bacteria (−15.3‰). Epiphytes and fi-
lamentous algae had very similar carbon isotopic composition
(−19.3‰ and −18.7‰, respectively). The δ13C values of SSOM were
comparable for the two habitats; however the δ15N value was higher for
the SSOM in the vegetated bottom than the bare bottom (by 2.5‰). The
mean δ15N values ranged from 1.0‰ (SSOM unvegetated) to 6.4‰
(filamentous algae) (Fig. 2).

Table 2
Results of two-way PERMANOVA tests for differences in fatty acids (FAs) composition (multivariate tests), trophic markers (FATMs) contributions and stable isotopes composition (δ13C,
δ15N) (univariate tests) in consumer groups (CG, meiofauna species or macrofauna, fish trophic groups) from the two habitats (H) collected in summer in the Puck Bay (Baltic Sea).
Significant main tests (PsF) are indicated by ***P < 0.001, **P < 0.01, *P < 0.5.

Factors PERMANOVA main test, PsF

FA composition FATM δ13C δ15N

Bacteria Diatoms Flagellates Detritus Vascular plants Terrestrial vegetation

H 0.8 0.9 0.1 0.5 0.3 0.1 1.8 6.7 0.0
CG 8.0*** 2.0 8.5*** 20.1*** 6.8*** 0.4 0.7 12.4*** 48.9***

H×CG 2.7*** 0.3 2.9 2.4 3.6* 1.9 1.4 3.5** 0.8

Fig. 1. Relative FA composition (expressed as FATMs, see Table 1) in samples of A) potential food sources and B) consumers collected in summer in the Puck Bay (Baltic Sea).
Abbreviations: Z.p – Zannichellia palustris, Myr – Myriophyllum spp., P.p – Potamogeton pectinatus, Ch.b – Chara baltica, Z.m l – Zostera marina leaves, Z.m r – Zostera marina roots, micr –
microphytobenthos/bacteria, SSOMveg/unveg – surface sediment organic matter of the vegetated/unvegetated bottom. abbreviations: T – Tachidius discipes, P – Paraleptostacus spini-
cauda., SF – suspension feeders, SDF –suspension/detritus feeders, G – grazers, O – omnivores.
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3.2. FA and SI biomarkers in consumers

There were significant differences in the relative FA composition
and in contributions of 4 FATMs (diatoms, flagellates, detritus, vascular
plants) among the consumer groups (P < 0.05), but there were no
significant contrasts between the habitats (P > 0.05, PERMANOVA,
Table 2). Additionally, significant H×CG interactions were also
identified in some cases (Table 2).

The FA composition of the two meiofauna (copepod) species was
clearly different from those of all the macrofauna consumer groups
(Fig. 1). The meiofauna species contained large amounts of the bacteria
marker 18:1ω7, encompassing on average 70.7% and 37.0% in P. spi-
nicauda and 11.3% and 49.6% in T. discipes (from the vegetated and
unvegetated habitat respectively). The detritus marker, 18:1ω9, was
found in high concentrations in T. discipes collected in the seagrass
meadows (22.2% on average) and in P. spinicauda from the bare bottom
(17.5% on average).

Suspension and suspension/detritus feeding macrofaunal species
had very similar FA profiles in the two habitats, with two FAs (20:5ω3,
22:6ω3) having the highest contribution. The concentrations of the
flagellate marker 22:6ω3 ranged from 22.6% in the suspension/detritus
feeders in the seagrass beds to 29.0% in the suspension feeders at the
bare bottom (Table S4, Supporting Information).

The FA profiles of the grazers were dominated by the diatom marker
20:5ω3 (on average 19.7% in the vegetated habitat and 15.3% in the
unvegetated habitat). The grazers from seagrass meadows also had

considerable proportions of 18:1ω9 (9.0%, detritus marker) and 18:2ω6
(8.9%, vascular plant marker).

The omnivores contained the highest proportion of 20:5ω3 (diatom
marker, 15.3% in the vegetated and 19.8% in the unvegetated habitat)
and 22:6ω3 (flagellates marker, 16.9% in the vegetated and 11.8% in
the unvegetated habitat) (Fig. 1).

The carbon and nitrogen stable isotopes in the consumers differed
significantly among the consumer groups but not between the habitats,
with a significant interaction between the two factors (P < 0.05,
PERMANOVA, Table 2).

