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Abstract

Understanding marine ecosystem structure and functioning is crucial in supporting sustainable management
of natural resources and monitoring the health of marine ecosystems. The current study utilized stable isotope
(SI) mixing models and trophic position models to examine energy flow, trophic relationships, and benthic-
pelagic coupling between food web components. Roughly 1900 samples from different trophic levels in the food
web, collected during 2001-2010 from four northern and central sub-basins of the Baltic Sea, were analyzed for
SI ratios of carbon and nitrogen. Trophic structure of the food webs among the sub-basins was consistent, but
there were differences between the proportions of energy in different trophic levels that had originated from
the benthic habitat. Mysids and amphipods served as important links between the benthic and pelagic ecosys-
tems. Much (35-65%) of their energy originated from the benthic zone but was transferred to higher trophic
levels in the pelagic food web by consumption by herring (Clupea harengus). One percent to twenty-four percent
of the energy consumption of apex seal predators (Halichoerus grypus and Pusa hispida) and predatory fish (Salmo
salar) was derived from benthic zone. Diets of mysids and amphipods differed, although some overlap in their
dietary niches was observed. The food web in the Gulf of Finland was more influenced by the benthic sub-
system than food webs in the other sub-basins. The baseline levels of §'3C and §'°N differed between sub-basins

of the Baltic Sea, indicating differences in the input of organic matter and nutrients to each sub-basin.

Traditionally, pelagic and benthic compartments in aquatic
food webs have been studied largely in isolation and past
research has mainly focused on pelagic communities, with the
benthic compartment frequently viewed as a source or sink of
pelagic nutrients or energy (Schindler and Scheuerell 2002;
Vadeboncoeur et al. 2002). However, several studies have
shown that biotic components of aquatic ecosystems are dis-
continuous and coupled by movement of different organisms
(e.g., Reynolds 2008). Mobile, opportunistic species in particu-
lar can physically and functionally couple these habitats
(Vander Zanden et al. 2006; Reynolds 2008; Baustian et al.
2014). Research in recent decades has challenged our view
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concerning the pathways of energy flow in marine pelagic sys-
tems, as it is now known that they are more complex in struc-
ture and more diverse in their energy sources than previously
believed (Reynolds 2008; Baustian et al. 2014).

Large pelagic marine systems are mainly driven by pelagic
primary production, although in some cases, for example, areas
close to river deltas, substantial amounts of energy can be of ter-
restrial origin, transported into the system by rivers and through
the atmosphere as terrestrial particulate organic matter (POM)
(Rolff and Elmgren 2000; Vdhatalo et al. 2011; Woodland and
Secor 2013). Part of the overall pelagic biomass and energy
(hereafter “pelagic energy”) is retained by the pelagic food web,
but eventually most of it settles onto the seabed as fecal material
and remains of dead individuals, providing energy for the ben-
thic community. Some of this benthic biomass and energy
(hereafter “benthic energy”) is recycled back in to the pelagic
food web through benthic-pelagic coupling mechanisms, that
is, through active (organism movement, trophic interactions) or
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passive transport (biogeochemical cycling) (Marcus and Boero
1998; Raffaelli et al. 2003; Baustian et al. 2014). Most studies of
benthic-pelagic coupling in aquatic systems have concentrated
on fluxes and energy flow of organic matter and effects of nutri-
ents on production and community structure (e.g., Karlson
et al. 2007) and many of these have been conducted in lakes
(e.g., Schindler and Scheuerell 2002; Vander Zanden and
Vadeboncoeur 2002; Vander Zanden et al. 2006). However, rela-
tively little is known about the direct energy transfer from the
benthic to the pelagic compartment via trophic links and how
this energy propagates into the pelagic food web (Raffaelli et al.
2003; Baustian et al. 2014). The role of benthic-pelagic coupling
has been proposed to be particularly important in shallow
marine ecosystems where a large proportion of energy from
pelagic primary production settles to the benthic layer (Marcus
and Boero 1998; Garstecki et al. 2000; Woodland and Secor
2013; Baustian et al. 2014; Kopp et al. 2015; Duffill Telsnig et al.
2018). One such shallow system is the Baltic Sea, which is a
semi-enclosed brackish water ecosystem with rather simple food
webs, containing roughly a tenth or less of the species richness
found in the NE Atlantic (Johannesson and André 2006).

