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Abstract: In this study, we provide insights into that characteristics of two sites representing different
conditions of productivity and salinity impact on trophic network structures of macrophyte habitats
and diet of benthic grazers at the active vegetation period in the Curonian Lagoon (southeastern
Baltic Sea). Regarding the epiphytic growth, macrophytes were more overgrown in the relatively
less productive (northern) site with a muddy bottom and more frequent marine water inflow than in
the (southern) site with higher productivity and freshwater sandy habitat. Stable isotope analysis
revealed that organisms’ samples from the northern site were more enriched with the heavier carbon
isotopes, but depleted in the heavier nitrogen isotopes than those from the southern site. Gastropods
and amphipods mainly consumed sedimentary organic matter in the southern site, while they grazed
epiphytes together with sedimentary organic matter in the northern site. Although to a low extent,
gastropods consumed more charophytes than pondweeds in the southern site. This study contributes
to a better understanding of the functioning and structure of lagoonal systems, highlighting the
importance, often overlooked, of the benthic compartment, which, however, may have a relevant
influence on the productivity of the whole system.

Keywords: stable isotope; charophytes; pondweeds; grazers

1. Introduction

Submerged aquatic vegetation (macrophytes) macroalgae together with vascular
plants contribute to the overall functioning of coastal ecosystems and, even when informa-
tion on their distribution, species composition, and abundance are not monitored explicitly,
their ecological role, as well as the provision of a number supporting and regulating ecosys-
tem services, are considered as important in most coastal areas. They form temporally
dynamic, fragmented subtidal landscapes [1], enhance biodiversity by delivering nursery
and foraging areas for various organisms, maintain water quality by reducing particle
loads and absorbing dissolved nutrients [2,3], protect the coastline by stabilizing sediments,
and influence global carbon and nutrient cycling [4,5]. Moreover, macrophytes compete
for the same nutrient pool with phytoplankton and might influence the appearance of
eutrophication symptoms in shallow coastal systems [6,7].

Considering the direct role of macrophytes in a trophic network, they might be a
food source for grazing herbivorous organisms from invertebrates to waterfowl [8], as
well as fully or semi-detritivore organisms when they start decaying [9,10]. Experimental
and observational studies reveal that macrophyte distribution depends on herbivorous
vertebrates, while the invertebrate herbivory effect is more complex. Grazing invertebrates
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might use varying feeding strategies depending on season and abiotic and biotic factors,
and they can switch their preference from one to another food source if a preferred one
gets depleted. Therefore, trophic network studies include a number of food sources as
macroalgae, macrophytes and associated microorganisms, benthic diatoms, phytoplankton,
and others [10-13].

Consideration of trophic and non-trophic relationships allows us to understand how
macrophyte-related networks are structured [14]. However, the macrophyte role in trophic
networks is usually unevaluated due to challenges in quantifying the direct effects of
herbivory (e.g., [5,15]). Stable isotopes (SI) of carbon (613C) and nitrogen (6"°N) have
been used in studying trophic networks since SI values in consumer tissues are related to
their food sources. §'°N of a consumer is typically enriched by 3-4%. relative to its diet
sources and reflects its trophic position in a food web. §'*C changes much less (0-1%o)
between sources and consumers [16,17] but is useful for evaluating the possible sources of
carbon for a consumer when the SI signatures of the sources differ from one another. SI
analysis is powerful for differentiating phytoplankton versus attached macroalgae in littoral
production, with the former showing more 13C—depleted values than the latter [17,18].
Similarly, SI discriminate between marine primary producers and freshwater primary
producers, with the latter being more '3C-depleted than the former [19]. In transitional
systems, due to gradients of productivity and salinity from freshwater to marine features,
SI allow the following the fate of organic matter of different origins (e.g., freshwater,
marine, pelagic, benthic) [9]. Overall information provided by SI encompasses identifying
the trophic role of primary producers, main trophic pathways leading to top predators,
resource utilization by different consumers, and trophic structure of aquatic food webs
with implications on ecosystem stability and functioning [10,17].

The Curonian Lagoon, an interface basin between the Baltic Sea and riverine water
masses, has a strong gradient of salinity and productivity. Riverine water inflow sustains
freshwater conditions in the southern part, whereas brackish features characterize the
northern part of the lagoon (Figure 1). This environmental gradient forms different littoral
trophic networks [20,21] where consumers, adapted to the mix of the conditions, choose
diverse food sources that are reflected in SI values of their tissues [17]. In this lagoon as well
as in other highly eutrophic ecosystems, grazing, excretion, and assimilation loop, which
involves macrofauna—macrophyte mutual facilitation, ease macroalgae competition for
light under eutrophic conditions [22,23]. Consumers representing lower trophic levels (e.g.,
gastropods and amphipods) might be important in regulating overgrown epiphytes and
contribute to macroalgae-related habitat characteristics in different lagoonal sites [23,24].
As trophic structures and characteristics of the littoral food webs might highly depend
on macrophyte habitats in the lagoon, the evaluation of consumed organic material by
grazers is an important question in the broader topic of the lagoon trophic network and
elemental cycles.

