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A B S T R A C T

Seagrass meadows ecosystem engineering effects are correlated to their density (which is in turn linked to
seasonal cycles) and often cannot be perceived below a given threshold level of engineer density. The density
and biomass of seagrass meadows (Z. marina) together with associated macrophytes undergo substantial sea-
sonal changes, with clear declines in winter. The present study aims to test whether the seasonal changes in the
density of recovering seagrass meadows affect the benthic food webs of the southern Baltic Sea (Puck Bay). It
includes meiofauna, macrofauna and fish of vegetated and unvegetated habitats in summer and winter seasons.
Two levels of organization have been tested – species-specific diet preferences using stable isotopes (δ13C, δ15N)
in Bayesian mixing models (MixSIAR) and the community-scale food web characteristics by means of isotopic
niches (SIBER). Between-habitat differences were observed for grazers, as a greater food source diversity in
species from vegetated habitats was noted in both seasons. Larger between-habitat differences in winter were
documented for suspension/detritus feeders. The community-wide approach showed that the differences be-
tween the habitats were greater in winter than in summer (as indicated by the lower overlap of the respective
isotope niches). Overall, the presence of seagrass meadows increased ecological stability (in terms of the range of
food sources utilized by consumers) in the faunal assemblage, while invertebrates from unvegetated areas shifted
their diet to cope with winter conditions. Therefore, as a more complex system, not sensitive to seasonal changes,
Z. marina meadows create a stable habitat with high resilience potential.

1. Introduction

Marine seagrass meadows are one of the most productive and di-
verse systems in the coastal waters (Hemminga and Duarte, 2000).
Seagrasses play an important role as habitat-forming species: they add
additional structure to sea bed architecture, provide a shelter and
substrate for numerous benthic species, and provide a direct food
source for grazing invertebrates (Gartner et al., 2013). They can also act
as ecosystem engineers because they can modify the water flow regimes
and sedimentation rates and hence food supplies for benthic organisms
(Hemminga and Duarte, 2000). Ecosystem engineering effects are cor-
related to engineering organism density and often cannot be perceived
below a given threshold of engineer density (Harley and O'Riley, 2011,
Włodarska-Kowalczuk et al., 2014). That is often linked to the season-
ality of engineering species occurrence or abundance.

It has been demonstrated that in the southern Baltic Sea (Puck Bay)
seagrass vegetation persists throughout the year, but both the shoot
density and aboveground biomass of the plant as well as the abundance
and diversity of associated macrophytes undergo substantial seasonal

changes, with clear declines in winter (Jankowska et al., 2014). Strong
positive effects of increased vegetation cover were observed on mac-
rofaunal species richness, diversity, and composition (Włodarska-
Kowalczuk et al., 2014). The effects persisted throughout the year, but
their magnitude varied seasonally, in parallel with the seasonal devel-
opment pattern of macrophyte cover. The largest contrast between the
two habitats in terms of macrofauna abundance, biodiversity and bio-
mass were documented in July, when meadows reached their maximum
plant density and diversity (Włodarska-Kowalczuk et al., 2014).
Therefore, the seasonal fluctuations in eelgrass density seemed to in-
fluence its engineering effects, as indicated by the changes in macro-
benthic standing stocks and community structure. Moreover, the ap-
plication of mixing models and biochemical trophic markers (stable
isotopes and fatty acids) has provided evidence that in summer, the
eelgrass meadows modified how the food web structure functions in
this area (Jankowska et al., 2018). Although little direct consumption of
seagrass tissues was observed, vegetation impacted the benthic food
web indirectly by increasing the number of food sources utilized by
primary consumers and by supporting larger standing stocks of prey

https://doi.org/10.1016/j.jembe.2018.10.004
Received 8 May 2018; Received in revised form 11 October 2018; Accepted 21 October 2018

⁎ Corresponding author.

1 Current address: Ifremer, Centre de Bretagne, REM/EEP, Laboratoire Environnement Profond, F-29280 Plouzané, France.
E-mail address: ejankowska@iopan.gda.pl (E. Jankowska).

Journal of Experimental Marine Biology and Ecology 510 (2019) 54–63

0022-0981/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00220981
https://www.elsevier.com/locate/jembe
https://doi.org/10.1016/j.jembe.2018.10.004
https://doi.org/10.1016/j.jembe.2018.10.004
mailto:ejankowska@iopan.gda.pl
https://doi.org/10.1016/j.jembe.2018.10.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jembe.2018.10.004&domain=pdf


organisms and thereby increasing the feeding efficiency at higher
trophic levels. It has been concluded that recovering, temperate sea-
grass meadows, despite their low plant density, can increase the trophic
complexity of associated communities and thus play a key role in the
energy flow through benthic ecosystems (Jankowska et al., 2018).

A clear signal of food web modification by seagrass vegetation was
observed based on materials collected in summer, when the vegetation
development was at its maximum (Jankowska et al., 2018). The ques-
tion whether these effects persist throughout the year, regardless of the
seasonality in the plant vegetation development, remains unresolved. It
is important to understand the functioning of the system in winter, the
season with scarce vegetation and with frequent extreme weather
events (storms, ice cover), and with regard to the potential stabilizing
role of seagrass cover. Even low-density seagrass canopy can attenuate
the effects of hydrodynamic pressures on coastal sediments and thus
provide a more stable habitat for benthic biota (Christianen et al.,
2013). In addition, winter in the Baltic Sea is characterized by low to
absent phytoplanktonic or microphytoplanktonic biomass. Therefore,
seagrass biomass could function as alternative food sources, thus sta-
bilizing the local food web.

