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Food-Web Structure in Four Locations Along the European Shelf Indicates Spatial Differences in Ecosystem Functioning
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Studies of trophic interactions give valuable insights into the functioning of ecosystems and can be used to identify qualitative differences among ecosystems. Here, we use natural stable isotope concentrations (δ13C and δ15N) to study the food-web structure in four contrasting locations on the northern European continental shelf: two sub-Arctic locations in the Lofoten-Vesterålen region (fjord vs. open shelf) and two temperate locations (northern vs. southern North Sea). Phytoplankton was identified as the major primary producer in all studied ecosystems, even in the sub-Arctic fjord, where macroalgae only played a minor role in the food web. We used mixing models to determine the relative reliance on prey of benthic affinity and found that reliance on benthic prey was higher in the North Sea than in the Lofoten-Vesterålen region. Atlantic cod (Gadus morhua) was identified as the single top-predator in the North Sea, utilizing food from both benthic and pelagic trophic channels. More separate benthic and pelagic trophic channels characterize the Lofoten-Vesterålen region, where G. morhua acts as part of the pelagic food chain. Furthermore, our data indicate that the recent mesopredator outburst in the southern North Sea might have been enhanced by reduced predation pressure due to the collapse of the local cod stocks. We conclude that the resilience toward a high fishing pressure is higher in the Lofoten-Vesterålen region than in the North Sea.
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INTRODUCTION

Food-web structure is a fundamental feature of marine ecosystems as it gives insight into how energy and contaminants are transferred from low trophic positions to upper trophic-level consumers (Hobson et al., 2002; Jardine et al., 2006; Schückel et al., 2015). It further provides insight in the relationships between biodiversity and ecosystem functioning (Worm et al., 2002; Duffy et al., 2005; Cochrane et al., 2016), and how trophic cascades may alter ecosystems (Frank et al., 2005). Knowledge of food web characteristics, such as key species, food chain length, or primary food sources, can be used to understand differences in ecosystem resilience in response to natural and anthropogenic disturbances (Kortsch et al., 2015), and is therefore essential to sustainably manage ecosystems and their harvestable resources in a changing environment.

Continental shelves sustain some of the most productive marine ecosystems in the world (Pauly and Christensen, 1995). They are estimated to contribute over 20% to the total oceanic primary production, while contributing less than 8% to the total surface of the oceans (Longhurst et al., 1995). They act as net carbon sink for atmospheric CO2 (Thomas et al., 2004) and support the majority of all fisheries (Watson and Pauly, 2001). The northern European continental shelf, one such productive region, contains contrasting ecosystems, ranging from the temperate regions of the southern North Sea to the Arctic regions of northern Norway. Despite these differences, the marine ecosystems of the northern European continental shelf are characterized by some key overarching features: (1) Pronounced seasonality in the ecosystems with a strong influence of the North Atlantic Current (Neumann and Kröncke, 2011; Silberberger et al., 2016), (2) Calanus as the key zooplankton taxon and an important link between primary production and higher trophic levels (Williams et al., 1994; Espinasse et al., 2016), and (3) large stocks of commercially important fish species are sustained by these ecosystems (Føyn et al., 2002; Ehrich et al., 2007). In recent years, however, ongoing climate change has impacted all compartments of the marine ecosystem, leading to regime shifts of phytoplankton and zooplankton communities (Beaugrand and Ibanez, 2004; Richardson and Schoeman, 2004; McQuatters-Gollop et al., 2007), distributional shifts of benthos (Kröncke et al., 2011; Birchenough et al., 2015), and deepening of fish assemblages (Dulvy et al., 2008). Cod has disappeared almost completely from the southern North Sea due to overfishing and climate change (Daan et al., 2005; Beaugrand and Kirby, 2010), and the region has changed into flatfish dominated communities, including abundant commercial species (e.g., Pleuronectes platessa) and particularly high abundances of small, non-commercial, mesopredatory species (e.g., Buglossidium luteum) (Ehrich et al., 2007; van Hal et al., 2010; Schückel et al., 2012). Furthermore, mackerel is extending its range northwards into the sub-Arctic (Stenevik and Sundby, 2007; Utne et al., 2012). In connection to the ongoing climate change, further changes are predicted, like the continuing shifts in benthic species distributions (Renaud et al., 2015b; Weinert et al., 2016). It remains unclear, however, whether the observed fisheries and climate induced changes in the ecosystem has resulted in altered food-web structures and, furthermore, whether the food webs of contrasting ecosystems across climate regions are expected to respond in a similar way to future environmental changes. Thus, comparing food web structures and their key trophic groups across climate zones might reveal potential consequences of natural and anthropogenic pressures on these ecosystems.

Ratios of naturally occurring carbon (13C/12C) and nitrogen (15N/14N) isotopes, expressed as δ13C and δ15N, have become one of the most common tools to study the trophic structure of marine ecosystems (Post, 2002b; Vander Zanden and Fetzer, 2007; Renaud et al., 2011; Kürten et al., 2013). The method makes use of the principle that the stable isotope composition of an animal depends on the isotopic composition of its food, with some characteristic enrichment of the heavier isotope during each trophic transfer (typically 3–4‰ for δ15N and 1‰ for δ13C) (DeNiro and Epstein, 1978, 1981; Minagawa and Wada, 1984; Post, 2002b). In stable isotope analysis, the large trophic enrichment of 15N makes it a reliable indicator of the trophic position of an organism. The rather small trophic enrichment of 13C makes it a suitable tracer to identify carbon sources (Fry and Sherr, 1984; Hobson et al., 1995). Benthic invertebrates are generally enriched in 13C compared to pelagic species and may therefore be used to identify if carbon has been cycled through the benthos prior to consumption (Hobson et al., 2002; Nadon and Himmelman, 2006).

In this study, we utilize stable-isotope analysis to investigate the food-web structure of four contrasting ecosystems on the northern European continental shelf. The main objectives were (i) to compare sub-Arctic and temperate food webs of shelf seas and identify trophic differences among the study systems and (ii) evaluate whether the food-web structure in the different systems could favor community shifts similar to shifts already observed in another location.

MATERIALS AND METHODS

Study Locations

Our study compares the food-web structure of four contrasting ecosystems on the northern European continental shelf (Figure 1). Two locations in the sub-Arctic Lofoten-Vesterålen region represent one open shelf location (Hola; 68°57.0′N, 14°10.8′E; depth: 195–220 m) and one fjord (Malnesfjord; 68°48.2′N, 14°36.5′E; maximum depth: 160 m). The other two locations are part of the German Small-scale Bottom Trawl Survey (GSBTS) as “Box L” and “Box A” (Ehrich et al., 2007), and are situated in the temperate northern North Sea (58°45.0′N, 02°33.3′E; depth: 105–119 m) and in the warm-temperate German Bight (54°22.2′N, 07°06.0′E; depth: 36–45 m). Besides representing different climatic regimes, the study locations also represent different exploitation regimes with fisheries targeting different components of the food web. Fisheries in these ecosystems range from beam trawling targeting flatfish (German Bight), over line- and trawl fisheries on gadoid fish (northern North Sea and Hola), to aquaculture and small-scale recreational fisheries (Malnesfjord) (Ehrich et al., 2007; ICES, 2013).
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FIGURE 1. Map of north-west Europe with sampling locations indicated. Top left: Detail of the Lofoten-Vesterålen region.