The aim of this study is to analyze the food sources for benthic grazers (gastropods and
amphipods) within charophyte meadows and other macrophyte habitats during the active
vegetation period in the littoral area of the transitional Curonian Lagoon. According to the
sampling scheme, which also included nekton feeders, omnivores, zoobenthos feeders, and
predators living in the same habitats, the study represents trophic network structures.
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Figure 1. Location of study sites in the Curonian Lagoon at the southeastern Baltic Sea. Dashed lines
mark isolines, numbers (1-5) represent annual salinity.

2. Materials and Methods
2.1. Characteristics of the Sampling Sites

The study was performed in the Lithuanian part of the Curonian Lagoon, located in
the southeastern Baltic Sea (Figure 1). The main water and nutrient input to the lagoon
is the Nemunas River (17-23 km? year_l), which enters the lagoon in the central-eastern
part and then moves to the north towards the Baltic Sea. Such a northward current
is strongly expressed in spring, but is less evident in other seasons due to low river
discharge [21,25]. Riverine water brings a high amount of nutrients [25], sediments [26],
and organic matter [27]. Moreover, in the lagoon, processes from functional microbial
loop to upper trophic levels are influenced not only by riverine flow but also by the water
exchange between the lagoon and the brackish Baltic Sea [23,28].

Samples for this study were collected at two selected sites, the northern (N 55.64046°,
E 21.15075°; WGS84) and the southern (N 55.41742°, E 21.24762°; WGS84) (Figure 1).
These sites represented different conditions within the northern and the southern lagoonal
parts, mostly valid along the eastern coast. As strong gradients of salinity and produc-
tivity are present in the lagoon, annual salinity at the northern site was 2.0-3.0 (>0.5 for
150-250 days/year) and at the southern site it was 0.5-1.0 (>0.5 for 85-150 days/year [29,30].
Overall the two sites are also different in terms of other physical and chemical character-
istics. As an example, values of dissolved oxygen (mg L~!), alkalinity, dissolved organic
carbon (ug L~1), and total phosphorus (ug L1 usually are lower in the northern site
than in the southern site, while the opposite is true for dissolved nitrates and inorganic
phosphorus which usually are higher in the northern site than in the southern site (based
on August 2014) [30].
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Three diverse macrophyte and plant habitats were identified at the two studied sites. The
northern site was characterized by a mixed habitat of charophytes (mainly Chara contraria),
narrow-leaved pondweeds (Stuckenia pectinata), and epiphytes (Cladophora glomerata), while
the southern site was characterized by two different habitats of charophytes (mainly
C. contraria) and broad-leaved pondweeds (Potamogeton perfoliatus).

2.2. Sample Collection

The samples of water and sediment, macroalgae, vascular plants, epiphytes, mollusks,
worms, crustaceans, and fish were collected during the active vegetation period in July 2019
from the above-mentioned habitats in the northern (mixed habitat) and southern sites
(charophytes habitat and P. perfoliatus habitat).

Water samples were collected for SI analysis of seston, as a mixture of autotrophic,
heterotrophic and detrital material and prefiltered through 150 um mesh size separating
smaller and larger fractions of seston. Then, samples were filtered on Whatman glass
microfiber GF/F filters (pore size 0.7 um) to concentrate the material. The water prefiltered
through Nuclepore filters (pore size 0.22 um) was used to clean particles from the meshes.

Four intact sediment cores were collected by hand, gently pushing liners (internal
diameter = 8 cm, height = 30 cm) within sediments. In the laboratory, cores were extruded
and sliced at 0-0.5 and 0.5-2 cm intervals. Each layer was homogenized. Then, a 20 mL
subsample of sediment aliquot was taken and transferred in a 50 mL centrifuge tube. After
centrifugation in dark conditions (15 min at 2000 rpm) the supernatant and the lighter
detritus fraction were collected with a syringe and filtered (Whatman glass microfiber
GEF/F filters, pore size 0.22 pm).

Once collected, macrophytes were immediately transported to the laboratory in an
ice chest. They were gently rinsed with the lagoon water (previously filtered through
0.22 pum sterile membrane filters) to remove large debris, sediment, and vagile organisms
(e.g., mollusks, amphipods), and placed into sterile 50 mL tubes with filtered lagoon water.
Subsequently, the separation of epiphytic organisms from their host was performed in three
steps: by 3 min of ultra-sonication, 30 min of shaking (225 r/min), and 3 min of additional
ultra-sonication [31]. Then, water with disattached epiphyte was filtered onto glass fiber
filters precombusted at 550 °C and pre-weighed (Whatman GF/F, pore size 0.7 um, 47 mm
diameter) [32]. The remaining epiphytes were removed by scraping with the tweezer
under binoculars and were transferred on the same filter. Epiphytes were not separated
into taxonomic groups, but they were analyzed as a pool for the different macroalgae or
plant species. Epiphyte biomass was calculated per dry weight of macrophytes. Leaves or
top thalli of macrophytes cleaned from epiphytes and other organisms were used in the
SI analysis.