The two copepod species differed in δ13C values between the two
habitats. There was no significant difference between the two habitats
for P. spinicauda (average δ13C values approximately −20.5‰ in both
habitats), but significant contrasts for T. discipes were detected
(−17.7‰ on average in the vegetated, −13.3‰ in the unvegetated
seabed, Fig. 2, Table 3).

For the macrofaunal consumer groups, the δ13C values ranged from
−20.4‰ (suspension/detritus feeders) to −16.3‰ (omnivores, both
from the unvegetated habitat), and the δ15N values ranged from 5.9‰
(suspension/detritus feeders in the unvegetated) to 8.9‰ (omnivores in
the vegetated habitat, Fig. 2). There were significant differences in δ13C
and δ15N values among macrofaunal consumer groups (P < 0.05,
PERMANOVA, Table 2).

For suspension/detritus feeders, the δ13C values varied from
−21.7‰ (C. glaucum) to −16.6‰ (M. arenaria) in the unvegetated
seabed. At the vegetated bottom C. glaucum and M. edulis had similar

Fig. 2. Bi-plot of carbon and nitrogen isotope (mean ± SD) composition for two meiofauna, macrofauna and fish species from the vegetated and unvegetated habitats with possible food
sources collected in summer in the Puck Bay (Baltic Sea). Sources abbreviations: micr – microphytobenthos and bacteria, Zl – Zostera marina leaves, Zr – Zostera marina roots, Z –
Zannichellia palustris, P – Potamogeton pectinatus, M – Myriophyllum spp., Ch – Chara baltica.
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average carbon (−19.6‰) and nitrogen (6.7‰) isotopic composition,
while A. improvisus had higher values for both isotope ratios
(δ13C=−17.9‰, δ15N=8.5‰, Fig. 2).

The grazer species had higher δ13C values in the vegetated habitat
than the unvegetated habitat. The highest carbon isotope ratio was
noted for Idotea spp. collected in the seagrass beds (−14.2‰). The δ13C
values in the species from the bare seabed shifted toward depleted
values with the lowest value noted for Hydrobia spp. (−21.7‰, Fig. 2).

Among the omnivores, the most 13C-enriched values in the vege-
tated habitat were noted for Palaemon spp. (−15.5‰). The mean δ15N
value for the omnivores (in both habitats) was approximately 8–9‰
and was considerably higher than in the other consumer groups (Fig. 2).
The most 15N-enriched values were noted for S. typhle (11.3‰),
whereas the most depleted values were found for Palaemon spp.
(6.9‰), which were both from the seagrass beds.

3.3. Sources contributions to the diet of consumers (MixSIAR models)

The MixSIAR mixing models showed that the diet of P. spinicauda
was composed of SSOM (mode of solutions= 99%, Fig. 3), regardless of
the habitat. In contrast, the SSOM contribution to the diet of T. discipes
was negligible. The other two sources contributed greatly to the diet of
T. discipes but with different proportions in the two habitats. Individuals
collected in the vegetated bottom had a higher proportion of epiphytes
(73% mode and 33–72% Bayesian credibility intervals 95% (CI95)),
than those in the unvegetated habitat (20%, 5–41% CI95) in 66% of the
model runs (Pr=0.34). However, individuals collected in the un-
vegetated habitat had a higher microphytobenthos/bacteria proportion
(68%, 41–83% CI95) than individuals in the seagrass meadows (30%,
13–62% CI95) in 90% of the model runs (Pr=0.1) (Fig. 3).

Within the macrofaunal groups of suspension feeders and

suspension/detritus feeders, the main food source differed among some
species and between habitats. For individuals collected in the vegetated
habitat, epiphytes were the sole food source for A. improvisus (99%,
91–100% CI95) and were a considerable proportion of the food source
for C. glaucum and M. edulis (proportions 54%, 41–66% CI95 and 61%,
50–70% CI95 accordingly) together with POM/SSOM (46%, 34–59%
CI95 and 37%, 28–45% CI95 accordingly). POM/SSOM was the sole food
source for C. glaucum collected in the unvegetated habitat (98%,
92–100% CI95). Representatives of two other species collected in the
bare seabed had other main food sources; M. arenaria from the un-
vegetated habitat had epiphytes (40%, 50–52% CI95) and micro-
phytobenthos/bacteria (42%, 30–50% CI95) whereas M. balthica had
epiphytes (61%, 19–69% CI95) and POM/SSOM (38%, 31–63% CI95,
Fig. 3) as food sources. There was only one taxon collected both in the
vegetated and unvegetated habitats, C. glaucum, and the proportion of
food sources in its diet differed between habitats; individuals collected
in the vegetated habitat had epiphytes in their diet.