Sampling

Samples from the Lofoten-Vesterålen region were collected with M/S Skårungen (Skå) in Malnesfjord on April 28–29, 2014, and in Hola with R/V Helmer Hanssen (HH) on April 19–26, 2015. Samples from the locations in the North Sea were collected with R/V Walther Herwig III (WHIII) as part of the GSBTS between July 28 and August 23, 2014.

Pelagic particulate organic matter (POM) was collected from the chlorophyll maximum using a rosette water sampler (WHIII, HH) or a single Niskin bottle (Skå) and filtered on pre-combusted GF/F filters (pore size: 0.7 μm, 2,000–3,000 mL filtered per sample). Filters were visually inspected under a dissecting microscope and mesozooplankton was removed. Particulate organic matter from the sediment (sediment) was collected from the upper 2 cm of van Veen grab samples. Sediment was visually inspected under a dissecting microscope and macro-invertebrates were removed. Macroalgae were collected using a beam trawl (opening 2 m, mesh size 4 mm) in Malnesfjord. Macroalgal detritus was collected from bottom trawls in the North Sea. Macroalgae and macroalgal detritus were cleaned with tweezers of epiphytes and other attached material. Some of the removed epiphytic algae (e.g., Ptilota gunneri) were collected separately. A WP2 net (ø 0.57 m, mesh size 180 μm; Skå, HH) or a hand-towed plankton net (mesh size 100 μm; WHIII) were used to collect mesozooplankton samples. Calanus spp. was handpicked (adults and copepodite 5) from these samples under a dissecting microscope. Beam trawls (opening 2 m, mesh size 4 mm) and van Veen grabs (sample area 0.1 m2) were used to collect epi- and infauna, respectively. Fish were collected by bottom trawling. No bottom trawling was possible in Malnesfjord and fish were collected from beam trawls. Small invertebrates were collected and kept alive for 18–24 h to allow for gut evacuation prior to freezing. All other samples were frozen immediately at −20°C until further processing.

To avoid unnecessary destructive sampling, all fish and benthos from the North Sea were collected from samples taken as part of the German Small-scale Bottom Trawl Survey, an annual survey conducted by the German Federal Research Institute for Rural Areas, Forestry and Fisheries. All research was in accordance with German national guidelines regulating use of animals in research. In the Lofoten-Vesterålen region, destructive sampling was kept to the absolute minimum. Marine protected areas and regions with habitat forming fauna (e.g., Lophelia pertusa reefs) were avoided in this study. All research conducted in Norway was in accordance with institutional and national guidelines regulating use of animals in research. The lead author has taken relevant courses in research ethics at Nord University that cover these issues. An additional approval by an ethics committee was not required.

Stable Isotope Analysis

Sample preparation for stable isotope analysis followed the recommendations of Jardine et al. (2003). For fish and larger crustaceans, muscle tissue was used for sample preparation. For asteroids and ophiuroids we used one or several arms, for echinoids we used gonads and internal viscera, and for molluscs we used only soft tissue. Small fragments were used for bryozoans, cnidarians and macroalgae. For small invertebrates, the entire animal was processed. One or several individuals were used for each isotope sample and replicate samples were prepared for all taxa where enough individuals were collected (compare Table 1). All samples were dried at 60°C for 24–72 h. Sediment, macroalgae, and animal samples were ground to a fine powder with mortar and pestle. Calanus spp. was not ground due to their small size. Carbonates were removed from samples through treatment with hydrochloric acid, since non-dietary carbonates may affect δ13C concentrations (DeNiro and Epstein, 1978). However, acidification adversely affects δ15N concentration (Bunn et al., 1995). Therefore, samples expected to contain carbonates were split in half (see Table 1) and analyzed separately for δ13C (acidified) and δ15N (non-acidified) concentrations. Samples were weighed in tin capsules and analyzed for δ13C and δ15N by a Carlo Erba NC2500 elemental analyzer interfaced to a Thermo Finnigan Delta Plus/Conflo II mass spectrometer or a Costech 4010 elemental analyzer interfaced to a Thermo Finnigan Delta XP/Conflo III mass spectrometer in the Stable Isotopes in Nature Laboratory, Department of Biology, University of New Brunswick, Canada. Stable isotope measurements are reported in delta (δ) notation in parts per thousand (‰) relative to the international standard: Vienna Pee Dee Belemnite for carbon (analytical accuracy: ±0.09‰), and atmospheric air for nitrogen (analytical accuracy: ±0.25‰). Isotope values were normalized using secondary standards: Nicotinamide (−34.54 ± 0.06‰ for δ13C; 0.03 ± 0.09‰ for δ15N), bovine liver standard (−18.76 ± 0.10‰ for δ13C; 7.10± 0.16‰ for δ15N), and muskellunge muscle standard (−22.29 ± 0.11‰ for δ13C; 14.00 ± 0.11‰ for δ15N) for animal tissues; and corn meal standard (−13.24 ± 0.12‰ for δ13C; 4.45 ± 0.10‰ for δ15N), aquatic moss standard (−35.08 ± 0.21‰ for δ13C; 15.95 ± 0.32‰ for δ15N), spirulina standard (−24.92 ± 0.10‰ for δ13C; 12.95 ± 0.18‰ for δ15N) and ephedra plant standard (−31.02 ± 0.13‰ for δ13C; 0.33 ± 0.13‰ for δ15N) for sediments and plant material.


Table 1. Sampled taxa and sample preparation information.
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The Stable Isotopes in Nature Laboratory performed a random replicate of the stable isotope analysis for 7% of the submitted samples. These replicates were used to control the quality (homogeneity) of the prepared samples. Isotopic values of these replicates were averaged prior to the analysis.