Fish (2.5-10 cm total length) and invertebrates were caught using 4-6 pop-nets [33].
The pop-nets were made of a square wall of fine mesh netting (1.0 mm diameter) attached
to a bottom frame (2 x 2 m) of heavy steel and a floating top frame (sealed 40 mm diameter
PVC pipes). The top and bottom of a pop-net were open (no netting). The pop-nets were
placed at 0.5-1 m depth; the distance between the nets ranged between 2 and 50 m. The
upper and lower frames of pop-nets were locked together and were left undisturbed for
1-2 h to allow for fish to return and to recolonize the site. Then, we pulled ropes on the
shore that released fixators locking the frames and the top of the nets surfaced within 2 s.
A semi-solid-framed collecting net of the same mesh was used to close the bottom of a
pop-net. After placing a netted bottom, the whole pop net was raised to the surface and
brought to a shore, where fish were collected.

Invertebrates were additionally collected using a hand-net (the area of opening
700 cm?), which was gently dredged near the bottom for 1 m distance in the pop-nets
or in their vicinity.



Water 2022, 14, 1565

50f18

2.3. Sample Preparation and Analysis

Samples of macrophytes, GF/F filters with seston, sedimentary organic matter, epi-
phytes, soft tissues of invertebrates, and muscle of fish were stored at —20 °C and then
freeze-dried. When possible, animal individuals were analyzed as replicates. Only in the
case of chironomids and small crustaceans were whole body and pooled individuals used
per replicate because of their small individual weight.

Overall, $'3C and §'°N analysis was run on all untreated samples. For the analysis of
whole-body invertebrates (i.e., crustaceans) and GF/F filters, §'3C and 5'°N were analyzed
separately and, prior to analysis, samples were acidified drop by drop with HCI (2N) to
remove carbonates, then washed and oven-dried at 60 °C [34]. Moreover, when the C/N
ratio was >3.5, §13C and 5'°N were analyzed separately and, prior to stable carbon isotope
analysis, lipids were removed through a 2:1 methanol:chloroform solution and oven-dried
at 60 °C ([35] modified). In cases in which both treatments were necessary, samples were
first delipidized and then acidified.

All samples were then ground into a fine powder using a micro-mill (MM200, Retsch,
Haan, Germany), weighed in tin capsules, and analyzed in an Isotope Ratio Mass Spec-
trometer (Delta Plus XP, Thermo Fisher Scientific, Waltham, MA, USA) connected to an
Elemental Analyser (Flash EA 1112, Thermo Fisher Scientific, Waltham, MA, USA). Isotopic
values were expressed in conventional 6 unit notation (as parts per mil) in relation to inter-
national standards (Pee Dee Belemnite for §'°C and atmospheric Nj for §'°N), following
the formula

5'3C or 5'°N = [(Rsample/Rstandard) — 1] x 10°,

where R is the '3C/12C or 1°N/!*N ratio. Analytical precision based on the standard
deviation of replicates of internal standards (International Atomic Energy Agency IAEA-
NO-3 for §'°N and IAEA-CH-6 for §'3C) was 0.2%o.

Statistical analysis was done using R [36]. Normality of SI values was checked using
the Shapiro test. Differences among taxa and sampling sites were analyzed using Multivari-
ate Analysis of Variance (MANOVA) and Turkey HSD. SI differences in selected consumers,
which were sampled in both sampling sites, were estimated using t-test.

The boosted regression trees (BRT) method was used to assess the importance of
variables (typology, type, site, and habitat) in explaining the variance of §!°N and §'3C.
This method does not assume that an explanatory variable has the same relationship with a
response across the entire range of the environmental factor, as BRT uses decision trees to
classify explanatory variables and predict the response by minimizing a loss function [37].
Moreover, BRT addresses a multicollinearity issue because it considers interactions among
explanatory variables—a response to an explanatory variable depends on the values of
other explanatory variables at the higher levels of trees. BRT was performed using the
package “dismo” [38] in R.

Mixing modeling was carried out with the package SIAR (Stable Isotope Analysis
in R; [39]). We applied the trophic enrichment factor (TEF) of 3.4 4 1.02%. for §'°N and
0.8 4 0.16%o for 6'3C when estimating the diet of invertebrates [40,41].

We aggregated SI values of particular sources when the matrix plots in SIAR suggested
that it was difficult to distinguish between their contribution to the consumers as they
overlapped one another in the isotopic space. Thus, the following groups of food sources
were used:

- Three food sources (macrophytes, their epiphytes, and sedimentary organic matter
and seston < 150 um (small)) to estimate the diet of four species of gastropods at both
sites and habitats (Table S1);

- Six food sources (epiphytes on C. contraria, epiphytes on S. pectinata, sedimentary
organic matter, seston < 150 um (small), epiphytes of C. glomerata and seston > 150 um
(large), macrophytes) to estimate the diet of amphipods at the northern site;
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- Six food sources (C. contraria, P. perfoliatus, epiphytes on different macrophyte species,
seston > 150 um (large), sedimentary organic matter and seston < 150 um (small)) to
estimate the diet of amphipods at the southern site.