Epiphytes were the main food source in the diet of four grazer
species collected in the vegetated habitat – Gammarus spp. (mode: 55%,
41–69% CI95), Hydrobia spp. (75%, 41–83% CI95), R. peregra (80%,
28–100% CI95) and T. fluviatilis (72%, 47–97% CI95). Another important
food source was SSOM for two grazers from the seagrass beds –
Hydrobia spp. (30%, 11–50% CI95) and T. fluviatilis (23%, 0–41% CI95).
Moreover, a considerable contribution of microphytobenthos/bacteria
was noted for Idotea spp. (45%, 15–57% CI95) and Gammarus spp. (38%,
25–47% CI95) in the vegetated habitat. Microphytobenthos/bacteria
was the main food source for B. pilosa from the unvegetated habitat
(29%, 0–50% CI95) together with SSOM (33%, 0–68% CI95). SSOM was
the sole food source for another grazer – Hydrobia spp. (80%, 43–97%
CI95) in the unvegetated habitat. The proportion of epiphytes and plants
were negligible for all grazer taxa collected in the unvegetated habitat.
There was only one taxon present in both the vegetated and un-
vegetated habitat, and the proportion of food sources in its diet differed
between habitats; Hydrobia spp. from the vegetated habitat had a higher
proportion of epiphytes in 82% of the model runs (Pr=0.18) whereas
specimens from the unvegetated habitat had a higher contribution of
SSOM in 89% of the model runs (Pr=0.11).

Meiofauna made considerable contributions to the diet of the four
omnivore species collected in the vegetated habitat: C. carinata (77%,
35–100 CI95), Marenzelleria spp. (43%, 12–77% CI95), Palaemon spp.
(99%, 55–100% CI95) and N. ophidion (80%, 59–100% CI95).
Macrofauna was the main food source for S. typhle (98%, 61–100%
CI95) and Pomatoschistus spp. (78%, 52–97% CI95) and a considerable
food source for Marenzelleria spp. (45%, 22–78% CI95), all collected in
the vegetated seabed. For specimens collected in the unvegetated ha-
bitat, macrofauna prey was an important food source only for
Pomatoschistus spp. (81%, 31–100% CI95). In the same habitat, meio-
fauna contributed with large credibility intervals to the diet of
Marenzelleria spp. (36%, 0–93% CI95), while SSOM made up the highest
proportion of the diets of C. carinata (40%, 0–53% CI95) and H. di-
versicolor (41%, 0–70% CI95) (Fig. 3, Table S5, Supporting Information).
There were three species present in both the vegetated and unvegetated
habitats, and the proportion of food sources in their diets differed be-
tween the habitats for two of them. C. carinata from the seagrass
meadows had a higher proportion of meiofauna in 71% of the model
runs (Pr=0.29) whereas a species from unvegetated habitat had a
higher proportion of SSOM in 63% of the model runs (Pr=0.37).
Marenzelleria spp. from the seagrass meadows had a higher proportion
of macrofauna prey in 77% of the model runs (Pr=23).

4. Discussion

4.1. Food source distinction

All food sources had lower or similar δ15N compared to macrofauna
consumers, confirming that they were at the base of the studied food

Table 3
Carbon and nitrogen stable isotopes ratios (mean ± SD) of consumers collected in
summer in the Puck Bay (Baltic Sea), in the two habitats (vegetated, unvegetated).
Trophic groups of consumers were used according to available literature (see Table S2,
Supporting Information).