Data Analysis

High lipid content can affect δ13C values and, therefore, lipid normalization was performed for samples with C:N > 4 (McConnaughey and McRoy, 1979; Jardine et al., 2003):
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We used δ15N-values to estimate the individual trophic position of each species. A robust δ15N baseline is indispensable for a reliable estimation of individual trophic position (TP). Due to various practical reasons, the establishment of a primary producer based δ15N baseline may be very difficult and primary consumers have become the common choice (Post, 2002b). We used a two-source mixing model to calculate TP based on a benthic and pelagic primary consumer baseline at each study location (Post, 2002b):
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Where λ is the estimated TP of the established baseline (here λ = 2). As the benthic baseline, we defined the benthic invertebrate with the lowest mean δ15N-value (compare Figure 2) at each sampling location (Hola: Modiolula phaseolina; Malnesfjord: Strongylocentrotus droebachiensis; northern North Sea: Acanthocardia echinata; German Bight: Echinocardium cordatum). Calanus spp. was used as pelagic baseline for all stations. For the calculation of individual trophic position we assumed equal reliance on the benthic and pelagic baseline (α = 0.5). This provides a realistic estimate for the majority of taxa which we expect to rely on a mixture of benthic and pelagic prey (McMeans et al., 2013, 2015; Renaud et al., 2015a). However, this might misplace taxa relying completely on one of the sources for locations with large differences between benthic and pelagic baseline. We used the widely applied trophic fractionation (Δ15N) of 3.4‰ (Post, 2002b).
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FIGURE 2. Mean δ13C ± 1 SD and mean δ15N ± 1 SD at all study locations: Hola (A), Malnesfjord (B), northern North Sea (C), and the German Bight (D). Labeling according to taxon code shown in Table 1. Red algae (Ptilota gunneri [δ13C: −35.7 ± 0.0, δ15N: 6.3 ± 0.0]; Odonthalia dentata [δ13C: −32.7 ± 0.5, δ15N: 5.4 ± 0.5]) and identified outliers (Thyasira sp. [δ13C: −35.2 ± 0.6, δ15N: −5.3 ± 0.5]; Nephtys sp. [δ13C: −29.4, δ15N: 2.1]) are not shown for Malnesfjord.



We estimated the reliance on benthic affinity prey (RBAP) for all faunal taxa. We corrected for trophic fractionation of δ′13C, by applying a trophic fractionation (Δ13C) of 1‰ per trophic step (= 3.4‰ δ15N) (DeNiro and Epstein, 1978; Post, 2002b). The correction is necessary for each taxon individually to standardize all taxa on the same trophic level, and thereby account for differences in trophic positions between the consumers and the used δ13C-baselines. The corrected values (δ″13C) were then used to estimate RBAP in a two-source mixing model (Vander Zanden and Vadeboncoeur, 2002):
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Calanus spp. was used as pelagic baseline for all study locations. The most δ″13C-enriched taxon was defined as benthic baseline, assuming 100% RBAP for this taxon (Hola: Stichastrella rosea; Malnesfjord: Galathea dispersa; northern North Sea: Neptunea antiqua; German Bight: Turritella communis). We did not calculate RBAP for S. droebachiensis in Malsnesfjord, since the isotopic signature suggested reliance on macroalgae. Also, this species is known to graze on macroalgae, in particular kelp (Hagen, 1983). Our analysis showed that primary consumers (incl. Calanus spp.) in Lofoten-Vesterålen had already picked up the isotopic signature of the ongoing spring bloom, while this signal was not yet reflected in higher trophic positions (see section Results). Therefore, we used available pre-bloom Calanus spp. isotopic data from 16 January 2015 from Hola to calculate RBAP a second time, based on a winter planktonic baseline. This time lag of integration of the spring bloom isotopic signal into higher trophic levels is related to the known difference in turnover times and has to be expected during the onset of the spring bloom (Kürten et al., 2013).

All faunal taxa were assigned to one of five functional groups: Fish (F), zooplankton (Z), suspension feeding benthos (SF), deposit feeding benthos and grazer (DF) and predator and scavenging benthos (PS) (Table 1). This assignment was done with the World Register of Marine Species (Worms Editorial Board, 2016), supplemented with information from Hayward and Ryland (1995) and MarLIN (Marine Life Information Network) (2016).

We assumed a trophic fractionation of 4‰ for δ13C for the trophic transfer from primary producers to primary consumers and of 1‰ per trophic step thereafter (Hobson et al., 1995; Renaud et al., 2015a). Analysis of variance (ANOVA) was used to identify differences in δ13C and δ15N signature between carbon sources (POM, sediment, Phaeophyceae, Rhodophyta, Phaeophyceae detritus) at all locations. Welch's ANOVA was performed for δ13C in Malnesfjord, since the ANOVA assumption of homogeneity of variances was violated. Post-hoc tests (Tukey's HSD, Games-Howell for δ13C in Malnesfjord) were performed for locations with more than two carbon sources (Malnesfjord, German Bight). The single sample of Phaophyceae detritus from the northern North Sea had to be excluded from statistical tests. ANOVA was used to test for significant differences in isotopic signature between previously identified groups of fish. Significance level were set to α = 0.05 for all tests. P-values are only reported for significant results.

Three samples from Malnesfjorden were identified as outliers (2 × Thyasira spp., 1 × Nephtys sp.) and therefore excluded from all analyses but qualitative comparisons.

RESULTS

Hola

Stable carbon and nitrogen isotope ratios of 33 faunal species (7 fish, 25 benthic species, 1 zooplankton species) and 2 potential carbon sources (POM, Sediment) were analyzed from Hola (Figure 2A, Data Sheet 1). Sediment was significantly enriched in δ15N compared to POM (p < 0.001 [ANOVA]), while no difference in δ13C was observed between the two carbon sources. The δ15N baseline (TP = 2) was established at 5.3‰ (Benthic baseline: δ15NM. phaseolina = 5.0‰; pelagic baseline: δ15NCalanus spp. = 5.7‰). Calanus spp. and three suspension-feeding bivalves (M. phaseolina, Karnekampia sulcata, Parvicardium sp.) formed a cluster around TP 2 (Figure 2A). The isotopic values of these taxa were almost identical, suggesting they all fed directly on POM from the ongoing spring bloom, although the observed trophic fractionation (Δ15N ≈ 5; Δ13C ≈ 2.5) did not exactly match the assumed trophic fractionation for the trophic transfer from primary producers to primary consumers. The remaining benthic invertebrate taxa occupied TP between 2.6 and 4.1, with no clear separation of the different feeding types. Atlantic cod (Gadus morhua) was the most δ15N-enriched species, with a calculated TP of 4.2. However, this did not differ strongly from the TP of the other fish species (range: 3.9–4.1).