The mean percentages with standard deviation (SD) were the outputs of isotopic
mixing models. Trophic levels of consumers were calculated according to the following
equation [17]:

TL = [615Nc0nsumer - 61SI\Ibaseline]/ 3.4 + TLpaseline

where we used the averaged §'°N values of Bithynia tentaculata and Radix balthica as the
baseline values (8.1%o0 in the southern site and 7.9%o in the northern site—obtained in
this study).

3. Results
3.1. Trophic Networks in Macrophyte Habitats

This study included six fish species, nine macrozoobenthos taxa, five macrophyte taxa,
epiphytes from four different macrophytes, two sediment layers, two fractions of seston
(Table 1) from two sites, and three different macrophyte habitats (Figures 2 and 3) in the
Lithuanian part of the Curonian Lagoon. Overall, 51°N varied between 0.4 and 14%,, while
§13C ranged from —29 to —13%o (Figure 2). Estimated trophic levels (TLs) of consumers
provided information about their role in the littoral food webs of the different sites and
habitats (Table 1). Invertebrates occupied a TL up to 2.4, only mysids showed a TL equal
to 2.9, perches and spined loaches occupied the highest TL of 3.2-3.5. In the northern site,
the range of SI values was broader and organisms occupied lower TLs than in the southern
site (Figure 2).
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Figure 2. 5'3C and 5'5N values (%o, mean + SD) at the two sampling sites in the Curonian Lagoon.
The values of the southern site are the average of two habitats.

Results from boosted regression trees (BRT) suggested that typology (as organism
taxonomy) contributed to variation of §!°N and §'3C (91.7% and 81%, respectively). Site
and habitat information contributed 11.3% and 7.7% 813C variation, while the same factors
contributed, respectively, only 4.2% and 4.2% §'5N variation in this study.
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Table 1. List of sampled organisms, their feeding strategies, sample size (n), stable carbon (5'C), and nitrogen (5!°N) isotope ratios, and estimated trophic levels
(TL) by sampling site and habitat. Feeding strategy (according to [42,43]): Herbiv.—herbivores; Mix—diverse organisms with various feeding habits (from bacteria,
fungi, producents to zooplankton feeders); Nect.—nekton feeders; Omniv.—omnivores; Pred.—predators; Prod.—primary producers; Subs. dep.—subsurface
deposit feeders; Susp. filt.—suspension filter feeders; Zoobenth.—zoobenthos feeders; Zooplank.—zooplankton feeders.

Northern Site Southern Site
. Mixed Habitat of Chara contraria, Cladophora Separate Habitats of Chara contrarialPotamogeton perfoliatus/not Assigned to
Taxon/Group Feeding Strategy glomerata and Stuckenia pectinata Any Habitat
n 813C, %o 815N, %o, TL n 813C, %o 815N, %o, TL
Algae
Chara contraria Prod. 3 —13.82 £ 049 2.39 £ 0.99 3/-/- —18.28 £ 0.19 5.62 £0.22
Cladophora glomerata Prod. 2 —14.96 & 1.65 3.37 £0.16 0
Plants
Potamogeton perfoliatus Prod. 0 -/3/- —17.32 £ 0.46 7.65 +0.34
Stuckenia pectinata Prod. 3 —13.32 & 0.55 3.37 £ 0.66 0
Epiphytes
Epiphytes on C. contraria Prod. 3 —18.65 & 0.27 2.88 = 0.14 3/-/- —21.57 £ 0.28 2.35 £ 0.11
Epiphytes on C. glomerata Prod. 2 —19.09 +0.38 4.49 £ 0.06 0
Epiphytes on P. perfoliatus Prod. 0 -/3/- —23.35 4+ 0.22 5.51 & 0.02
Epiphytes on S. pectinata Prod. 2 —18.30 & 0.01 0.64 +0.16 0
Seston fractions
Seston < 150 um Mix 3 —28.28 + 0.07 3.224+0.35 3/3/- —28.24 +0.33/—26.44 £ 0.73 6.27 +0.03/6.42 £ 0.35
Seston > 150 um Mix 2 —19.96 + 0.10 6.08 £ 0.05 2/3/- —21.98 +0.52/—-22.75 + 0.53 7.46 +0.45/7.64 £+ 0.33
Sediment layers
0.5-2 cm Mix 3 —24.8 £0.27 8.57 £0.32 6/6/- —26.32 £1.59/-27.21 £ 0.27 7.76 £0.23/7.41 + 045
0-0.5cm Mix 3 —25.25 + 1.69 8.01 +0.48 6/6/- —25.8 +2.96/-26.98 £ 0.40 7.86 £0.37/7.58 + 0.67
Mollusca
Bithynia tentaculata Surf. dep. 3 —20.21 +0.03 8.75+£0.13 2.3 3/4/- —25.42 +0.37/-24.61 + 0.26 8.04 £0.18/7.89 &+ 0.14 2.0
Dreissena polymorpha Susp. filt. 0 3/-/- —28.79 £+ 0.08 8.48 £0.11 2.1
Lymnaea auricularia Surf. dep. 0 3/2/- —2823 +0.25/—24.47 + 0.09 10.97 + 0.52/8.16 £+ 0.22 2.5
Lymnaea stagnalis Surf. dep. 0 2/3/- —26.88 +1.09/—-24.16 £ 0.07 8.82+1.43/7.29 £ 0.31 19
Radix balthica Surf. dep. 3 —1821+0.19 6.99 £0.26 17 3/4/- —24.95+0.17/-23.83 £ 0.21 8.08 £0.06/8.29 & 0.62 2.0
Worms
Chironomids Subs. dep. 3 —2325+0.15 7.9 £0.28 2.0 3/5/- —27.68 £ 0.33/—23.56 &+ 0.51 9.14+0.14/7.85 £ 1.00 2.1
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Table 1. Cont.