Stable isotope ratios of carbon (δ13C) and nitrogen (δ15N) have
become widespread and powerful trophic markers, as the stable isotope
compositions of consumers reflect those of their food (Deniro and
Epstein, 1981). Isotopic mixing models are increasingly used to convert
the isotopic data into estimates of food source contributions to an an-
imal's diet (Phillips et al., 2014). Moreover, the stable isotope compo-
sition of a population or a species can be used to depict an “isotopic
niche” (Jackson et al., 2011) that can, in turn, be used as a proxy of a
population or species' realized ecological niche (Bearhop et al., 2004).
Those two complementary methods (mixing models and isotopic niche
descriptors) have benefited from recent numerical advances based on
Bayesian inference. This statistical approach allows taking uncertainty
into account, which increases model performance (Moore and
Semmens, 2008; Jackson et al., 2011), and the number of publications
based on its applications is rapidly growing (Phillips et al., 2014). The
size of the isotopic niche has been shown to be related to ecosystem
fragmentation (Layman et al., 2007), changes in food availability
(Lehmann et al., 2002), and responses of individual consumers to sea-
sonal environmental variability (Martínez del Rio et al., 2009).

Here, we used stable isotope markers to investigate the seasonal

changes in food web structure in vegetated and unvegetated coastal
areas of the Baltic Sea. Two levels of biotic organization were explored:
species-specific diet preferences were depicted using stable isotopes in
Bayesian mixing models (MixSIAR), and community-scale food web
characteristics were described by isotopic niche characteristics (SIBER).
Two aspects of the variability were studied. First, we tested if the dif-
ferences between the habitats (higher diversity of food sources con-
sumed by grazers and higher contributions of carnivore prey in a diet of
omnivores in seagrass system compared to bare bottom) reported by
Jankowska et al. (2018) that occurred in summer persisted also in
winter. We hypothesized (hypothesis 1) that since the macrophyte ve-
getation and macrobenthic standing stocks decline in winter, so will the
contrasts between the habitats. Second, we examined the magnitude of
the seasonal variability within each habitat. We hypothesized (hy-
pothesis 2) that the seagrass system, although it decreases in im-
portance in winter, provides higher stability for the benthic food web
functioning due to the maintenance of a larger and more diverse pool of
food sources, more complex faunal community structure and higher
environmental stability (i.e., environmental constraint buffer). De-
scribing the trophic connections from the species to the community
scale gives us a comprehensive and broad understanding of the energy
flow through the two study systems in two seasons.

2. Materials and methods

2.1. Sampling and laboratory analyses

The samples were collected from Puck Bay, which is located in the
southern Baltic Sea off the Polish coast (Fig. 1). Puck Bay forms a
considerable part of the Gulf of Gdańsk, and its shallow waters are
home to recently recovered Zostera marina meadows. The trajectory of
eelgrass presence in Puck Bay has shown dramatic changes over the last
century. Extensive eelgrass meadows were present in Puck Bay in the
1950s when most of the bay was overgrown by meadows (Kruk-
Dowigałło, 1991). From the late 1950s to the 1980s, degradation of the
meadows was observed when eelgrass area amounted only 16.9 ha
(Kruk-Dowigałło, 1991). To date, the areal cover of eelgrass meadows
in Puck Bay has increased, although the plant density remains low
compared to that of other well-developed, temperate Z. marina mea-
dows (Jankowska et al., 2014). Despite strong environmental

Fig. 1. Study area with indication of sampling points near Jastarnia port in the Puck Bay (Baltic Sea).
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seasonality (average temperature in summer is 24 °C and in winter 3 °C
with ice cover persisting for two months; wind strength in summer
amounts 3–4ms−1 while in winter heavy storms (15ms−1) occurs), the
meadows persist year-round, with significantly lower eelgrass density,
biomass and number of associated macrophytes in winter (Jankowska
et al., 2014).

Two sampling stations in Puck Bay were selected – one in an eel-
grass meadow and one in the neighbouring unvegetated sediment
(2.3 km from each other) close to Jastarnia port, at depths of approxi-
mately 1.5–2m (Fig. 1). Samples were collected by scuba divers in the
summer and winter seasons (August 2014 and January 2015). The
potential food sources sampled included microphytobenthos (upper
2 cm sediment layer collected with a syringe and extracted in a la-
boratory); benthic macrophytes, including eelgrass belowground and
aboveground structures, filamentous algae (Pylaiella litoralis) and epi-
phytes (on the surface of the eelgrass leaves, collected by hand); SSOM
(surface sediment organic matter, collected with use of cores); and POM
(particular organic matter from the water column, collected by hand).
The sampled consumers included meiofauna copepods collected from
the seagrass leaves and from the upper 2 cm of sediments with a 42 μm
mesh size net, macrofauna and fish (collected with a sediment corer
(upper 10 cm) and a small dredge). Three replicates for each source and
consumer at each station were targeted but not achieved in the case of
rare macrofauna taxa (Table S1).

Samples were processed in the laboratory immediately after col-
lection following the procedure described by Jankowska et al. (2018).
Microphytobenthos were extracted by placing sediment in plastic con-
tainers, covering the sediment with 100×150mm Whatman lens
cleaning tissue and coverslip and exposing them to an artificial white
light source. After 24 h, microphytobenthos were scraped off the cover
slides. POM samples were pre-filtered through a 320-μm sieve to
eliminate zooplankton, then filtered through GF/F Whatman glass fibre
filters of 0.7 μm porosity. Epiphytes were detached from the seagrass
leaves by shaking using a vortex mixer (10min) and sonication
(2× 60 s, using a Sonifier Transonic Labour 2000). In the study area
the density of microphytobenthos is significantly higher at vegetated
(5.8 μg g−1) comparing to unvegetated sediments (4.0 μg g−1)
(Jankowska et al., 2016).