Calculated RBAP was generally low, with a trend of decreasing RBAP with increasing TP. Some taxa with TP > 3.5 had an extremely negative RBAP, making it obvious that the δ13C signal from the spring bloom was not yet transferred to these high trophic levels at the time of sampling (Figure 3A). Therefore, we used available pre-bloom isotopic values of Calanus spp. (δ13C: −22.0‰; δ15N: 8.8‰), sampled a few km away but within Hola, to calculate more realistic RBAP values for higher trophic positions (see methods). The fish were separated in two groups according to δ13C (p < 0.001 [ANOVA]): one group (G. morhua, Pollachius virens, Myxine glutinosa, Argentina silus) almost exclusively relying on pelagic prey, and the other group (Microstomus kitt, Artediellus atlanticus, Hippoglossoides platessoides) with 40–50% reliance on benthic prey.
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FIGURE 3. Reliance on benthic affinity prey and trophic position for all faunal taxa at the study locations Hola (A), Malnesfjord (B), northern North Sea (C), and the German Bight (D). Labeling according to taxon code shown in Table 1. A second x-axis (Top) for Hola shows the calculated reliance on benthic affinity prey using a winter pelagic baseline.



Malnesfjord

Isotopes of 19 faunal species (4 fish, 14 benthic species, 1 zooplankton species) and 7 potential carbon sources (3 Phaeophyceae, 2 Rhodophyta, POM, sediment) were analyzed from Malnesfjord (Figure 2B, Data Sheet 1). Thyasira sp. and one of the Nephtys sp. samples in Malnesfjord were extremely depleted in δ13C and δ15N and therefore identified as outliers. POM in Malnesfjord was significantly depleted in δ15N in comparison to Rhodophyta, Phaeophyceae, and sediment (p < 0.001 [Tukey's HSD] for all), which did not differ significantly from each other. In terms of δ13C, however, Rhodophyta were substantially and significantly depleted compared to Phaeophyceae (p = 0.001 [Games-Howell]), POM (p = 0.003 [Games-Howell]), and sediment (p = 0.002 [Games-Howell]). Phaeophyceae were also depleted in δ13C compared to POM (p = 0.038 [Games-Howell]) and sediment (p = 0.002 [Games-Howell]), which did not differ significantly from each other. The δ15N-baseline (TP = 2) was established at 6.8‰ (Benthic baseline: δ15NS. droebachiensis = 7.0‰; pelagic baseline: δ15NCalanus spp. = 6.6‰). Because of their extreme depletion in δ13C, the collected Rhodophyta were clearly not important as carbon source for any of the collected fauna. Phaeophyceae, however, were identified as a possible carbon source for S. droebachiensis; although the assumed Δ13C and Δ15N were not met. Of all other benthic taxa, only Brisaster fragilis was identified as a candidate to rely on Phaeophyceae as carbon source. Surprisingly, all other taxa showed strong similarities in isotopic signature with the pattern described for Hola, although the variability in δ13C was larger (overall and individual taxa). Furthermore, the collected taxa did not include any suspension feeders with similar isotopic signature to Calanus spp.

The fish collected in Malnesfjord did not include any typical pelagic species and all individuals were small compared to the same species collected in Hola. This was probably related to the collection method and not the absence of these fish from Malnesfjord. All the fish occupied a TP < 4, similar to a group of the most δ15N-enriched benthic taxa (Hormathia digitata, Neptunea despecta, Nicomache spp., Ctenodiscus crispatus) with TP 3.5–3.8. However, the two individual cod samples in Malnesfjord differed strongly from each other (TP 4.2 vs. TP 3.5).

Similar to Hola, calculated RBAP was low for TP > 3.5, but values were not as negative as in Hola. Only four benthic taxa (G. dispersa, Hyas coarctatus, Astropecten irregularis, Ophiura sarsii) showed a high reliance on benthic affinity prey (RBAP > 40%). These results indicate a similar situation as in Hola. However, no pre-bloom isotopic data for Calanus spp. were available, and therefore no second RBAP calculation was conducted.

Northern North Sea

Isotopes of 28 faunal species (9 fish, 18 benthic species, 1 zooplankton species) and 3 potential carbon sources (1 Phaeophyceae (detritus), POM, sediment) were analyzed from the northern North Sea (Figure 2C, Data Sheet 1). The single sample of Phaeophyceae detritus (Ascophylum nodosum) was particularly enriched in δ13C compared to all other samples collected at this location, indicating that it has little or no importance as food item for any collected fauna. POM was significantly depleted in δ13C (p < 0.001 [ANOVA]) compared to sediment, but not in δ15N concentration. The δ15N baseline (TP = 2) was established at 5.7‰ (Benthic baseline: δ15NA. echinata = 5.0‰; pelagic baseline: δ15NCalanus spp. = 6.4‰). The δ15N-enrichment of Calanus spp. in comparison to POM was in accordance with the expected Δ15N, while differences in δ13C were virtually absent. Besides the suspension feeding bivalve A. echinata (TP 1.8), all other potential benthic primary consumers (DF and SF) were assigned a TP 2.4–2.8 and thereby at a generally lower TP than the bulk of benthic secondary consumers (PS: TP 2.7–3.9). All benthic taxa were considerably δ13C-enriched compared to Calanus spp.

Fishes generally occupied higher TP than benthos (TP 3.4–4.6) with G. morhua occupying the position as top predator in this system. Only Myxine glutinosa reached a similar TP (4.4), while all other species were assigned to a TP < 4. According to δ13C, these fish were divided into two significant groups (p < 0.001 [ANOVA]): (1) predominantly pelagic feeding (RBAP 26–45%; Scomber scombrus, Clupea harengus, Pollachius virens) and (2) predominantly benthic feeding (RBAP 61–72%; Limanda limanda, Hippoglossoides platessoides, P. platessa, Amblyraja radiata). G. morhua and M. glutinosa had an intermediate RBAP of 57 and 50% respectively. Furthermore, RBAP indicated an overall high reliance of benthos on benthic prey (49–100%).

German Bight

Isotopes of 23 faunal species (8 fish, 14 benthic species, 1 zooplankton species) and 7 potential carbon sources (2 Phaeophyceae (detritus), POM, sediment) were analyzed from the German Bight (Figure 2D, Data Sheet 1). Isotopic signature of POM and sediment in the German Bight were virtually identical, representing potential food sources for all potential benthic primary consumers (E. chordatum, Nucula nitida, Turitella communis, Chamelea gallina). In comparison to POM and sediment, macroalgal detritus was enriched in δ13C (p ≤ 0.001 [Tukey's HSD] for both) and δ15N (p < 0.001 [Tukey's HSD] for both). Especially A. nodosum detritus had a δ13C value that clearly indicated no considerable role as food for any of the collected fauna. The other collected detritus in the German Bight (Cystoseira sp.) cannot be ruled out as potential food source based on its δ13C. However, its δ15N value was considerably higher than all the collected potential primary consumers. The δ15N baseline (TP = 2) was established at 11.2‰ (Benthic baseline: δ15NE. cordatum = 9.5‰; pelagic baseline: δ15NCalanus spp. = 12.9‰). Calanus spp. was particularly δ15N enriched, placing it one TP above the benthic deposit feeder and even slightly higher than mackerel (S. scombrus), which was particularly depleted in δ15N. The isotopic signature of Calanus spp. indicated no reliance on the collected POM. All assumed benthic secondary consumers (PS) occupied a much higher TP (2.4–3.4) than the potential primary consumers (TP 1.5–1.9). Among the fishes, G. morhua occupied the highest TP (4.1), which is considerably higher than for all the other fish species (TP 2.2–3.6).