Benthic organisms, particularly nektobenthos (e.g., mysids
and amphipods), move between the benthic, demersal, and
pelagic zones by passive resuspension caused by extreme
hydrological events, active ontogenetic movements, and regu-
lar diel vertical migrations (Rudstam et al. 1989; Raffaelli et al.
2003). Nektobenthos is important prey not only for demersal
and epibenthic fish, but also for pelagic fishes such as herring
(Clupea harengus) (Casini et al. 2004; Woodland and Secor
2013). Therefore, nektobenthos may function as a dominant
vector for integration of pelagic and benthic trophic pathways
(Marcus and Boero 1998; Albertsson 2004; Woodland and
Secor 2013). In the open Baltic Sea, few abundant demersal
fish species exist, and two of them, cod (Gadus morhua) and
European flounder (Platichthys flesus), are abundant only in
the southern Baltic (Nissling et al. 2002; Nielsen et al. 2013).
However, pelagic herring which are obligate zooplanktivores
during early life stages that are confined to coastal areas (Aro
1989) usually switch to nektobenthic prey as they grow
(Rudstam et al. 1992; Casini et al. 2004). Herring has a wide
salinity tolerance and is abundant virtually everywhere in the
Baltic Sea. Because adult herring are capable of opportunisti-
cally shifting from pelagic to benthic habitats and are impor-
tant prey for fish-eating mammals, birds, and predatory fishes,
they have the potential to serve as an important energy link
between benthic and pelagic compartments.

Abundance and species composition of nektobenthos varies
within the Baltic Sea, which can be attributed to the spatial
and temporal variations in the oxygen deficiency in deep cen-
tral Baltic sub-basins, the geological history of the sea, and
adaptation of species to the brackish environment (Salemaa
et al. 1990; Laine 2003). In coastal food webs, the species
diversity of nektobenthos is higher (Berezina et al. 2017) than
in northern open-sea areas where only Mysis mixta, Mysis
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relicta, and Mysis salemaai (Salemaa et al. 1986; Vdinold 1986;
Audzijonyte et al. 2005) and the amphipods Monoporeia affinis
and Pontoporeia femorata (Laine 2003) are dominant. Hypoxia
and anoxia have severe impacts on both benthic and
nektobenthic species (Diaz and Rosenberg 1995; Carstensen
et al. 2014) and prolonged anoxic periods decrease the abun-
dance of nektobenthos in large areas of the Baltic Sea
(Vélipakka 1990). Therefore, patchiness in the availability of
nektobenthos to opportunistic feeders such as adult herring
may cause spatial variability in the strength of coupling
between benthic and pelagic pathways. In some areas, adult
herring are forced to consume more zooplankton, which may
eventually decrease their energy intake and growth due to the
lower energy density of zooplankton (Arrhenius and Hans-
son 1993). Changes in the diet strongly contribute to the
fluctuations in herring growth rates (Flinkman et al. 1998;
Ronkkodnen et al. 2004). As herring is an important food
source for aquatic predators, prey switching may cause spa-
tial differences in the strength of coupling between benthic
and pelagic pathways, and eventually influence the energy
flow dynamics and trophic relationships of the brackish
water food webs.

Developments in stable isotope analysis (SIA) and in model-
ing tools have made the isotope approach increasingly attrac-
tive in the exploration of marine food webs (e.g., Davenport
and Bax 2002; Woodland and Secor 2013; Kopp et al. 2015;
Giraldo et al. 2017; Stasko et al. 2018). In particular, the devel-
opment of Bayesian SI models such as MixSIR, SIAR, and
MixSIAR (Moore and Semmens 2008; Parnell et al. 2010; Stock
et al. 2018) has allowed many simultaneous sources of uncer-
tainties, for example, in the dietary sources or in trophic frac-
tionation values to be propagated through the model. These
models can resolve the most likely set of dietary proportions
given the isotope ratios in a set of possible food sources and a
set of consumers.