Northern Site
Mixed Habitat of Chara contraria, Cladophora

Southern Site
Separate Habitats of Chara contrarialPotamogeton perfoliatus/not Assigned to

Taxon/Group Feeding Strategy glomerata and Stuckenia pectinata Any Habitat
n §13C, %o 815N, %o, TL n §13C, %o 815N, %o, TL
Crustaceans
Corophium sp. Susp. filt., Surf. dep. 3 —25.57 £ 0.11 79 £024 2.0 0
Gammarus sp. (large) Omniv. 4 —20.8 +£0.01 7.17 £0.07 1.8 3/3/- —24.2 £0.08/-23.59 + 0.61 10.2 +£0.12/8.39 £ 0.97 2.4
Gammarus sp. (small) Omniv. 4 —18.0 £ 0.21 575+ 0.42 14 2/3/- —24.04 +£0.01/-24.14 £ 0.11 9.47 £0.62/7.48 £ 0.64 2.1
Mysidae Susp. filt., Surf. dep., Omniv. 3 —20.25 +0.40 9.03 £ 0.09 2.3 3/3/- —27.62 +0.25/—-25.73 + 0.05 11.57 £ 0.23/10.9 + 0.08 29
Fish
Nine-spined stickleback Zoobenth., Zooplank. 4 -2022+029  10.98+0.08 29 0
(Pungitius pungitius)
European perch (Perca fluviatilis) Zoobenth., Nect., Pred. 3 —22.65£1.01 11.83 £0.84 32 -/2/1 /—27.95 £+ 0.05/—26.63 /13.56 £+ 0.80/12.53 35
Roach (Rutilus rutilus) Herbiv., Zoobenth., Zooplank. 4 —21.61 +£0.34 9.51 + 0.32 2.5 0
Round goby (Neogobius melanostomus) Zoobenth. 4 —21.59 & 0.44 11.56 +0.15 3.1 0
Spined loach (Cobitis taenia) Zoobenth., Zooplank., Herb. 3 —24.18 +0.23 13 £+ 0.09 3.5 1/2/- —26.65/—27.13 + 0.40 13.48/12.60 4 0.29 3.4
Three-spined stickleback Zoobenth., Zooplank. 4 —21.05+131 9.95 + 0.93 26 0

(Gasterosteus aculeatus)
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Figure 3. Comparison of §13C (left) and 5'°N (right) values (%o, mean + SD) between sites and
habitats. Values are sorted by increasing order based on the results of the northern site.

3.2. Macrophytes and Epiphytes: Differences among Taxa, Habitats and Sites

SI of macroalgae and vascular plants significantly differed between sites (MANOVA,
F(2,8) =33.11, p = 0.0014) and species (MANOVA, F(6, 16) = 5.28, p = 0.0036). Macroalgae
were more >C-depleted and more N-enriched in the southern than the northern site.

In the southern site, Chara contraria and Potamogeton perfoliatus did not differ sig-
nificantly by §'3C values (HSD test, p = 0.98) and by §'°N values (HSD test, p = 0.41).
In the northern site, §'3C and 8'°N were homogeneous in three species of macrophytes
(Stuckenia pectinata, C. contraria, and Cladophora glomerata) (HSD test, p-values varied from
0.74 t0 0.99 for 6'3C and 0.99 to 1.00 for §'°N) (Table 1, Figure 3).

In both study sites, 5!3C values in epiphytes and macrophyte hosts differed (HSD
test, p-values from 0.0002 to 0.0068). Regarding this aspect, 5!°N was consistent in all
vegetation samples (HSD test, p-values from 0.33 to 1.00), but exceptionally §!°N in charo-
phytes differed from that of their epiphytes in the southern site (HSD test, p = 0.0002)
(Table 1, Figure 3).

Regarding the epiphytic growth, overall macrophytes were more overgrown in the
northern than the southern site (Figure 4). In particular, the only species present in the
two sites, C. contraria, had more epiphytes in the northern than in the southern site.

3.3. Seston and Sediment: Comparisons among Size Fractions/Layers and Sites

Seston fractions, as well as sediment layers, were similar at two adjacent habitats at
the southern site, but differed between the southern and northern sites.
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Figure 4. Biomass (g/g macrophyte, mean + SD) of epiphytes on different macrophyte species in the
northern and southern sites of the Curonian Lagoon.