Consumers Habitat Species δ13C (‰) δ15N (‰)

Meiofauna
copepods

Vegetated P. spinicauda −20.8 ± 1.0 3.3 ± 0.0
Unvegetated −20.5 ± 0.5 3.3 ± 0.0
Vegetated T. discipes −17.7 ± 0.6 3.3 ± 0.0
Unvegetated −13.3 ± 2.1 3.3 ± 0.0

Macrofauna
suspen-
sion
feeders

Vegetated A. improvisus −18.0 ± 0.1 8.5 ± 0.1
M. edulis −19.4 ± 0.1 6.9 ± 0.0

Unvegetated M. arenaria −16.6 ± 0.1 5.9 ± 0.1

Macrofauna
suspen-
sion/
detritus
feeders

Vegetated C. glaucum −19.8 ± 0.1 6.5 ± 0.0
Unvegetated C. glaucum −21.7 ± 0.1 7.2 ± 0.0

M. balthica −19.4 ± 0.1 7.7 ± 0.6

Macrofauna
grazers

Vegetated Gammarus spp. −16.5 ± 0.6 5.6 ± 0.7
Hydrobia spp. −19.8 ± 0.1 7.0 ± 0.1
Idotea spp. −14.2 ± 0.5 5.7 ± 0.1
R. peregra −18.7 ± 0.8 7.1 ± 0.1
T. fluviatilis −18.8 ± 1.3 6.9 ± 0.1

Unvegetated B. pilosa −17.6 ± 0.0 5.7 ± 0.1
Hydrobia spp. −21.7 ± 0.1 6.9 ± 0.1

Macrofauna
and fish
omnivores

Vegetated C. carinata −16.2 ± 0.1 7.0 ± 0.3
Marenzelleria spp. −18.0 ± 0.2 9.7 ± 0.5
N. ophidion −18.7 ± 0.2 9.7 ± 0.1
Palaemon spp. −15.5 ± 0.7 7.5 ± 0.9
Pomatoschistus spp. −16.2 ± 0.1 10.2 ± 0.3
S. typhle −17.3 ± 0.1 11.3 ± 0.1

Unvegetated C. carinata −16.1 ± 0.0 5.2 ± 0.0
H. diversicolor −16.4 ± 0.6 5.8 ± 1.1
Marenzelleria spp. −16.1 ± 1.0 7.3 ± 0.7
Pomatoschistus spp. −16.2 ± 0.1 10.2 ± 0.3
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web. All plant sources (including the four vascular plants Z. marina,
Myriophyllum spp., Z. palustris, P. pectinatus and charophyte Ch. baltica)
had very similar SI and FA compositions, with the vascular plant FATMs
being substantially dominant (18:2ω6, 18:3ω3, respectively).
Filamentous algae and epiphytes reflected almost identical FA and SI
compositions with the diatom and macroalgae markers being dominant
(16:1ω7 and 20:5ω3, respectively). In the microphytobenthos samples

collected during this study, the contribution of FA typical for diatoms
was relatively low. On the other hand, the samples contained a high
percentage of bacterial FATMs (18:1ω7), suggesting that they largely
consisted of bacteria. In terms of the SI composition, the values ob-
tained for the microphytobenthos samples in this study were within the
wide range (−15 to −20‰) of carbon isotope ratios previously re-
ported (Lebreton et al., 2011, 2012; Jaschinski et al., 2008).

Fig. 3. Relative contributions of the food sources (plants, SSOM, meiofauna prey, macrofauna prey) to diet of meiofauna, macrofauna and fish sampled in the vegetated (green lines) and
unvegetated (orange lines) habitats collected in summer in the Puck Bay (Baltic Sea). The lines indicate Bayesian credibility intervals, crosses represent modes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Particulate (POM) and sediment surface (SSOM) organic matter are
two composite food sources that share similar SI and FA compositions
(a mixture of different FA markers). This similarity may be explained by
the mixing of the water column and resuspension of organic matter
particles from the seabed, which is common in the shallow (only 1.5m)
and dynamic (due to both waves and along-shore upwelling, Nowacki,
1993) waters in the study area. SSOM composition in the vegetated
bottom was 15N-enriched compared to the unvegetated habitat. This
result indicates that more active decomposition processes may occur at
the bottom of seagrass beds; indeed, significantly higher bacteria den-
sity and biomasses were documented in the vegetated sediments than in
the bare sands of the study area (Jankowska et al., 2015).