The RBAP in the German Bight was high overall. All benthic species with the exception of C. gallina (RBAP: 35%) had a calculated RBAP of over 60%. For fish, the planktonic feeding C. harengus and S. scombrus had a low RBAP (< 35%). Conversely, the medium sized flat fish L. limanda and P. platessa were almost exclusively feeding on benthic prey (RBAP 78–83%). The two collected mesopredatory species [B. luteum (RBAP 63%), Agonus cataphractus (RBAP 67%)] showed a similar reliance on benthic prey as G. morhua (RBAP 68%).

DISCUSSION

Carbon Sources and the δ15N-Baselines

The isotopic signature of Calanus spp. suggests that the pelagic food web in Hola, Malnesfjord, and the northern North Sea were directly linked to POM. In the German Bight, however, Calanus spp. was 15N-enriched and relied on a carbon source not represented in our data. We propose three possible explanations for this: (i) Calanus spp. might not have acted as primary consumer in the German Bight, and feeding in late summer was primarily on microzooplankton (Corner et al., 1976), or (ii) Calanus spp. could have selectively fed on 15N-enriched components in the collected POM samples. Isotopic signatures of POM and sediment in the German Bight were virtually identical, indicating that resuspended organic material may have dominated these POM samples. Large parts of such resuspended material are probably unsuitable as food for Calanus (DeMott, 1988), and could explain the differences in isotopic signatures of Calanus spp. and POM. (iii) It is possible that different Calanus species are able to utilize different food sources. Recent molecular work on the genus Calanus, however, has proven that the different Calanus species on the northern European continental shelf are morphologically indistinguishable and accordingly we do not know which species were collected at the different study locations (Choquet, 2017). We expect that three Calanus species could have been included in this study: C. helgolandicus, C. finmarchicus, and C. glacialis.

In contrast to the pelagic δ15N-baselines, the benthic δ15N-baselines showed strong differences between the Lofoten-Vesterålen region and the North Sea. Isotopic signatures suggest a high importance of fresh primary production in Lofoten-Vesterålen, while the sediment had a high importance in the North Sea, although POM and sediment were indistinguishable in the German Bight. This difference could well be an artifact of the different sampling seasons and not a functional difference between the ecosystems. The majority of benthic primary consumers are considered temporal couplers (McMeans et al., 2015), utilizing primary production, but changing to a detritus based diet when no fresh primary production is available. At all study locations, we identified species that are likely feeding on sediment or pelagic POM. We did this, although the assumed trophic fractionation was hardly ever exactly met for 15N and 13C at the same time. The stable isotope ratios of POM vary considerably in time and space, since it represents a mixture of autotrophic and heterotrophic microorganisms and detritus. Accordingly, the observed trophic fractionation for this first trophic transfer varies dramatically (Iken et al., 2010).

We included various macroalgae as potential carbon sources in Malnesfjord, due to the close proximity between this location and the coast. Only the echinoids S. droebachiensis and B. fragilis were identified to utilize carbon from Phaeophyceae, while red algae do not seem to play a role as food for any collected taxa. S. droebachiensis is known to graze on macroalgae. The lack of other taxa relying on canopy-forming macroalgae or epiphytic macroalgae was surprising, since it seems in contrast to other studies from Norwegian fjords and coast (Fredriksen, 2003; Nilsen et al., 2008; Renaud et al., 2015a). It is well known that epiphytic macroalgae are an important food source for mesograzers within the algal community (Fredriksen, 2003; Du et al., 2016; Nordström et al., 2016). The total absence of macroalgal grazers in our study, however, was at least partly related to the sampling methods (grabs and trawls). We did not collect many of the typical epiphyte grazers (gastropods, amphipods, isopods), so it is doubtful their contribution would have been recognized in the data. For other fjord communities, not directly associated with the algal community, detritus originating from canopy-forming brown algae has been identified as an important food source (Renaud et al., 2015a). Studies that have identified macroalgal derived detritus as an important carbon source were able to do so since macroalgae had a distinct (enriched) δ13C signal compared to POM. Among the macroalgae in Malnesfjord, none was more δ13C-enriched than POM. Benthic organisms from all locations in our study, however, were enriched in δ13C compared to zooplankton. Nadon and Himmelman (2006) pointed out that other carbon sources (terrestrial carbon or microphythobenthos) or 13C enrichment through microbial processes in water column and sediment can result in the heavy carbon signal seen in the benthos throughout our study. We cannot rule out that other more 13C-enriched macroalgae were used as a carbon source by benthos in Malnesfjord, but the general 13C enrichment of the benthos at all study locations indicates that some processes described by Nadon and Himmelman (2006) are more likely explanations for the observed pattern.

The established δ15N-baseline in the German Bight (11.2‰) was very high in comparison to all other locations (5.3–6.8‰). Accordingly, the δ15N values in the complete German Bight were high, which is known from other human impacted coastal regions (Sherwood and Rose, 2005) and reflects the known high δ15N values in surface sediments in the German Bight. This has been attributed to the large riverine input of reactive nitrogen in the German Bight (Pätsch et al., 2010).

Food-chain length and TP estimates are strongly dependent on the choice of δ15N-baseline in stable isotope studies (Post, 2002b). We used a two-source δ15N-baseline estimate, since this approach leads to more realistic TP for most taxa, which we expected to rely on a mixture of benthic and pelagic prey (McMeans et al., 2013, 2015; Renaud et al., 2015a). The difference between the benthic and pelagic δ15N-baseline was small for Hola, Malnesfjord, and the northern North Sea. Therefore, we are confident that the calculated TPs are realistic estimates of the TP regardless of exact proportions supplied by each potential carbon source. The δ15N-baseline in the German Bight, however, was based on very different benthic and pelagic baselines (difference: 1 TP). Therefore, the individual TPs need to be interpreted with care, taking into account the calculated RBAP of the different taxa. Due to the difference of 1 TP between the two baselines, an increase of RBAP by 10% equals an increase of the TP by 0.1, compared to the calculated TP, which was based on RBAP of 50%. A large number of taxa in the German Bight relied predominantly on benthic affinity prey (RBAP > 70%). For these taxa, the presented TP should be considered underestimates of approximately 0.2–0.3 TP.