Sl in seston differed between size fractions and sampling sites (MANOVA, F(1,10) = 19.20,
p = 0.0045). 815N values of both seston fractions were significantly lower at the northern
site than at the southern site (HSD test, p = 0.0002). '3C of fractions >150 um were higher
than <150 pm-sized fractions in both sites.

Significant differences were found for both SI values of sedimentary organic matter
from the northern and southern sites (HSD test, p = 0.0406 for '3C and p = 0.0053 for 5'°N).
Although surface and deeper sediment layers were isotopically similar (HSD test, p = 0.71
for §!3C and p = 0.99 for 5!°N), SI values of the deeper layer were less variable than the
surface layers (0.5-1.2 vs. 0.9-1.8 for §'°N and 0.5-4.1 vs. 1.0-7.5 for §!3C, respectively).

§13C values in both deeper and surface sedimentary organic matter were higher in
the charophyte habitat (4.1 and 7.5 %o, respectively) than in the P. perfoliatus habitat of the
southern site (0.5 and 3.0 %0) and the mixed habitat of the northern site (0.8 and 1.0 %o).
815N values were higher at the P. perfoliatus habitat, ranging from 1.2%o to 1.8%o, while
overlapping at the charophyte habitat of the southern site (0.6-1.0%o) and the mixed habitat
of the northern site (0.6-0.9%o).

The comparison of §!°N values of seston and sedimentary organic matter revealed
that all seston fractions and sediment layers differed significantly at the northern site
(HSD tests, p-value varied from 0.0001 to 0.0003), except for mentioned isotopically similar
sediment layers. At the southern site, seston <150 um was isotopically different from
sedimentary organic matter (HSD tests, p = 0.0001), while seston fraction >150 um did not
differ significantly from sedimentary organic matter (HSD test, p = 1.00). Regarding the
§13C values at both sites, the opposite situation was detected as seston >150 um differed
from sedimentary organic matter (HSD test, p-values varied from 0.0003 to 0.014), while
values of seston <150 um and sedimentary organic matter did not differ from each other
(HSD tests, p-values were from 0.085 to 0.999).

3.4. Consumer Tissues Reflecting Isotopic Signals of Food Sources

The between-site comparison of SI in invertebrates and fish between sampling sites
revealed a similar tendency with higher §'3C values at the northern site than at the southern
site (Table 2, Figure 3).

815N in high-trophic level fishes (perch and spined loach) did not differ between sites.
At the northern site, the two size groups of Gammarus sp., mysids and R. balthica, had more
15N-depleted values than at the southern site. However, §'°N in B. tentulata showed the
opposite pattern (Table 2). Looking at the between-habitat differences at the southern site
(Figure 3), higher §'°N values of invertebrates were assessed in the charophyte habitat than
in P. perfoliatus habitat.
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Table 2. Differences in §13C and 615N of selected consumers between the northern (N) and southern
(S) sampling sites in the Curonian Lagoon. * =p < 0.05, ** = p < 0.01, ** = p < 0.001; ns = non-significant.

§13C 815N
Consumer Taxa
t-Test p Site Comparison t-Test p Site Comparison
Fish
Cobitis taenia t=10.50,df =3.23 i N>S t=0.32,df =2.08 ns N=S
Perca fluviatilis t=6.66,df =3.73 ** N>S t=-2.03,df=3.99 ns N=S
Mollusca
Bithynia tentaculata t=24.15,df = 6.09 i N>S t=8.09,df =4.78 ok N>S
Radix balthica +=2343,df =777 ok N>S t=-5.31,df=6.88 * N<S
Crustaceans

Gammarus sp. (small) U-test * N>S t=—4.33,df =5.10 ** N<S
Gammarus sp. (large) U-test ** N>S U-test, W=24 ** N<S
Mysids U-test * N>S U-test, W =18 * N<S
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& Seston (small)
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Sedimentary matter |
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3.5. Food Sources for Gastropods and Amphipods

The SI mixing models revealed that all gastropod species consumed more sedimentary
organic matter in the southern site (on average from 42 to 63% for different species), while
epiphytes (range 33-44%) together with sedimentary organic matter (range 28-49%) were
important food sources in the northern site (Figure 5; Table S2).
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Figure 5. Proportions of different food sources in gastropod diet at the different sites (probabilities of
95%, 75%, 50%). Note that sources are different for the sites and habitats.
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Diets of B. tentaculata and R. balthica were similar among the studied habitats, although
R. balthica consumed a smaller proportion of sedimentary organic matter in the northern
site in relation to the southern site. In the southern habitats, individuals of L. auriculata
mainly consumed seston and sedimentary organic matter (68%) in the charophyte habitat,
while in the neighboring P. perfoliatus habitat, they depended not only on sedimentary
organic matter and seston (50%) but also on epiphytes. Different tendencies were assessed
for the L. stagnalis, which diet was based on seston and sedimentary organic matter at both
habitats in the southern site (42 and 54%), but greatly differed according to the proportion
of habitat-forming macrophytes in the diet (on average 29% for C. contraria and 7% for
P. perfoliatus).