Pelagic Planktivorous
[energy (POM)}D[ Zooplankton J D[ fish

; Piscivorous
fish %
&] \ j
/

Benthic
energy (POM) - Benthos

DECREASE IN BENTHIC RELIANCE

y o
TROPHIC POSITION
Fig. 1. Simplified schematic illustration of how benthic-pelagic coupling

may take place in the Northern Baltic Sea offshore food webs through tro-
phic interactions.
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In this study, we aim to reveal trophic interactions within
and between the Baltic Sea pelagic and benthic food webs and
the magnitude of energy flow from primary energy resources
across the food web up to the top predators using SI ratios of
carbon (8'3C) and nitrogen (8'°N) (Fig. 1). Extensive data sets
from four different sub-basins of the Northern Baltic Sea are
utilized to estimate the trophic position (TP) of key species in
the ecosystem across different trophic levels and the relative
contributions of benthic and pelagic energy sources to the
pelagic food web. Such comprehensive knowledge of large-
scale, trophic interactions is necessary for development of
improved management of the marine living resources and in
rebuilding the resilience of the Baltic Sea ecosystem.

Material and methods

Research area and species composition

The Baltic Sea is a large brackish-water body comprising
several distinct sub-basins. This study focused on food webs
of the four northernmost sub-basins (Fig. 2): the Bothnian
Bay (mean depth = 42 m), the Bothnian Sea (69 m), the Gulf
of Finland (38 m), and the Northern Baltic Proper (71 m).
The large inflow of freshwater from the drainage area and

\

Finland

Fig. 2. Baltic Sea map and sub-basin study areas indicated by dashed
boxes. (a) Bothnian Bay, (b) Bothnian Sea, (c) Gulf of Finland, and (d)
Northern Baltic Proper.
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irregular saline water inflow through the Danish Straits create
a progressive south to north gradient of decreasing salinity
(Lass and Matthdus 2008). Together these water masses
induce strong vertical salinity stratification hence limiting
the vertical mixing of the water body. These characteristics,
together with anthropogenic eutrophication, have induced
deep-water oxygen deficiency in large areas of the Baltic
proper and at times in the Gulf of Finland. In the Bothnian
Sea and the Bothnian Bay, the deep-water oxygen concentra-
tions are higher because shallow sills limit the inflow of
saline, oxygen-depleted water, and the anthropogenic nutri-
ent loading is lower (Lass and Matthdus 2008).

The number of marine species decreases and of freshwater
species increases toward the northern and eastern parts along
with decreasing salinity. The zooplankton communities in the
study areas are dominated by calanoid copepods, but also cla-
docerans and rotifers are abundant (Suikkanen et al. 2013;
Kuosa et al. 2017). Three species of mysids (Crustacea) exist in
the study area (M. mixta, M. relicta, and M. salemaai). However,
in this study, the ecologically very similar M. relicta and M.
salemaai were grouped as M. relicta (Audzijonyte et al. 2005).
The most common species of soft-bottom benthic macrofauna
in the area are Saduria entomon (Isopoda), Limecola balthica
(Bivalvia; previously called Macoma balthica), the invasive
Marenzelleria spp. (Polychaeta), and the amphipods Monoporeia
affinis and Pontoporeia femorata, the latter being scarce in the
Gulf of Bothnia (Laine 2003).

Marine fish species, herring and sprat (Sprattus sprattus) in par-
ticular, are the most abundant planktivorous species in the Baltic
Sea pelagic ecosystem. Three-spined stickleback (Gasterosteus
aculeatus) occupies both coastal and open sea areas of the Baltic
sub-basins. The relative abundance of freshwater planktivorous
species (vendace [Coregonus albulal and smelt [Osmerus
eperlanus]) increases near estuarine areas and toward the north-
ern and northeastern parts of the Baltic (HELCOM 2012). River-
spawning anadromous species, including Atlantic salmon (Salmo
salar), support commercial and especially recreational fisheries
around the Baltic Sea.