In addition to the choice of δ15N-baseline, assumptions have to be made about the trophic fractionation to estimate trophic position in a food web. The trophic fractionation factor of 3.4‰, used in this study, is widely used, due to its generally good performance (Post, 2002b; Vander Zanden and Fetzer, 2007). This being said, it needs to be noted that a scaled fractionation factor approach describes the actual trophic position more accurately, since the trophic fractionation declines with increasing trophic position (Hussey et al., 2014). However, applying such an approach would require the assumption of 100% reliance on a single carbon source, which we did not assume, hence the two source δ15N-baseline. The benefit of a scaled approach would be a more accurate individual TP estimate, which was not the primary focus of this study, but it would not affect the relative trophic position within the food web and the observed food-web structures. Furthermore, due to the common application of 3.4‰, a scaled approach would hinder a direct comparison with the majority of the existing literature (Vander Zanden and Fetzer, 2007).

Benthic Invertebrates

Our study has shown that the a priori assigned feeding groups for the benthos were well supported by the isotopic data from both North Sea locations. Potential primary consumers were assigned to the lowest TPs, while secondary consumers occupied clearly higher TPs (Figure 2). Kürten et al. (2013) came to a similar conclusion for their studies in the North Sea. In the Lofoten-Vesterålen region, however, the potential primary consumers occupied a wide range of TPs. This was observed for suspension feeders (Hola: 1.89–3.74; Malnesfjord: 2.68–3.03) and deposit feeders and grazers (Hola: 3.00–3.81; Malnesfjord: 2.06–3.70) (Figure 2). This observation is probably related to a combination of various factors including: (i) Feeding relationships are better studied for temperate species, and (ii) feeding relationships are more variable at high latitudes and at greater depth, since food pulses are more variable. For example, the assumed suspension feeding ophiuroid Asteronyx loveni is known to switch from microphagous to macrophagous filter feeding and has also been suggested to feed on the sea pen Funiculina quadrangularis (von Salvini-Plawen, 1972), to which it is normally attached. Such a feeding relation would be in accordance with the particularly high TP of A. loveni and the relative isotopic signatures of both species in our study. A third factor leading to these feeding differences may be due to our sampling in Lofoten-Vesterålen during the spring bloom. This fresh organic matter may not be reflected in all taxa equally, since turnover times of tissue vary among taxa (Jardine et al., 2006). The isotopic signal from the spring bloom was reflected in taxa at low TPs in Lofoten-Vestrålen, but not at intermediate and high TPs. This can be expected, since the typical seasonal variation at the base of the food web (Kürten et al., 2013) is dampened by the longer turnover times and the integration of various food sources at higher TP (Jardine et al., 2006; McMeans et al., 2015). Nonetheless, structural differences at high TP in the benthic compartment of the food webs were observed between Lofoten-Vesterålen and the North Sea: (i) RBAP was lower in Lofoten-Vesterålen than in the North Sea. (ii) Many benthic taxa occupied high TPs, similar to fish, in Lofoten-Vesterålen, while TPs of benthos were clearly lower than fish in the North Sea. This indicates that top-down control by fish might play an important role for benthic communities in the North Sea, while bottom-up processes might be dominating the ecosystem in Lofoten-Vesterålen.

Within our samples from Malnesfjord, we identified three samples (2 × Thyasira sp., 1 × Nephtys sp.) as outliers since they were extremely depleted in both, δ13C and δ15N. Thyasira sp. have previously been identified as particularly δ13C- and δ15N-depleted (Rigolet et al., 2014), due to symbiotic chemo-autotrophic bacteria in their gill tissue (Dando and Spiro, 1993). The strong depletion of one Nephtys sp. sample is more difficult to explain. It is however possible that the collected individual partly fed on Thyasira sp.

Fish

Estimated food-chain lengths (i.e., the TP of the top predator) in Hola (4.2), Malnesfjord (3.9), and the German Bight (4.1) correspond well with the reported global average (3.97 ± 0.47) for marine ecosystems (Vander Zanden and Fetzer, 2007). Food chain length in the northern North Sea (4.6), however, was longer than this average. Such a longer food chain might be linked to a number of ecosystem characteristics, including the history of community organization, resource availability, predator–prey interactions, disturbance, and ecosystem size (Post, 2002a). However, Post (2002a) showed that no single characteristic can satisfactory explain a longer food chain and it is likely that the longer food chain in the northern North Sea is attributed to a combination of several of these ecosystem characteristics. The slightly longer food chain in Hola compared to Malnesfjord was probably caused by the size differences of the collected top predators in Malnesfjord (M. kitt ≈ 30 cm; G. morhua < 25 cm) and Hola (M. kitt ≈ 50 cm; G. morhua > 70 cm). Prey size generally increases with fish predator size (Scharf et al., 2000), possibly indicating feeding on higher TP (Barnes et al., 2010). For cod, a major diet change from predominantly benthic invertebrates to predominantly fish occurs commonly at a size of 25–30 cm (Hislop et al., 1997). We do not believe that bigger fish were absent from Malnesfjord, but we were not able to collect them, and therefore, the difference in food chain length between the two locations in Lofoten-Vesterålen should be considered an artifact.

Furthermore, it has to be considered that sampling during the spring bloom in Lofoten-Vesterålen could have affected our estimation of the food-chain length in comparison to the North Sea. A depletion in δ15N during the spring bloom only at the base of the food web (Kürten et al., 2013) could result in an overestimation of food-chain length. This would mean food chain length in Lofoten-Vesterålen is generally shorter than in the North Sea. Renaud et al. (2011), however, found only little change in food-web structure across seasons and it remains questionable whether the estimated food chain lengths were affected by the sampling season in our study.

Atlantic cod (G. morhua) occupied the highest TP at all locations. In both North Sea locations, G. morhua was identified as the single top predator, while its TP was similar to other fish species in the Lofoten-Vesterålen region. Not only did the TP of G. morhua in relation to the other fish species differ between Lofoten-Vesterålen and the North Sea, but also its reliance on benthic affinity prey was much lower in the Lofoten-Vesterålen region than in the North Sea. This is in accordance with previous studies of gut contents (Michalsen et al., 2008) that showed that planktivorous fish, particularly herring (C. harengus) and Norway pout (Trisopterus esmarkii), constitute the main prey for adult cod in the Lofoten-Vesterålen region (same size range as cod from Hola in this study). This high reliance on pelagic feeding prey indicates that cod stocks in the Lofoten-Vesterålen region might be affected by the northward extension of typical pelagic species (Stenevik and Sundby, 2007). With the ongoing climate change, feeding migrations of mackerel to the North are expected earlier in the season (Utne et al., 2012). This will lead to a large temporal overlap of mackerel and larvae of Norwegian spring spawning herring, and the resulting predation could have regulatory effects on the herring stock (Skaret et al., 2015), and consequently on the available food for cod. In contrast, North Sea cod relied approximately equally on pelagic and benthic affinity prey, which is in accordance with previous studies of stable isotopes from Newfoundland and Labrador (Sherwood and Rose, 2005), and stomach contents from the North Sea (Hislop et al., 1997).