Meiofauna copepods were extracted from the sediments after ex-
posure to the artificial white light source. Copepods were then kept in
pre-filtered sea water, identified and picked under a stereomicroscope
(each replicate consisted of 200 individuals). Only two taxa were suf-
ficiently abundant to complete the procedure: Paraleptastacus spinicauda
(family Leptastacidae) and Tachidius discipes (family Tachidiidae).
Those two taxa are regarded as one of the most common harpacticoida
species of sandy shallows along the Polish coast - average density of
Tachidius discipes amounts 496 ind. Per m2, whereas Paraleptostacus
spinicauda 2179 ind. Per m2 (Drzycimski, 1985, Kotwicki et al. 2014).
Macrofauna and fish were kept for 24 h in pre-filtered seawater and
then identified to the species level. Most of the replicate samples con-
sisted of several individuals due to their small size (Table S1). Then, the
samples were freeze-dried and ground for stable isotope analysis.

All samples were analysed 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
analyser (Elementar Analysensysteme GmBH, Hanau, Germany) cou-
pled to an IsoPrime100 mass spectrometer (Isoprime, Cheadle, United
Kingdom). Prior to the analyses, to remove inorganic carbon for the
measurements, the sediment, filters, gastropods and fish samples were
acidified with a direct addition of 1M HCl (Hedges and Stern, 1984)
and then dried again at 60 °C for 24 h. Sucrose (IAEA-C6,
δ13C=−10.8 ± 0.5‰, mean ± SD) and ammonium sulfate (IAEA-
N2, δ15N=20.3 ± 0.2‰, mean ± SD) were used as certified re-
ference materials (CRM). Both CRMs were calibrated against interna-
tional 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 measurements of lab standards (amphipod
crustaceans) and Glycine (Merck, Darmstadt, Germany) interspersed
among the samples were 0.1‰ for δ13C and 0.2‰ for δ15N.

The collection of macrophytes, macrofauna and fish samples un-
dertaken for this research was approved by collection permits issued to
a “ZOSTERA. Restitution of key elements of the inner Puck Bay eco-
system,” project (no. POIS.05.01.00–00-205/ 09–00) coordinated by
Center of Coordination of Environmental Projects and Regional
Directorate of Environmental Protection and Nature Conservation at
the Pomeranian Voivodship.

2.2. Data analysis

The dataset consisted of data on the stable isotope (SI) composition
in four main groups of samples: potential food sources, meiofauna co-
pepods (metazoans that retain on 42 μm mesh), macrofauna (in-
vertebrates that retain on 0.5 mm mesh) and fish (Table S1).
Macrofauna species and fish were assigned to four feeding groups based
on the published literature: suspension feeders (A. improvisus, M. edulis,
M. arenaria), suspension/detritus feeders (C. glaucum, M. balthica),
grazers (Gammarus spp., Hydrobia spp., Idotea spp., R. peregra, T. flu-
viatilis, Jaera spp., S. hookei, B. pilosa) and omnivores (C. carinata,
Marenzelleria spp., N. ophidion, Palaemon spp., Pomatoschistus spp., S.
typhle, H. diversicolor, C. crangon) (Jaschinski et al., 2008; Baeta et al.,
2009; Lebreton et al., 2011; Vafeiadou et al., 2013; Michel et al., 2015).

To test for differences in δ13C and δ15N among the sources and the
consumers from two habitats in two seasons, univariate PERMANOVA
tests based on Euclidean distances (non-transformed data) were ap-
plied. Two-way tests were performed to assess potential differences
among sources and seasons. Three-way tests were performed to identify
contrasts among the consumer groups (meiofauna macrofaunal and fish
trophic groups) and between the habitats and seasons.

2.3. Mixing models

Bayesian stable isotope mixing models were applied to calculate the
relative contributions of potential food sources to the diets of meio-
fauna and macrofauna consumers from the two habitats (vegetated and
unvegetated) in two seasons (summer and winter) To meet the meth-
odological requirements of the model, the potential food sources were
grouped according to stable isotope composition similarity, so the final
set of sources included plants (Zostera and macrophytes tissues), epi-
phytes (filamentous algae and seagrass epiphytes), microphytobenthos
and POM/SSOM. We also included two animal prey types, according to
their size: meiofauna prey (corresponding to mean values of stable
isotopes of all meiofauna individuals) and macrofauna prey (mean va-
lues of stable isotopes 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 pre-
ferences (Table S1): meiofauna copepod diets potentially include mi-
crophytobenthos, epiphytes and POM/SSOM (De Troch et al., 2005,
Mascart et al., 2013); suspension and suspension/detritus feeders po-
tentially feed on microphytobenthos, epiphytes and POM/SSOM (Baeta
et al., 2009); grazers potentially feed on microphytobenthos, epiphytes,
POM/SSOM and plants (Jaschinski et al., 2008; Lebreton et al., 2011;
Ouisse et al., 2012; Vafeiadou et al., 2013; Michel et al., 2015); and
omnivores potentially feed on POM/SSOM, plants, meiofauna prey and
macrofauna prey (Mittermayr et al., 2014).