Low biodiversity of the brackish sea is also reflected in the
marine mammal diversity. Only three species of pinnipeds are
found: harbor seal (Phoca vitulina), gray seal (Halichoerus grypus),
and ringed seal (Pusa hispida). Harbor seals occupy only the
southernmost part of the Baltic Sea. Gray seals are distributed
throughout the region. Ringed seals inhabit mostly the northern
regions. The ringed seal population (around 20,000 individuals)
inhabits three distinct breeding areas: the Gulf of Riga, the Gulf
of Finland, and the Bothnian Bay in the central, eastern, and
northern Baltic Sea, respectively. Most of the ringed seal popula-
tion is located in the Bothnian Bay (Sundqvist et al. 2012). The
gray seals (population size over 30,000 individuals) are highly
mobile and exhibit long-range movements encompassing a
major proportion of the Baltic Sea, although they are most abun-
dant in the northernmost parts of the Baltic Proper (Oksanen
et al. 2014).
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to a PDZ Europa ANCA-GSL elemental analyzer at the UC Davis
Stable Isotope Facility, U.S.A. Results are expressed using the
standard & notation as parts per thousand (%o) differences from
the international standard. The reference materials used were
internal standards of known relation to the international stan-
dards of Vienna Pee Dee belemnite (for carbon) and atmo-
spheric N, (for nitrogen). Precision was better than 0.2%o,
based on the standard deviation of replicates of the internal
standards. Sample analysis also yielded percentage of carbon
and nitrogen from which C : N ratios (by weight) were derived.
Since lipids are known to be '*C-depleted (lower &'*C) relative
to other major tissue constituents (DeNiro and Epstein
1978; Focken and Becker 1998), carbon SI ratios were lipid-
normalized (indicated here as §'3C') using the C : N ratio. Seals
were corrected according to Ehrich et al. (2011) (Eq. 3), fish
according to Kiljunen et al. (2006), and invertebrates according
to Logan et al. (2008) (Eq. 1a).

Modeling energy pathways

Using SI data, we estimated the proportion of benthic
energy relative to pelagic energy in each of the four Baltic Sea
sub-basin pelagic food webs. Because the SI values of basal tro-
phic level energy sources are often spatially and temporally
variable in aquatic systems (Rolff 2000; Rolff and Elmgren
2000; Syvdranta et al. 2006), baseline values are preferably
taken from primary consumers (Vander Zanden et al. 1997),
which integrate temporal variability in primary producer SI
values. In this study, baseline SI values of pelagic and benthic
POM were back-calculated from SI ratios of herbivorous cla-
docerans and L. balthica, respectively, assuming trophic
enrichment of 0.5 + 1.54%o for §'3C’ and 3.15 + 1.31%o for
8'°N (Gorokhova and Hansson 1999; Sweeting et al. 2007).

SIAR 4.2 (Stable Isotope Analysis in R, Parnell et al. 2010),
solving linear mixing models in the R statistical computing
environment, was used to determine the contribution of dif-
ferent prey items for each consumer in the system. This pack-
age uses data on consumer SI ratios and fits a Bayesian model
to their diet proportions based on Gaussian likelihoods with
Dirichlet-distributed priors of the mean. Prey §'*C’ and 8"°N
ratios were corrected for trophic enrichment (A) using the
respective fractionation factors (see above).

The number of prey types included in the mixing models
should be kept reasonable (Fry 2013). Following these tenets,
a maximum of four of the most important prey sources per
consumer were selected for the models based on an extensive
literature search (see following section “Diet of consumers”,
and Table 2). Averages and standard deviations of lipid-
normalized carbon (6'3C’) and nitrogen (5'°N) values of the
prey were used in the models. A separate model was con-
structed for each individual consumer. SIAR reports the dietary
contributions as the mean of all feasible solutions with 5%-
95™ percentiles of the distribution ranges.

We estimated in a stepwise manner, starting from primary
consumers, the proportions of benthic and pelagic energy for
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different consumers in the food webs. The proportion of the
energy originating from the benthic compartment (BC) in the
diet of consumer j was estimated as

BC;j= ) BP;xPP; (1)

where BP; is the proportional contribution of benthic energy
of the i™ prey component and PP; is the proportional contri-
bution of i prey component consumed by consumer j.