Today, cod is only present in very low numbers in the southern North Sea and the ecosystem has shifted toward a flatfish dominated community, along with particularly high abundances of small, demersal, mesopredatory fish (B. luteum, Arnoglossus laterna, A. cataphractus, Pomatoschistus spp.) (Daan et al., 2005; Ehrich et al., 2007; van Hal et al., 2010). Surprisingly, our results suggest a higher TP for B. luteum (3.47) and A. cataphractus (3.59) than for medium sized flatfishes (L. limanda: 3.19; P. platessa: 3.15) in the German Bight, although this was not identified as significant at the chosen significance level. Furthermore, the medium sized flatfish species showed a higher RBAP than the small mesopredators. Therefore, our data support the results of Schückel et al. (2012), who found little dietary overlap between small and medium sized flatfishes. Cod is known to be the most frequent predator of B. luteum and A. cataphractus in the southern North Sea (Pinnegar, 2014). Our data showed that cod was the only species at a higher TP than these species in the German Bight. Furthermore, cod showed a similar RBAP to B. luteum and A. cataphractus, indicating cod as the only predator of these species in the German Bight. It is, however, possible that other species in the German Bight, not collected as part of this study, prey on small mesopredatory fish. Nonetheless, we suggest that the recent cod decline and the associated reduced top-down control might have resulted in the release of mesopredators in the southern North Sea.

In contrast to benthos, fish can move among habitats, and isotopic signatures might not always be related to the sampling site (Hansson et al., 1997). We found the isotopic signature of S. scombrus in the German Bight to be unrelated to other samples from this location, but instead was virtually identical to mackerel from the northern North Sea, and could reflect the migratory nature of mackerel (Iversen, 2002). It is possible that the collected mackerel from the German Bight had just migrated into this region prior to sampling, and therefore they would still reflect the isotopic signature of their previous feeding grounds. We cannot rule out that other fish species moved into our study locations shortly before the sample collection, even though the observed isotopic signatures did not indicate this.

We used a winter and a spring pelagic baseline to calculate RBAP on the Lofoten-Vesterålen shelf (Hola), since high TP were not enriched in 13C compared to primary consumers. We considered three possible explanations (migration, carbon sources, turnover rates) for this 13C signature, before making this calculation that precludes any other explanations than differences in turnover rates between different trophic levels. As mentioned above, fish can move among habitats and accordingly the 13C signature could reflect the isotopic baseline in another region for some migratory species. However, we found a general lack of 13C enrichment in all taxa at high TP (fish and benthos) and accordingly, migration can be excluded as a possible explanation. Also, potential use of other carbon sources cannot explain this general pattern, which was only observed at higher trophic positions. Microphytobenthos needs to be considered negligible in Hola, since the euphotic zone depth (0.1% surface irradiance) has to be expected much shallower than the bottom depth (195–220 m) at such high latitudes (Varela et al., 2013). Hola is in relative close proximity to the coast, and accordingly terrestrial carbon could be another explanation for the 13C composition of high TP. However, it is highly unlikely that organisms around TP4 rely directly on terrestrial carbon (or any other carbon source) without any prior assimilation of this carbon by organisms with a lower TP. Accordingly, we would expect taxa at intermediate TP being less enriched in 13C than the taxa at the highest TP. This was, however, not the case and leaves differences in turnover rates as the most likely explanation. In seasonal marine ecosystems, the isotopic baselines differ considerably between winter and spring (Kürten et al., 2013; McMeans et al., 2015). Turnover rates are known to be slower at higher trophic positions (Kürten et al., 2013) and accordingly it has to be expected that the winter isotopic baselines are still represented at high TP during the early spring bloom, even though the spring isotopic baselines are already represented at low TP.

Overall RBAP was high in the German Bight, intermediate in the northern North Sea, and low in the Lofoten-Vesterålen region. Similarly, the depth differed between the locations in this study (36–220 m) and a comparison between depth and overall RBAP of the communities suggests that the importance of benthic derived carbon decreases with increasing depths. Such a stronger reliance of benthic derived carbon is not surprising and has to be expected in shallow locations, since pelagic POM is reaching the sediment very rapidly (Suess, 1980) and feeding migrations from the water column to the benthos require very little effort. The different integration of benthic and pelagic trophic pathways by G. morhua at the top of the food chain, however, is unlikely to be related to the difference in depth between the Lofoten-Vesterålen region and the North Sea. Sherwood and Rose (2005) found in their study of the Newfoundland and Labrador continental shelf a RBAP for cod similar to the observed RBAP in the North Sea. Our study suggests functional similarity between the Newfoundland and Labrador continental shelf and the North Sea with regard to cod, although their study locations had depth ranges of 200–450 m, which clearly exceeded the depth of all locations in our study.