Fractionation factors of 0.4 ± 1.2‰ and 2.3 ± 1.61‰ were ap-
plied for δ13C and δ15N, respectively (after McCutchan et al., 2003). The
models were run using MixSIAR (R package, Stock et al., 2018) with
two factors (fixed factor habitat and random factor species) separately
for summer and winter seasons. Models were run for 100,000 iterations,
with no resource contribution data defined a priori (uninformative
prior). Diagnostic parameters were used to define whether the model
performance was satisfactory: Gelman-Rubin Diagnostics smaller than
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1.05, Geweke diagnostics similar among 3 chains. Model outputs (% of
contribution of each source to consumer diet) were presented using
modes, 25% and 95% credibility intervals of the posterior solutions
distribution function.

2.4. Isotopic niches

For each season and habitat, the δ13C and δ15N of consumers were
used to build community-wide isotopic niches using the SIBER (Stable
Isotope Bayesian Ellipses in R) version 2.1.3 package (Jackson et al.,
2011). SIBER was used to generate bivariate standard ellipses and
convex hulls that represent the core (proxy of the trophic and habitat
resources most commonly used by the community; Layman and
Allgeier, 2012) and total (proxy of all the trophic and habitat resources
used by the community) isotopic niches of consumers, respectively.
Isotopic niches were also built for producer assemblages sampled in
winter and summer. The total area of the convex hulls (TA) and stan-
dard ellipses areas (SEA) were calculated and compared among groups.
TA is a proxy for the total isotopic niche. It contains all consumers of
the assemblages and therefore reflects all resources consumed by ani-
mals. SEA, in contrast, is a proxy for a core isotopic niche and re-
presents only the “most typical” consumers. SEA reflect the resources
that are most commonly used by a given animal assemblage.

SEA was estimated using a correction for small sample size (SEAC;
Jackson et al., 2011). SEAC is a robust approach when comparing small
(i.e., with n < 30; Syväranta et al., 2013) and/or unbalanced samples.

3. Results

3.1. Stable isotopes composition of sources and consumers

The composition of both carbon and nitrogen stable isotopes dif-
fered significantly among sources but not between seasons, with sig-
nificant interactions between two factors (PERMANOVA main tests
p < .05, Table 1). The mean δ13C values of sources ranged from
−24.0‰ (POM) to −11.2‰ (plants) in summer and from −22.3‰
(SSOM unvegetated) to −12.7‰ (plants, Fig. 2) in winter. The mean
δ15N values ranged from 1.4‰ (SSOM unvegetated) to 5.8‰ (fila-
mentous algae) in summer and from 1.3‰ (microphytobenthos) to
6.0‰ (filamentous algae both from unvegetated habitat) in winter.

The δ13C and δ15N values in consumers differed significantly among
consumer groups and seasons but not between habitats, with a sig-
nificant interaction between habitat and season, consumer group and

season and among all three factors (PERMANOVA main tests, p < .05).
The isotopic composition of P. spinicauda, one of the meiofauna co-
pepod species, was similar regardless of habitat and season. The mean
δ13C values were− 20.5‰ in summer and− 19.5‰ in winter.
Contrastingly, significant between-seasonal and between-habitat dif-
ferences in isotopic composition were noted for other meiofauna spe-
cies, such as T. discipes. The δ13C values in summer were− 17.7‰
(vegetated) and− 13.3‰ (unvegetated), and in winter, they
were− 19.2‰ (vegetated) and− 19.9‰ (unvegetated) (Fig. 2). The
δ15N values of T. discipes were higher by 2‰ (seagrass beds) and 6.6‰
(bare seabed) in winter than in summer.

For macrofauna consumer groups, the δ13C and δ15N value ranges
were larger in winter than they were in summer. In summer, the δ13C
values ranged from−21.7‰ (bivalve C. glaucum from the unvegetated)
to −14.2‰ (crustacea Idotea spp., from the vegetated habitat), and the
δ15N values ranged from 5.2‰ (crustacea C. carinata in the un-
vegetated) to 11.3‰ (S. typhle in the vegetated). In winter, the δ13C
values ranged from−22.3‰ (bivalve M. edulis sampled at bare seabed)
to −14.4‰ (gastropod R. peregra form seagrass habitat), and the δ15N
values ranged from 5.5‰ (R. peregra at seagrass) to 13.1‰ (polychaeta
H. diversicolor at bare seabed, Fig. 2).

Seasonal differences in isotopic composition within macrofauna
consumers were noted for a few species. Between-seasonal changes in
δ13C values were noted for gastropods (grazers). A seasonal shift to-
wards higher δ13C values in winter was noted for all gastropods, re-
gardless of the habitat e.g., for T. fluviatilis from vegetated habitat
(−18.8‰ in summer versus −15.5‰ in winter) and Hydrobia spp.
from unveg habitat (− 21.7‰ in summer versus −16.5‰ in winter).
An opposite seasonal trend was noted for other grazers, such as Idotea
spp. from the vegetated habitat (−17.9‰ in winter versus −14.2‰ in
summer). Between-seasonal changes in δ15N values were noted for
omnivores from unvegetated habitat. Both H. diversicolor and
Marenzelleria spp. had higher δ15N values in winter (by 7.3‰ and
2.5‰, respectively).

3.2. Source contribution to species diet

The MixSIAR mixing models showed that the diet of T. discipes in
summer season differed between the habitats. Individuals collected
from the vegetated bottom had a higher proportion of epiphytes (mode:
70% of diet; Bayesian 95% credibility interval (CI95): 27–81%),
whereas individuals collected from the unvegetated habitat had a
higher microphytobenthos proportion (mode: 63%, CI95: 36–88%) in
the diet. The mixing models in winter showed that T. discipes diet was
mostly composed of POM/SSOM regardless of the habitat (mode of
solutions for seagrass bed - 92%, for bare seabed - 64%, Fig. 3, Table
S3).