The six-source mixing models provided proportions of potentially consumed food
sources for two size classes of Gammarus sp. at the northern and southern sites, and
Corophium sp. at the northern sites (Figure 6; Table S2). Large individuals of Gammarus sp.
mostly consumed seston (small, <150 um) (25%) or an aggregated group of sedimentary
organic matter and seston (small) (52%) and less other available sources (but not macro-
phytes). At both sites, small Gammarus sp. consumed epiphytes of charophytes and
pondweeds; sedimentary organic matter was also important in the southern site. Macro-
phytes contributed to the diet in the northern site. The SI values of Corophium sp. were
estimated only in the northern site, where they fed on a small fraction of seston (28%) and
sedimentary organic matter (23%). The contribution of macrophytes to amphipod diet was
negligible in the southern site (on average 7% for the group of C. contraria and P. perfoliatus)
and also rather low in the northern site (10% for the group of C. contraria, C. glomerata, and
S. pectinata); small Gammarus sp. seem to consume macrophytes in little amounts (10-19%
in different sites) (Figure 6).

Proportion of food source in consumers' diet
Northern site
Consumer: large Gammarus sp. | | Consumer: small Gammarus sp. || Consumer: Corophium sp.

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Southern site
Consumer: large Gammarus sp. | | Consumer: small Gammarus sp.

0O 02 04 06 08 1 0O 02 04 06 08 1

Figure 6. Proportions of different food sources to amphipod diet at the northern and southern sites
(probabilities of 95%, 75%, 50%). Note that sources are different in the two sites.
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4. Discussion

This study was based on the analysis of SI values in aquatic organisms and organic
matter within charophyte- or P. perfoliatus-dominated and mixed habitats in the northern
and southern areas of the Curonian Lagoon. We compared the diet preferences of grazers
at macrophyte habitats under different salinity and productivity conditions at the active
vegetation growth snapshot. The design of the sampling scheme covers a broad range
of organic matter (planktonic, sedimentary) and organisms (from epiphytes, vegetation,
mollusks, crustaceans, fishes), and allows us to review the network structure and trophic
relationships. Although the isotopic similarity of some food sources and consumers’ ability
to feed on a variety of sources complicated the interpretation of mixing the model’s results,
here we discuss the SI variability of macrophyte-related food web compartments and the
estimated diet of gastropods and amphipods.

The variability of SI values of sedimentary organic matter and seston in selected
sampling sites was expected to represent the lagoonal gradient associated with lower §'3C
and higher 8'°N values in the southern freshwater site than in the northern site where
freshwater and marine water mix. However, §!3C in seston changed from —28.3 to —20.0%o
between fractions and sites without expected consistency. At the northern site, 513C of the
larger seston fraction (>150 pm; ~—20.0%.) suggested the influence of marine water from
the Baltic Sea, which varies from —23.5 to —18.6%o [44,45]. At the southern site, §13C of the
same seston fraction varied from —23.1%o to —21.6%0, which was also indicative of marine
water inflow. It is interesting to note that §'>C of the smaller seston fraction (<150 pm)
varied from —28.5%0 up to —25.7%. at both sites, matching values of riverine or lagoonal
POM (from —32.3 to —23.4%. in [9]). Therefore, as the water column compartment is rather
variable in this ecosystem and isotopically did not follow a generalized pattern, these data
should be used with caution for the trophic network analysis.

Our results revealed that the §'3C of the surface sediment layer was more variable than
that of the deeper layer. In this case, seston and the upper layer of sediment were the ones
whose compositions tended to change quickly and the different structural composition
may induce variation in SI values. Comparing SI values among seston fractions and
sediment layers, we found that 515N differed much less in the southern site than in the
northern site, possibly due to irregular marine water inflow. Indeed, variability of SI
values within and among seston fractions and sediment layers is affected by particle
sizes, chemical characteristics, and origins of supporting sources [46]. Moreover, aquatic
vegetation and macrofauna directly affect sedimentary organic matter; thus, SI values of
sediment might differ either from freshly settled or already decayed matter [47]. Both study
sites were located in the so-called transitional area of the Curonian Lagoon, where, due to
the shallower water column and higher light availability, surface sediment can be colonized
by an active layer of benthic microalgae, resulting in organic matter of high nutritional
quality [48].

At the vegetation period, the SI values of macroalgae, plants, epiphytes, and other
samples of aquatic fauna followed the lagoonal gradient, showing lower §!3C and higher
815N values in the southern site than in the northern site. In the southern site with higher
productivity, $'°N values in charophytes were significantly lower than in P. perfoliatus, while
in the northern site, which receives marine water inflow, 5!°N in C. contraria, C. glomerata,
and S. pectinata did not differ. Chappuis et al. [49] proved the large plasticity of aquatic
vegetation in isotopic signatures associated with environmental factors rather than taxo-
nomic differences. Accordingly, 8!°N in macrophytes vary between environments with
different productivity conditions [50]. Therefore, in our case, differences in 515N among
primary producers reflected variation of environmental factors between sampling sites
in the different lagoon parts. In this study site, as well as in other locations, the studied
dominant macrophytes tended to be more enriched in 13C at sites of higher productivity
than in nutrient-poorer sites (e.g., [51]).