4.2. Diet of benthic consumers in vegetated vs. unvegetated habitat

The present study shows that the diet composition of meiofauna
copepods differs between the habitats, but these differences are species-
specific. The FA profiles, carbon isotopic composition and mixing
model results (indicating SSOM as the sole food source) of P. spinicauda
were very similar in the two habitats. In contrast, according to the
mixing models, epiphytes were the main food source in the diet of T.
discipes from the vegetated habitat, whereas in the other habitat, this
copepod species consumed mostly microphytobenthos/bacteria. The
difference in the diets of the two studied species are most likely related
to the differences in occupied microhabitats. P. spinicauda has an
elongated, cylindrical body shape and lives in the interstitial spaces
within the sediment grains, whereas T. discipes has a cyclopoid body
shape and stays at the surface of the sediment and/or among seagrass
leaves (Giere, 2009). As P. spinicauda remains within the sediment, it
mostly has access to the SSOM regardless of the habitat. T. discipes
probably stays on seagrass leaves and feeds on epiphytes (growing on
the leaves) in the vegetated habitat, whereas in unvegetated habitat it
uses mostly microphytobenthos that occurs with higher biomass at the
bare sandy bottom (as indicated by higher chlorophyll a/POC propor-
tion in the surface sediments; Jankowska et al., 2016). Evidently, the
effects of seagrass vegetation on the harpacticoid feeding strategies
depend on species lifestyle. These results also indicate that grouping
meiofaunal consumers into higher taxa or into functional groups should
be avoided in food web studies, as their responses to changing en-
vironments can vary considerably among species.

Copepod consumers had higher amount of bacteria FA markers
(18:1ω7) in comparison to their food sources – SSOM or micro-
phytobenthos/bacteria. This result may be derived from the selective
grazing and the strong preference for bacteria among the available pool
of microphytobenthos/bacteria/detritus components. Lab experiments
showed that copepods can selectively graze on unicellular organisms
(diatoms) of different cell size or growth phases (De Troch et al., 2006,
2012) as well as consume diatoms cells overgrown by bacteria but di-
gest only bacteria and excrete living diatoms as fecal pellets (De Troch
et al., 2005). The strong interactions between meiofauna and bacteria
in the studied habitats are supported by a positive correlation between
bacterial and meiofaunal abundance and biomass documented by
Jankowska et al. (2015). The isotopic composition of bacteria usually
reflects the composition of their substrate (Danovaro et al., 1998),
therefore the selective feeding of copepod consumers in this study could
be detected only by the application of the FA analyses. This result shows
that the combined use of SI and FA markers in food web studies is
crucial to obtain a comprehensive understanding of the consumers’ diet
composition, particularly when composite food sources are considered.

The effect of an increased number of food sources in a seagrass
system was the strongest in the case of macrofaunal grazers. The main
difference between the two habitats was the important contribution of
epiphytes (together with filamentous algae) to the diet of grazers col-
lected in the vegetated habitat, whereas in the bare sand habitat, the
grazers preferred to feed on microphytobenthos/bacteria (as indicated
by the model). The importance of epiphytes in the benthic consumers’

diets in other studies differs among the regions and dominant seagrass
species. Epiphytes were the main food source in the seagrass dominated
systems from the west Baltic Sea (Jaschinski et al., 2008) and French
Atlantic coast (Ouisse et al., 2012). On the other hand, micro-
phytobenthos had the highest contributions to invertebrate diets in the
intertidal temperate Z. noltii meadows that are characterized by sig-
nificantly smaller leaves and lower biomass of epiphytes (Lebreton
et al., 2011). The biomass of filamentous algae in the Puck Bay seagrass
meadows increases dramatically in the summer (Jankowska et al.,
2014), and several grazer species from the vegetated habitat (Hydrobia
spp., R. pergra, T. fluviatilis) take advantage of the high availability of
this food source. Microphytobenthos is rarely considered as a separate
potential food source in benthic food web studies, mostly due to the
difficulties in obtaining samples for tracer analyses (Ouisse et al.,
2011). However, it has been regarded as a ‘hidden garden’ in the un-
vegetated habitats, strongly supporting the local zoobenthic commu-
nities (Miller et al., 1996). Apparently, when confronted with high
accessibility of microphytobenthos and epiphytes, grazers preferred to
feed selectively on the fresh components of the organic matter rather
than the degraded organic matter of SSOM.