In summer, suspension and suspension/detritus feeders had dif-
ferent food sources depending on species and habitats. Epiphytes were
the sole food source for the balanoid A. improvisus (96%, CI95:
90–100%) and were a considerable proportion of the food source for C.
glaucum and M. edulis (proportions 59%, CI95: 35–72% and 56%, CI95:
43–75% accordingly) from the vegetated habitat. POM/SSOM was the
sole food source for C. glaucum collected from the unvegetated habitat
(92%, CI95: 84–100%), whereas M. arenaria had a considerable pro-
portion of epiphytes (40%, CI95: 38–52%) and microphytobenthos/
bacteria (38%, CI95: 27–50%, Fig. 3) in the unvegetated habitat. Within
the suspension and suspension/detritus feeders collected in winter, the
main food source differed between habitats. For individuals collected
from the vegetated habitat, epiphytes were the main food source for A.
improvisus (54%, CI95: 0–99%) and contributed considerably to M.
arenaria and M. baltica (contributions 34%, CI95: 0–47% and 31%, CI95:
0–43% accordingly). Representatives of all three species collected from
the bare seabed had POM/SSOM as a main food source (from 90 to 98%
Fig. 3). Much larger contribution of epiphytes in the diet of C. glaucum
collected in the vegetated habitat was noted, when the individuals from

Table 1
Results of univariate PERMANOVA tests for differences in stable isotope com-
positions in potential food sources among sources and between seasons and in
consumers among consumer groups, between habitats and between seasons. psF
– pseudoF

Sources Consumers

Factors Main test, psF Factors Main test, psF

δ13C δ15N δ13C δ15N

Sources 212.3⁎⁎⁎ 21.8⁎⁎⁎ Habitat 0.8 0.3
Seasons 0.8 0.02 Consumer group 24.4⁎⁎⁎ 67.9⁎⁎⁎

Sources x
seasons

7.4⁎⁎⁎ 1.5 Season 15.5⁎⁎⁎ 18.0⁎⁎⁎

Consumer group x
habitat

1.5 1.5

Habitat x season 6.2⁎ 7.6⁎⁎

Consumer group x
season

7.6⁎⁎⁎ 4.0⁎⁎

Consumer group x
habitat x season

2.8⁎ 4.9⁎⁎

⁎⁎⁎ p < .001.
⁎⁎ p < .01.
⁎ p < .05.
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the two habitats were compared in summer. While in winter the same
species had similar food sources at both habitats (Table S3).

In summer, four grazer species collected from the vegetated habitat
fed mostly on epiphytes: Gammarus spp., Hydrobia spp., R. peregra and
T. fluviatilis (mode from 58 to 80%). POM/SSOM was an important food
source for Hydrobia spp. (30%, CI95: 10–52%), while micro-
phytobenthos/bacteria were important for Idotea spp. (39%, CI95:
13–61%) in the seagrass beds. POM/SSOM was the main food source for
B. pilosa (36%, CI95: 0–69%) and the sole food source for Hydrobia spp.
(78%, CI95: 40–100%) in the unvegetated habitat. In winter, POM/
SSOM was the main food source in the diet of four grazer species col-
lected from the vegetated habitat: Gammarus spp., Idotea spp., Jaera
spp. (modes from 59 to 80%, Table S2). Microphytobenthos/bacteria
was a main food source for two grazer species, R. peregra (86%, CI95:
68–99%) and S. hookei (73%, CI95: 54–94%), in seagrass beds.
Moreover, a considerable contribution of plants was noted for T. flu-
viatilis in the vegetated habitat (55%, CI95: 33–92%). POM/SSOM was
the main food source for B. pilosa from the unvegetated habitat (59%,
CI95: 35–81%). Microphytobenthos/bacteria also contributed greatly to
Hydrobia spp. in the unvegetated habitat (43%, CI95: 17–65%) (Fig. 3).
The contribution of epiphytes and plants was negligible for all grazers
taxa collected from the unvegetated habitat in both seasons. There was
only one the same taxa presented in the vegetated and unvegetated
habitat and the contribution of food sources in its diet differed between
habitats. Hydrobia spp. from the vegetated habitat had higher con-
tribution of epiphytes whereas from the unvegetated had higher con-
tribution of POM/SOM in summer. Whereas, in winter micro-
phytobenthos was main food sources for bivalves in both habitats while
POM/SOM only for the one from unvegetated (Table S3).

In summer, four omnivores species collected from the vegetated
habitat fed mostly on meiofauna prey: C. carinata, Marenzelleria spp.,
Palaemon spp. and N. ophidion (modes from 46 to 93%). For two other
species from the vegetated habitat, macrofauna prey was the main food
source - S. typhle (93%, CI95: 56–100%) and Pomatoschistus spp. (74%,
CI95: 50–100%). In contrast, in the unvegetated habitat, only one spe-
cies fed on macrofauna prey: Pomatoschistus spp. (83%, CI95: 36–100%).