CONCLUSION

Our study has shown that the coupling of the benthic and pelagic compartments of food webs differs between the Lofoten-Vesterålen region and the North Sea, and therefore food webs might be affected differently by environmental changes (Krause et al., 2003). Top predators feed either from pelagic or benthic trophic channels in Lofoten-Vesterålen, while the only top predator (G. morhua) in the North Sea feeds from both channels. Our data suggest that the collapse of the cod stock in the southern North Sea might have enhanced the mesopredator outburst in the region. High structural similarity in both North Sea food webs indicate that the northern North Sea might undergo a similar mesopredator release (fish or invertebrate) if the cod stock decreases due to overfishing or climate change. In the Lofoten-Vesterålen region, however, the collapse of a single species would not be expected to have such an extreme effect on the system. Both, the pelagic and benthic channel sustain a larger number of species that could fill an opening niche, indicating a higher resilience of the Lofoten-Vesterålen region toward high fishing pressure. Furthermore, differences between fjord and shelf were limited to individual species in the Lofoten-Vesterålen region and no overall structural difference was identified.
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Sampled taxa Code n  Ind. n Ind. n Ind. n Ind.
INVERTEBRATES
Zooplankton 7
Calanus spp. Calspp 3 60-100 3  50-100 3 50-100 3 50-100
Suspension feeders SF
x  Ophiopholis aculeata (Linnaeus, 1767) Ophacu 2 1 2 1
x  Asteronyx loveni (Miller and Troschel, 1842) Astov 2 1
x  Funiculna quadrangularis (Palas, 1766) Funqua 2 1
Modiolula phaseolina (Philipi, 1844) Modpha 2 4
Parvicardium sp. Parsp 2 1
Kamekampia sulcata (Miiler, 1776) Karsul 2 1
Astarte sulcata (da Costa, 1778) Astsul 2 1
Chamelea galina (Linnaeus, 1758) Chagal 1 1 1 1
Turitella communis (Risso, 1826) Turcom 1 1
x  Securiustra securifons (Palas, 1766) Secsec 1 1
Acanthocardia echinata (Linnaeus, 1758) Acaech 1 1
Deposit feeder/Grazer OF
X Spatangus purpureus (O.F. Miller, 1776) Spapur 2 1
X Gracilechinus acutus (Lamarck, 1816) Gaacu 2 12 2 34
X Parastichopus tremulus (Gunnerus, 1767) Pate 2 1
x  Acanthochitona crinita (Pennant, 1777) Acacri 1 1
x  Leptochiton sp. Lepsp. 1 3
x  Brisaster fragils (Diiben and Koren, 1844) Biifa 2 2
X Strongylocentrotus droebachiensis (O.F. Miller, 1776) Strdro 1 6
x  Ctenodiscus crispatus (Retzius, 1805) Ctecri 2 2
Nicomache sp. Nic_sp. 2 1
Thyasira sp. Thy_sp. 2 34
x  Echinocardium cordatum (Pennant, 1777) Echoor 2
Nucula nitidosa (Winckworth, 1930) Nuonit 2 6
Thelepus cincinnatus (Fabicius, 1780) Thecin 2 13
Predator/Scavenger PS
X Ophiura sarsi (Liitken, 1855) Ophsar 1 1 2 1
X Lepychaster arcticus (M. Sars, 1851) Leparc 1 1
x  Stichastrella rosea (Miller, 1776) Stios 1 1
x  Luidia sarsii Diiben and Koren, in Diiben (1845) Lusar 1 1
Munida sarsi (Huus, 1935) Munsar 2 1
Spirontocaris ijeborgil (Daniefssen, 1859) Spill 2 1
Sabinea sarsii (Smith, 1879) Sabsar 2 1
Anapagurus laevis (Bell, 1846) Andae 2 1
Dichelopandalus bonnieri (Caulery, 1896) Dicbon 2 1
Nephtys sp. Nep_sp. 1 1 2 1 2 12
Eunice dubitata (Fauchald, 1974) Eundib 2 14
Eunoe nodosa (M. Sars, 1861) Eumnod 1 1
Neptunea antiqua (Linnaeus, 1758) Nepant 1 1 2 1
Hormathia digitata (O.F. Miller, 1776) Hordg 1 1 2 1 2 -2
x  Astropecten irregularis (Pennant, 1777) Astiir 2 1 2 2 2 12
Galathea dispersa (Bate, 1859) Galdis 1 1
Hyas coarctatus (Leach, 1816) Hyacoa 2 18 1 1
Neptunea despecta (Linnaeus, 1758) Nepdes 1 1
x  Ophiura ophiura (Linnaeus, 1758) Ophoph 2 2
x  Astorias rubens Linnaeus, 1758 Astrub 2 2 2 2
Liocarcinus holsatus (Fabricius, 1798) Liohol 2 12
Cancer pagurus (Linnaeus, 1758) Canpag 1 1
Pagurus bernhardus (Linnaeus, 1758) Pagber 2 1 1 1
Corystes cassivelaunus (Pennant, 1777) Corcas 2 2
Nephrops norvegicus (Linnaeus, 1758) Nepnor 1 1
Aphrodita aculeata (Linnaeus, 1758) Aphacu 2 12
X Hippasteria phrygiana (Parelus, 1768) Hipphr 2 1
Crangon allmanni (Kinahan, 1860) Craall 2 3
Pandalus montagui Leach, 1814 [in Leach, 1813-1814]  Panmon 2 2
Hyalinoecia tubicola (O.F. Miler, 1776) Hyatub 2 2
Scaphander fignarius (Linnacus, 1758) Scalig 2 2
Colus gracils (da Costa, 1778) Colgra 2 1
Euspira nitida (Donovan, 1804) Eusnit 1 1
FISH
Pollachius virens (Linnaeus, 1758): (>50 cm) Pohir 2 2 2 2
Argentina sius (Ascanius, 1775) Argsil 2 2
Clupea harengus (Linnaeus, 1758): mature (>25 cm) Cluhar 2 1
Clupea harengus (Linnaeus, 1758):juvenile (=15cm) Cluhar 2 4
Hyperoplus lanceolatus (Le Sauvage, 1824) Hyplan 2 1
Scomber scombrus (Linnaeus, 1768): mature (>30cm)  Scosco 2 2 1
Gadus morhua (Linnaeus, 1758): (~30cm) Gadmor 2 1 2 2 1 1
Gadus morhua (Linnaeus, 1758): (<30cm) Gadmor 2 1
Hippoglossoides platessoides (Fabricius, 1780) Hppla 2 2 1 1 2 1
Microstomus kitt (Waloaum, 1792): (<50 cm) Mickit
Microstomus kitt (Walbaum, 1792): (~30 crm) Mickit 1 1
Myxine glutinosa (Linnaeus, 1758) Myxgu 1 1 1 1
Artediellus atlanticus (Jordan and Evermann, 1898) Artatl 2 1
Lumpenus lampretaeformis (Walbaum, 1792) Lumlam 1 1
Buglossidium futeurn (Risso, 1810) Buglut 1 1
Agonus cataphractus (Linnaeus, 1758) Agocat 1 1
Pleuronectes platessa (Linnaeus, 1758) Plepla 2 1 1 1
Limanda limanda (Linnaeus, 1758) Limiim 2 1 2 1
Amblyraja radiata (Donovan, 1808) Ambrad 1 1
CARBON SOURCE
POM POM 9 fter 3 fter 9 1 fiter 9 1 fiter
x  Sediment Sed 3 a2 wa 3 wa 2 wa
Phaeophyceae
Laminaria hyperborea (Gunnerus) Fosie Lamhyp 3 1
Saccharina latissima (Linnaeus) C. E. Lane, C. Mayes, Saclat 2 1
Druehl and G. W. Saunders
Desmarestia aculeata (Linnaeus) J V.Lamouroux Desacu 3 1
Rhodophyta
Ptiota gunneri P. C. Sita, Maggs & L. M. Iniine Pligun 2 1
Odonthalia dentata (Linnaeus) Lyngbye Ododen 2 1
Phaeophyceae detritus
Ascophylum nodosum (Linnaeus) Le Jolis Asenod 1 1 2 1
Cystoseira sp. Cys_sp. 1 1

Taxon code used in Figures 2, 3, number of analyzed samples () and numbers of individuzls per sample (ind.) are given, Size classes are given for Gadus morhua, Pollachius viens,
rostomus Kitt, Clupea harengus, and Scomber scombrus. Taxa assumed to contain carbonate are marked with x.