Diet of consumers

Dietary source groups in the SIAR model were benthic
POM, pelagic POM, zooplankton (cladocerans, copepods/C.
pengoi) isopods, amphipods, mysids, planktivorous fish, and,
in some cases, other species (see Table 2). The dominant cal-
anoid copepods and cladocerans are mainly herbivorous, feed-
ing on different phytoplankton species (Bleiwas and Stokes
1985; Meyer-Harms and von Bodungen 1997), that is, pelagic
POM in the SIAR model. C. pengoi is a carnivorous zooplankter
feeding on other cladocerans and copepods (zooplankton in
the SIAR model) (Ojaveer et al. 2004; Lehtiniemi and
Gorokhova 2008). Nektobenthic mysids (M. mixta, M. relicta)
are omnivorous, feeding on detritus, phyto- and zooplankton
(SIAR: benthic and pelagic POM, zooplankton). Their diet
switches from containing more phytoplankton to zooplank-
ton dominating as they grow (Viherluoto et al. 2000;
Lehtiniemi et al. 2002, 2009). Amphipods (M. affinis and P.
femorata) feed mainly on surface sediment and utilize sunken
phytoplankton (SIAR: pelagic POM) and detrital organic mat-
ter, but their diet also includes bacteria, protozoa, and
meiofauna (SIAR: benthic POM) (Elmgren 1978). They also eat
postlarval bivalve L. balthica (Ejdung et al. 2000), when larval
bivalve end their pelagic larval phase (considered as zooplank-
ton signal in the SIAR model). Amphipods are known to rise
from the bottom to swim around in the overlying water and
perform vertical migrations (Donner et al. 1987). The periods
of free swimming expose amphipods to fish predation
(Elmgren 1978; Donner et al. 1987).

Zooplankton (SIAR: zooplankton) are abundant in the
diets of herring (e.g., Peltonen et al. 2004; Ojaveer et al.
2018), but at times herring also feed on nektobenthos
(SIAR: amphipods, mysids) (Casini et al. 2004). In pelagic
areas, sprat and three-spined stickleback mainly utilize small
zooplankton (Peltonen et al. 2004; Lankov et al. 2010;
Jakubaviciute et al. 2017a,b; Ojaveer et al. 2018), that is, cla-
docerans and copepods, C. pengoi in the SIAR model. The
diet of smelt, living in low saline areas of the Baltic Sea,
resembles the diet of stickleback (Lankov et al. 2010). The
diet of vendace in the Baltic is poorly known, although in
freshwater its diet consists almost entirely of crustacean zoo
plankton (Northgote and Hammar 2006). Herring, sprat,
and three-spined stickleback dominate the salmon diet.
Sprat are rare in the diet of salmon in the Bothnian Bay and
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is there compensated by herring, three-spined stickleback,
and other locally abundant species (Hansson et al. 2001).

Gray seals in the Baltic Sea feed exclusively on fish
(Lundstrom et al. 2007, 2010; Kauhala et al. 2011; Scharff-
Olsen et al. 2019). In total, 23 fish species have been identified
in the diet of the gray seal but only a few species typically con-
tribute substantially to the diet. Herring (SIAR: herring) always
dominates the diet of gray seals in all studies, both by num-
bers and biomass. In addition to herring, sprat (SIAR:
planktivorous fish) and Atlantic salmon (SIAR: salmon) are
important prey species. Some 18 prey taxa have been identi-
fied in the diet of the ringed seal in the Baltic Sea, but again
only a few species typically contribute substantially. Herring
(SIAR:  herring) and three-spined stickleback (SIAR:
planktivorous fish) are the most frequent prey items, both by
numbers and biomass (Tormosov and Rezvov 1978; Sinisalo
et al. 2006; Scharff-Olsen et al. 2019). In the northern part of
the Baltic Sea, vendace (SIAR: planktivorous fish) are also
important prey (Suuronen and Lehtonen 2012). In addition,
the ringed seal diet included a substantial crustacean compo-
nent (SIAR: Isopods) (Tormosov and Rezvov 1978; Sinisalo
et al. 2006).

41 (9-70)
42 (15-68)
17 (0-38)

13 (1-25)
87 (75-99)
47 (13-83)
38 (4-65)
14 (0-35)

15 (0-43)
85 (57-100)

32 (2-59)
68 (41-98)

Isotope baseline corrections

Because of area-specific differences in the baseline SI ratios,
corrections are needed for direct spatial comparisons of iso-
tope data. Therefore, we applied corrections for SI ratios for
both carbon and nitrogen before conducting statistical ana-
lyses. For 8'°N, the TP was estimated for each individual food
web component using a two-source model (Post 2002):

TP=2+ (615Nconsumer— [615Nbenthic Xa+ 615Npelagic x (1 —(1)] ) /AlSN

(2)