In the same habitat, SSOM formed the highest proportion of the diets of
C. carinata and H. diversicolor (modes 33 and 37%) (Fig. 3, Table S2). In
winter, meiofauna and plants contributed considerably to the diet of C.
crangon in the vegetated habitat (34%, CI95: 0–56; 31%, CI95: 8–42%
accordingly). Macrofauna was the main food source for Pomatoschistus
spp. (56%, CI95: 24–99%) collected from the vegetated seabed. For
specimens collected from the unvegetated habitat, meiofauna prey was
an important food source for Marenzelleria spp. (69%, CI95: 31–79%),
whereas macrofauna prey was important for two other species: C.
crangon and H. diversicolor (modes 45 and 51%) (Fig. 3). There were
three the same species presented in the vegetated and unvegetated
habitat in summer and their diet differed between habitats for the two
of them. C. carinata and Marenzelleria spp. from seagrass meadows had
higher contribution of meiofauna prey in its diet whereas from the bare
seabed, higher contribution of POM/SOM. In winter two the same
species occurred in both habitats. In the vegetated habitat, the main
food source of C. crangon was meiofauna prey, while in the unvegetated
habitat macrofauna prey. Continuing, H.diversicolor from seagrass
consumed mostly POM/SOM, while from the bare seabed, macrofauna
prey (Table S3).

3.3. Isotopic niche modelling

Isotopic niches of producers occupied a very similar position in the
isospace in both summer and winter (Fig. 4). They were strongly
overlapping (over 75% of the cumulated areas), although the summer
niche (SEAC: 30.6‰2, TA: 58.2‰2) seemed slightly larger than the
winter one (SEAC: 23.4‰2, TA: 34.4‰2).

The differences in the areas of the standard ellipses (SEAC) of
communities between the two habitats were greater in winter (10.4‰2

- vegetated versus 16.6‰2 - unvegetated) than in summer (9.5‰2 –
seagrass beds versus 12.2‰2 – bare seabed). On the other hand, convex
hull areas (TA) of the communities at both habitats were very similar in
winter (21.8‰2 and 23.0‰2, respectively) and differed more in
summer (18.5‰2 vegetated, 14.4‰2 unvegetated). The SEAc/TA ratio
was notably higher in unvegetated (0.85) than in vegetated (0.51) areas

Fig. 2. Bi-plot of carbon and nitrogen isotope (mean ± SD) composition of food sources and consumers species from the vegetated and unvegetated habitats in
summer and winter seasons in Puck Bay (Baltic Sea) (all values presented in Table S2).
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in both summer and winter (0.72 vs. 0.48).
Niche positions of vegetated and unvegetated communities were

more similar in summer than in winter (Fig. 4), as the relative overlap
between the two standard ellipses for the two habitats was greater in
summer (approximately 40% of the cumulative areas of both ellipses)
than in winter (16% of the cumulative areas). The largest niche overlap
(81%) was observed for the seagrass habitat in winter and the bare
seabed habitat in summer.

4. Discussion/Conclusions

4.1. Seasonal and between-habitat contrasts in consumer diets

The seasonal changes in meiofauna copepods (T. discipes) sources
uptake shows a less diverse diet in winter, based on one major food
source (POM/SSOM) in both habitats. Whereas in summer, a con-
siderable contributions from other sources were demonstrated by
MixSIAR models (epiphytes in vegetated and microphytobenthos in
unvegetated habitat). Seasonal shifts in meiofauna copepod diets have
also been detected in Z. noltii from the French Atlantic and western

Fig. 3. Conceptual model of trophic connections in vegetated (green arrows) and unvegetated (orange arrows) habitats in summer and winter in Puck Bay (Baltic
Sea) based on MixSIAR results. Arrows indicate food sources that had over 30% of contribution in the particular species diet as depicted by MixSIAR. See Supporting
Information for MixSIAR results (Table S3). (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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Italian coast (Lebreton et al., 2012; Vizzini et al., 2002), although these
studies showed different patterns. On the Atlantic coast, the POM
contribution in the diet of copepods was greater during spring and
summer than in other seasons (Lebreton et al., 2012), while in the
Mediterranean Sea, POM was a prevalent food source in winter, and
benthic organic matter dominated during other seasons (Vizzini et al.,
2002). Benthic copepods are opportunistic feeders that can adjust their
diet to the availability of food sources (Lebreton et al., 2012). The
dominance of dietary POM/SSOM in both habitats in winter could be a
consequence of the lower availability of other, preferable sources in this
season. In summer, T. discipes from the vegetated habitat most likely
lived among densely growing seagrass leaves (covered by filamentous
algae) and fed preferentially on epiphytes. In winter, seagrass foliar
surface and other macrophytes (including filamentous algae) decreased
(Jankowska et al., 2014), so the availability of the preferred food source
in summer (epiphytes) decreased dramatically.

The seasonal trends in sources uptake varied among macrofauna
species and their groups. Regarding suspension and suspension/detritus
feeders, in summer all species fed on a mixture of different food sources
in both habitats (epiphytes, POM/SSOM, microphytobenthos). In
winter, species from the vegetated habitat still utilized multiple food
sources (epiphytes, microphytobenthos, POM, SSOM), while species
inhabiting unvegetated bottom fed only on POM/SSOM. The diversity
of food sources in the diet of suspension and suspension/detritus fee-
ders in unvegetated habitat in summer may have resulted from the
organic matter supply from neighbouring seagrass beds. Carbon inputs
associated with seagrass beds were found to extend well beyond the
vegetation boundaries and contributed to the diet of macrobenthos in
adjacent sediments in coastal Portugal waters (Vafeiadou et al., 2013).
Previous studies on Z. noltii meadows (French Atlantic coast) noted a
lack of seasonal differences in the suspension feeders' diet, which was
year-round and based on microphytobenthos resuspended by the waves
(Lebreton et al., 2011). In Puck Bay, epiphytes (together with fila-
mentous algae) produce high biomass in summer (Jankowska et al.,
2014) but decrease in winter. A considerable contribution of epiphytes
and filamentous algae plus a small contribution of plant tissue in the
sediment organic matter pool of the bare seabed has been previously
detected in Puck Bay in summer (Jankowska et al., 2016). As reflected
in the diet of suspension/detritus feeders from the unvegetated habitat,
the export of epiphyte-derived organic matter to sandy bottoms is
therefore very likely to occur in summer and to cease in winter.