The differences in food source contributions between the habitats
were also documented for omnivores. Organic matter of animal origin
(indicator of carnivory or scavenging) was the basis of diet in the ve-
getated habitat, while it had smaller contributions to diets in the bare
sands. This finding clearly contrasts with a common notion that there is
lower predation pressure in vegetated habitats compared to un-
vegetated habitats (due to protective role of macrophytes, Baeta et al.,
2009). Both meiofauna and macrofauna prey served as the main food
sources consumed by omnivores from the vegetated bottom (all fish
species, C. carinata and Marenzelleria spp.) in Puck Bay. In the un-
vegetated habitat, macrofauna were the main food source for only one
fish species (Pomatoschistus spp.), whereas the diet of the other omni-
vores species was based on POM/SSOM. Lower abundance, biomass and
diversity of macrofauna were noted for the unvegetated bottom com-
pared to seagrass meadows in Puck Bay (Włodarska-Kowalczuk et al.,
2014). Therefore, it is possible that the same omnivorous species feed as
carnivores when confronted with high prey accessibility in the vege-
tated habitat but shift to deposit feeding in the unvegetated habitat.
Moreover, the relatively weakly developed seagrass vegetation in Puck
Bay might be not effective enough in protecting meio- and/or macro-
fauna from omnivore predation. Similarly, intensive feeding on fish by
large amphipods was documented in the mixed Zostera spp. meadows
along the Swedish west coast (Moksnes et al., 2008).

In macrofaunal suspension and suspension/detritus feeders, the
dominant food sources differed among species, but no consistent trend
of inter-habitat differences were noted based on the modeling results.
Only one species was collected in both habitats (C. glaucum). In the
vegetated habitat, its diet was based on epiphytes and POM/SSOM,
while in the unvegetated bottom, its sole food source was POM/SSOM.
According to the mixing model results, the common feature of the diet
of almost all species in this group was that included a considerable
proportion of POM/SSOM, supported by the high contribution of the
flagellates’ FA marker (marker of pelagic production; Kelly and
Scheibling, 2012).

4.3. Modification of benthic food webs by recovering eelgrass meadows

The present study shows that recovering seagrass meadows modify
the functioning of benthic ecosystems. Little evidence of direct con-
sumption of seagrass tissues was documented, but the seagrass vege-
tation could impact benthic food web functioning in several indirect
ways. Seagrass vegetation increased the number of food sources utilized
by meiofauna copepods and macrofaunal grazers (i.e., epiphytes con-
sumed by the copepod T. discipes and grazers only in the vegetated
habitat). Moreover, seagrasses could support larger standing stocks of
prey organisms and thus increase the feeding efficiency at higher
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trophic levels in omnivores. This result is indicated by the higher
number of carnivorous species as well as higher meiofauna and mac-
rofauna prey consumption in the vegetated habitat (Fig. 4). Evidently,
recovering seagrass meadows, despite their low plant density, can in-
crease trophic complexity of associated communities and thus play a
key role in the energy flow through benthic ecosystems.

A study of macrofauna consumers in the Sea of Japan and New
Zealand showed that their diet inside the Zostera meadows was based
on epiphytes growing on seagrass leaves or seagrass itself, whereas the
same macrofaunal species dwelling outside the meadows fed on epili-
thon or microphytobenthos (Hoshika et al., 2006; Leduc et al., 2006).
On the other hand, several studies reported no difference in the food
web structure between the vegetated and unvegetated habitats (Baeta
et al., 2009; Lebreton et al., 2011, 2012; Vafeiadou et al., 2013;
Vafeiadou et al., 2014). Similar trophic preferences of macrofauna and
meiofauna inhabiting the bare sands and Z. noltii vegetated sediments
have been documented along the Portugese (Baeta et al., 2009;
Vafeiadou et al., 2013; Vafeiadou et al., 2014) or French (Lebreton
et al., 2011, 2012) Atlantic coast. Similarly, in southeastern New
Zealand, microphytobenthos were the most important food source for
meiofauna communities regardless of the habitat being studies (Leduc
et al., 2009). Different results on the seagrass presence effects on food
web functioning given in previous reports may result from the high
variability of the studied vegetated systems (climate, region, species,
density) but may also result from the incomplete picture derived from
only one type of biomarkers (e.g., only stable isotopes). This study
proves that the usage of FA and SI together in recently released Baye-
sian mixing models is crucial for a detailed description of trophic
connections in complex food webs.

The strong signal of food web modification by the presence of sea-
grasses detected within this study indicates that recovering seagrasses
are capable of prompting mechanisms that drive food webs on multiple
trophic levels. Any type of change in the state of seagrass meadows is
therefore crucial for food web organization and for stability of coastal
marine ecosystems.
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