26 (2-48)
20 (3-36)
55 (33-75)

where A is the TP of organisms used for benthic (8'*Npennic)
and pelagic (515Npe1agic) nitrogen baselines (in this case 1 = 2
for L. balthica and cladocerans), 8" N¢onsumer 1S Nitrogen iso-
tope ratio of the consumer organism, and A'*N is enrichment
of 8'°N for one TP, which was here assigned to be 3.15
(see section “Modeling energy pathways”). &' Npenthic
and 615Npelagic were assigned based on respective mean
values of L. balthica and cladocerans for each area separately. a
is the proportion of nitrogen in a consumer derived from the
base of the benthic compartment and was estimated
using Eq. 1.

To standardize the carbon stable isotope values of
nektobenthos and herring and to be able to compare them
on the same scale, we calculated an index of benthic-pelagic
coupling (BPCI) following the equations in Olsson
et al. (2009):

35 (6-62)
18 (0-39)
47 (19-76)

Copepods/C. pengoi
Stickleback (G. aculeatus)
Sprat (S. sprattus)

Cladocerans
Herring (C. harengus)

Benthic POM
Pelagic POM
Zooplankton
Amphipods
Mysids
Planktivorous fish
Salmon (S. salar)

Northern Baltic Proper

BPCI= (613C0rg - 613 Cmeanbase) /613 Crangebase (3)
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where 613C0rg is the carbon SI ratio of the organism to be
corrected, 8'°Coeanbase is the mean §'3C’ of all baseline
organisms, and 8"Cungepase is the range of §'3C
(6'3C'max-5'3C'min) for the same baseline organisms used
as a baseline when calculating the TP (Eq. 2). The higher
the BPCI value, the larger is the contribution of benthic
energy sources relative to other standardized organisms in
the system.

Statistical tests

A nonparametric Kruskal-Wallis H test was applied to
investigate differences between sub-basins in the index of
benthic-pelagic coupling (BPCI, standardized carbon stable SI
ratios) and in the TP of species/groups taking part in benthic-
pelagic coupling (nektobenthos and herring). Sub-basin-
specific differences in nektobenthos were tested in two groups
(mysids and amphipods), since only one of the analyzed spe-
cies occurred in all the sub-basins. Pairwise comparisons
within groups were done using Dunn’s post hoc tests with
Bonferroni adjustment. The statistical tests were conducted
with IBM SPSS Statistical package (Released version 24.0.0.1).

Results

Carbon and nitrogen isotope ratios (6'*C” and '°N)

There was notable variability in the baseline (Cladocera
and L. balthica) carbon and nitrogen SI ratios (§'>C” and 5'°N)
among the different basins of the Baltic Sea. The pelagic base-
line 8!3C" (the isotopic ratio in cladocerans, i.e., in herbivo-
rous zooplankton) constituted an increasing sequence from
the Bothnian Bay, to the Bothnian Sea, to the Gulf of Finland
and finally, to the Northern Baltic Proper (Table 1). A similar
spatial pattern was observed in §'3C’ values of the benthic
baseline organism L. balthica. In all study areas, §'*C values
tended to be higher in L. balthica than in cladocerans
(Table 1). Differences in the baseline levels induced differences
in the isotopic signatures in the other levels of the food webs
in the different sub-basins. The benthic baseline organisms
(L. balthica) also exhibited higher 5'°N values (up to ~ 4%o)
than the pelagic baseline (cladocerans) in all study areas. A
common trend was that the §'°N values of both baseline
organisms increased progressively from north to south.

In each sub-basin, the pelagic food web clearly reflected
those isotope values measured from the baseline organisms. In
most cases, the 5'3C’ values of the studied organisms fell
between those measured from two baseline organisms. A gen-
eral increase 5'°N values was observed through the food web
(e.g., from planktivorous fish to top predators) (Table 1).