In both summer and winter, some grazers inhabiting vegetated

seabeds exhibited higher trophic diversity (i.e., fed on a greater number
of distinct food items) than did individuals from unvegetated seabeds.
As indicated by the summer food web study in Puck Bay (Jankowska
et al., 2018), grazers from vegetated habitat were characterized by
selective feeding and so they are in winter (despite of seasonal drop in
meadows structure) Epiphytes that greatly contributed to the diet of
grazers from the vegetated habitat in summer were barely consumed in
winter, but in the absence of epiphytes, some grazers switched to
feeding on microphytobenthos (R. peregra, Idotea spp., Gammarus spp.,
Hydrobia spp.) or even plant tissue (T. fluviatilis). In the unvegetated
habitat, the grazers' diet was based mostly on POM/SSOM in summer
and POM/SSOM and microphytobenthos in winter. As indicated by a
study in the Ligurian Sea, herbivores from meadows fed on epiphytes
and seagrass leaves throughout the year (Peirano et al., 2001), but this
system did not undergo such strong seasonal changes in vegetation
cover as Puck Bay did.

Finally, clear seasonal differences in the diet of omnivores from two
habitats were noted. The consumption of animal-derived matter in
vegetated habitat was higher in summer, while in winter, carnivory
appeared to be common in unvegetated habitats. In summer, carnivores
from the vegetated habitat were confronted with greater prey avail-
ability than in winter, as both the density and biomass of macrofauna
increased in summer (Włodarska-Kowalczuk et al., 2014). It has been
noted that the movements of predators in the Baltic Sea follow seasonal
changes in prey availability (Nordström et al., 2009). Moreover, the
two predatory pipefish species N. ophidion and S. typhe and the omni-
vore shrimp species Palaemon spp. noted within the seabed in summer
were not present in winter, probably due to seasonal migration to
deeper parts of the bay (Jephson et al., 2008; Rutkowski, 1982). In-
stead, C. crangon was present in both habitats. The diet of C. crangon in
the Baltic Sea consists largely of B. pilosa grazer species, which tend to
dominate exposed sandy seabeds and have been described as a pre-
ferred food item for C. crangon (Pihl and Rosenberg, 1984; Nordström
et al., 2009). Indeed, in our study, B. pilosa was only present in the
unvegetated bottom, and it was only in this habitat that the diet of C.
crangon was dominated by macrofaunal prey in winter. In general the
between habitat and season differences in predation among omnivorous
fauna detected within this study implies a great complexity of this
specific feeding group. The combined effects of the habitat and season
on the feeding preferences in omnivorous species are to be tested in
future research.

Overall, the results of mixing models shows great importance of

Fig. 4. Isotopic niches of producers and consumers
assemblages in Puck Bay (Baltic Sea). Points are
mean values for each species or item, solid or dashed
lines are standard ellipses (SEA), and shaded areas
are convex hulls associated with each group (TA).
Black: producers, green: consumers from vegetated
habitats; orange: consumers from unvegetated habi-
tats. Open symbols and dashed lines: summer sam-
ples, full symbols and solid lines: winter samples.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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composite food sources (POM/SSOM), epiphytes and micro-
phytobenthos for the whole communities as indicated by high number
of connections from species to food sources (Fig. 3). It is highly prob-
able that many species feeding on those composite food sources are
actually performing selectivity that might be important for their co-
existence and the stability of assemblages. More research to improve
diet description of those species by using advanced techniques and
more appropriate markers (e.g. stable isotopes analysis in amino acids
or PLFA) should be performed in the future (Budge et al., 2008). This
could help to better understand fine resource partitioning between
species and trophic guilds, as well as to pinpoint key-metabolisms and
mechanisms of production and consumption that support many con-
sumer taxa (e.g. importance of bacteria vs. prokaryotes, certain mac-
roalgae more than others) (Wu et al., 2016). It is important from both
ecological and biological conservation point of view, as all of the sub-
units composing POM/SOM, epiphytes/algae or microphytobenthos are
likely to react differently to ecosystem changes and anthropogenic ac-
tivities.