In the southern site of the eutrophic Curonian Lagoon, the amounts of epiphytes on the
different macrophytes were similar among the different vegetation taxa, but two- to three-fold
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smaller than in the northern site, where amounts of epiphytes produced highly varied
vegetation taxa (Figure 3). The biomass of macro-colonies with filaments of nitrogen-fixing
cyanobacteria dominated on C. contraria. The same cyanobacteria were also found on
other macrophytes, but to a lesser extent. Cyanobacteria, diatoms, and other bacteria
usually prevail in the epiphyte communities [30,52,53] and their biomass responses to
nutrient availability and vegetation photosynthetic activity [22,52]; moreover, epiphytic
cyanobacteria might attract grazers of certain ciliate taxa [53]. Grazers are known to
control the proliferation of epiphytic algae [54] and have the potential to limit macrophyte
(charophyte) abundance in severely eutrophic systems, while under moderately eutrophic
conditions, they are not likely to control charophyte populations [12].

Considering the SI mixing modeling, larger proportions of sedimentary organic matter
and seston dominated the diet of amphipods and gastropods in the southern part, while
epiphytes together with sedimentary organic matter were the primary food sources for the
studied invertebrates in the northern site. This more intensive consumption of epiphytes
by grazers in the northern site might be induced by the higher availability of the epiphytes
in the mixed habitat and also by the variable sedimentary organic matter and seston source
due to marine water inflow. Previous studies revealed that in summer at the northern site,
epipelic (residing at the interface of water and sediments) diatoms together with the benthic
cyanobacteria Merismopedia sp. co-dominated the sediment algal assemblages, while at
the vicinity of the southern site, epipsammic (attached to sand grains) diatoms were more
abundant [48]. According to previous studies, marine water increases visibility in the
northern part [29,30] and decreases the eutrophication effect for the aquatic vegetation and
epiphytes [55,56]—this improves conditions for epiphyte growth, which are more available
for grazers than varying planktonic sources at the northern site (this study). Charophytes
can mitigate the harmful effects of ultraviolet radiation in sediment communities through
different mechanisms: They may favour the periphytic biofilm and increase sub-superficial
carbon and nitrogen amounts by promoting bacteria involved in their cycles [57].

The results of this study showed not only the ultimate diet preferences of consumers
at lower trophic levels, but also provided information about the movements and trophic
positions of different species among habitats or sites. The SI values in slowly moving
mollusks were different even at neighboring habitats of charophytes and P. perfoliatus in the
southern site of the lagoon, which proves, as expected, that they feed only in these specific
habitats. Bithynia tentaculata feeds by grazing, scraping algae and vegetation, or trapping
particles. This capability may give it an advantage in eutrophic environments such as the
Curonian Lagoon. This snail feeds mainly on phytoplankton, periphyton, bacteria, and
detritus [58-60]. In contrast, homogeneous SI values of mobile crustaceans from two close
habitats in the southern site indicated their movements among the macrophyte habitats. In
the case of gammarids, the trophic level occupied by these organisms may vary significantly
within species and their life stage. Berenzina et al. [61] used an SI approach combined with
stomach content analysis of the grazers, which suggested that changes in gammarids’ diets
may be related to changing from being typically detritivores/planktivorous at juvenile
stages to omnivores and carnivores as adults [58,62]. These results are in line with our
finding (Figure 6) that small and potentially young individuals feed, by preference, on
sedimentary particles and epiphytes, whereas adults and larger organisms have a more
diversified diet.

Regarding the distinct SI in highly mobile organisms, we provide evidence that fish
forage in preferred locations or certain habitats and associated prey types (as the §'°N
values are homogeneous between sites), and might not move between the northern and
southern parts of the lagoon (as the 8'C values are different). This makes sense for
non-migratory spined loaches and for small individuals of migratory perches that do not
perform large movements. Larger individuals of perches as well other fish are migratory
or perform seasonal feeding movements to and from the Baltic Sea coastal zone [63,64].
Regarding the trophic positions, sampled fish individuals of 2.5 to 10 cm length were
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at the higher position of the studied food web due to having the highest §!°N values
(Figure 4; Table 1).

Despite having experienced methodological limitations, the study reveals that es-
timation of network structure and trophic relationships in macroalgae-related habitats
using SI analysis broadens understanding and possibilities of evaluating regulations and
maintaining ecosystem services in the transitional aquatic ecosystem.

5. Conclusions

Studied organisms reflected the productivity and salinity conditions during an active
vegetation period in the Curonian Lagoon, i.e., more depleted §'C values and enriched
§8!5N values in the freshwater and productive southern site than in the northern site with
marine water inflows. Gastropods and amphipods consumed mainly sedimentary organic
matter in the southern site, while they grazed on epiphytes and sedimentary organic matter
in the northern site. This study contributes to a better understanding of the functioning
and structure of lagoonal systems, reflecting the benthic compartment, which is often
overlooked and which, however, may have a relevant influence on the productivity of the
whole system.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14101565/s1; Table S1: Contributions of food sources (mean + SD
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mixing models.
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