4.2. Seasonal and between-habitat variability of community trophic niches

The community-wide approach of comparing food webs from two
habitats in two seasons showed that the contrasts between the habitats
were stronger in winter than in summer (as indicated by the smaller
overlap of the respective isotope niches). There are many sources of
variation that contribute to a consumer's isotopic composition, in-
cluding the geometry of the sources' mixing space, the foraging beha-
viours of the consumers, and temporal changes in the environment that
might alter the consumer's ability to find, acquire, and consume its
source (Yeakel et al., 2016). In the present study, the isotopic variability
of food sources seemed comparable in both seasons, as suggested by the
similar position and size of producers' standard ellipses in both seasons
(Fig. 4). Therefore, inter-seasonal differences in fauna diet can be linked
to actual ecological shifts rather than isotopic baseline changes. The
seasonal shift in community niches could be a result of a phenomenon
described above, i.e., support from the neighbouring bare sandy bottom
habitat, with organic matter produced within seagrass meadows in
summer and a lack of that support in winter (Thormar et al., 2016).
Seagrass meadows deposit organic matter to the adjacent bare bottom
by materials detached from the meadows (Miyajima et al., 1998) and
reducing velocity of the water flow (Fonseca and Koehl, 2006; Pujol and
Nepf, 2012). In the present study in summer, both communities fed on a
variety of food sources that were supported by the well-developed
macrophyte vegetation in the meadows, so the community niches lar-
gely overlapped, with only some differences. Further, the seagrass bed
community niche was extended vertically towards higher δ15N values
due to a higher contribution of prey in omnivore diet, while the bare
sand community niche was extended towards more negative δ13C va-
lues due to the higher contribution of POM/SSOM in the diets of several
consumers. In winter, the consumers in the vegetated community still
fed on a variety of sources and the overall community niche did not
change significantly. In contrast, consumers from bare sand, seemed to
restructure their diet strongly towards POM/SSOM and animal prey,
resulting in a community isotope niche that clearly shifted towards
lower δ13C and higher δ15N values.

The ratio between the standard ellipses area (SEA) and convex hulls
(TA) areas of consumer assemblages in Puck Bay (Fig. 4) was higher for
unvegetated habitats (approximately 80% in both seasons) than for
vegetated communities (approximately 50%). It implies that animals
from the unvegetated habitat commonly exploit a large part of the
range of the resources that they can find in their environment. This
could be caused by lower food availability and increased competition. It
has been previously noted that shift in feeding behaviour of the same
species depends on the availability of resources and the time spent
handling the food under high predation risk (Rossi et al., 2004; Sommer
et al., 2005). Due to lack of vegetation, invertebrates inhabiting bare

seabed are indeed under higher predator pressure. On the other hand,
in vegetated habitats, the food availability is greater, predation pressure
lower and the animals are more likely to feed on preferred food items.
That could explain why a smaller proportion (approximately 50%) of
the total available food items seem to be commonly exploited by ani-
mals from vegetated habitats. This is particularly marked in summer,
where the TA of assemblage is higher (more total isotopic diversity) but
the SEA is slightly smaller (less core isotopic diversity) in vegetated
than in unvegetated habitats.

4.3. Stabilizing effects of seagrass meadows on food web structure

The species-specific and community isotope niche approach appli-
cation revealed the patterns of seasonal and between-habitat variability
in coastal benthic food webs in Puck Bay. Overall, the comparison of
community isotopic niches indicated that seagrass cover for the benthic
food web is more critical in winter, which is a season with lower re-
source availability. The presence of seagrass is important not as a po-
tential food source itself but because the presence of seagrass meadows
increases ecological stability (in terms of the range of food sources
utilized by consumers) in the faunal assemblage associated with un-
derwater vegetation, while invertebrates from unvegetated areas had to
shift their diet to adapt to winter conditions. In contrast to our ex-
pectations, the differences in trophic diversity between the habitats
were greater in winter, even if abundance and diversity of the vegeta-
tion decreased in that season. The contrast between the habitats in
winter was produced by the strong dietary shift of bare sands fauna.
However, the stronger similarity between the two studied habitats in
summer may resulted from the meadows influence on sandy sediments
via the export of phytodetritus. It would be useful to assess the mag-
nitude and spatial range of this export and to compare the seasonal
variability of faunal communities along the gradient of the meadow
influence in future studies.

It was previously emphasized that the detrital production of sea-
grass meadows exerts an important stabilizing effect on the whole
ecosystem by providing a persistent food supply (Thormar et al., 2016).
Moreover, a study comparing food web structure of disturbed (eu-
trophicated) and undisturbed eelgrass meadows of the Danish coast
suggested that the physical setting of seagrass meadows (exposed vs
sheltered; eutrophicated vs pristine) influences the ecosystem's struc-
ture, function and resilience (Thormar et al., 2016). The eelgrass
meadows of Puck Bay persist throughout the year, and the export of the
eelgrass-derived organic matter has been confirmed in the summer
(Jankowska et al., 2018). Our results also indicated that even though
the species of vegetated communities presented some seasonal dietary
shifts, the trophic functioning of the whole community remained stable.
Apparently, the meadow vegetation, even if it fluctuates seasonally in
terms of its development, provides the conditions that stabilize the
benthic food webs.

Climate change and anthropogenic pressures expose seagrasses to a
number of challenges, thus significantly reducing their abundance
(thermal pollution, pH decrease, increased storm frequency, rising sea
level, Orth et al., 2006). As a consequence, over the past three decades,
an accelerating loss of seagrass area has been noted worldwide
(Waycott et al., 2009). In the Baltic Sea alone, large-scale losses of 60 to
100% in eelgrass area have been recorded in Denmark, Sweden and
Poland between the 1900s and the mid-1980s (Boström et al., 2014).
The greater number of storms and extreme weather conditions occur-
ring in the Baltic Sea are considered to cause additional stress for
coastal ecosystems (Jania and Zwoliński, 2011, Rotnicki et al., 1995).
The documentation of the trophic structure and carbon flow in the
benthic communities is crucial for understanding the whole ecosystem
functioning in terms of food sources and capacity of the system to
sustain different life stages of the top-predator populations including
commercially important fish (Baden et al., 2012). Therefore, the pre-
sent study increases the knowledge regarding the importance of
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seagrass meadows for the healthy functioning of the temperate shallow
water ecosystems and emphasizes the importance of their conservation.
Having more extensive and stable seagrass meadows could increase the
region's resilience to future changes.
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