Trophic position

TP estimates for different species/groups were similar
among basins. As expected, there was a clear increase in TP
through the pelagic food web from primary consumers,
through planktivorous fish, and finally to top predators
(Figs. 3 and 4a, Table 1). There was some variability between

Benthic-pelagic coupling in the Baltic Sea

basins in TP of the most important groups involved in
benthic-pelagic coupling. TP in both groups of nektobenthic
invertebrates, amphipods, and mysids differed statistically
between sub-basins (amphipods: H = 31.985, df = 2, p < 0.001;
mysids: H = 121.427, df = 3, p <0.001). Pairwise comparison
revealed that average TP of both groups in the Bothnian Bay
was significantly lower than in other areas (p < 0.001). TP of
mysids in the Bothnian Sea also differed significantly from
those in the other basins, being slightly lower than in the Gulf
of Finland and in the Northern Baltic Proper (p < 0.001). We
found no statistically significant differences in herring TPs
between sub-basins (H = 6.379, df = 3, p = 0.095), although
average TP was slightly higher in the Northern Baltic Proper.

Utilization of prey and basal sources

The dietary proportions and utilization of benthic energy in
the food web differed between sub-basins (Table 2, and Figs. 4b).
The two groups of nektobenthic invertebrates (amphipods and
mysids) used a substantial amount of energy from benthic
sources (Fig. 5). Statistically significant differences in BPCI of
amphipods (H = 24.36, df = 2, p<0.001) and mysids
(H = 122.43, df = 3, p <0.001) between sub-basins indicate spa-
tial variability in basal resource utilization (Fig. 4b). In the Gulf
of Finland, amphipods were significantly more dependent on
energy from benthic sources than in the Bothnian Sea
(p <0.001) or the Bothnian Bay (p = 0.039, Fig. 4b). Mysids in
the Gulf of Finland were also more reliant on benthic sources
than those in the other sub-basins (p < 0.001, Fig. 4b).

In the Bothnian Bay, the pelagic energy pathway clearly
dominated the diet of herring, while this energy pathway
decreased in importance in the sequence of the Northern Bal-
tic Proper, the Bothnian Sea, and the Gulf of Finland (Table 2,
Fig. 5). Within all sub-basins, 10-50% of the total energy
intake of herring originated from the benthic compartment.
Mysids were the most important prey items for herring in the
Northern Baltic Proper and in the Gulf of Finland, while in
the Bothnian Sea amphipods and in the Bothnian Bay zoo-
plankton were the dominant prey items (Table 2, Fig. 5). Sig-
nificant differences between sub-basins in BPCI of herring
(H = 189.06, df = 3, p<0.001) also point to the existence of
spatial differences in herring diet (Fig. 4b). Significantly higher
herring BPCI in the Gulf of Finland and in the Bothnian Sea
(p <0.001) compared to the two other sub-basins indicate pro-
portionally higher benthic source utilization in these areas
(Fig. 4b). These results are comparable with the results
obtained from the SIAR model (Fig. 5). Based on the SIAR,
other pelagic fish (sprat, stickleback, smelt, and vendace) had
a similar diet composition, with copepods together with the
predatory cladoceran C. pengoi (if present) being somewhat
more important dietary items than herbivorous cladocerans
(Table 2, Fig. 5).

In all sub-basins, up to ~ 24% of the energy consumption
of the pelagic top predators (seals and salmon) originated from
the benthic compartment. Sprat and three-spined stickleback
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dominated the salmon diet, whereas the average proportion of
herring in the diet varied between 11% and 27%. In the
Bothnian Bay, vendace and smelt also had a minor impor-
tance in salmon diet. The results of the mixing model
suggested that the diet of ringed seals consisted not only of
fish, but that benthic fauna (S. enfomon) was also an important
source of energy. In the Bothnian Bay, the diet of gray seals
comprised mainly herring and salmon. However, in the three
more southern sub-basins, one third of the gray seal diet
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Fig. 3. Trophic position of organisms in four sub-basins of the Baltic Sea.
(a) Bothnian Bay, (b) Bothnian Sea, (c) Gulf of Finland, and (d) Northern
Baltic Proper. Medians are shown by solid lines inside the boxes. Lower
and upper end of the boxes represent 25™ and 75" percentiles, the ends
of the whiskers represent the minimum and maximum values that are not
outliers, and open circles denote the outliers.
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consisted of planktivorous fish species, for example, sprat and
sticklebacks (Table 2, Fig. 5).

Discussion

Our analysis showed substantial differences in the structure
and functioning of the food webs between the studied sub-
basins in the central and northern Baltic. Mysids and amphi-
pods were dominant vectors to coupling of benthic and
pelagic systems in all the studied sub-basins. Depending of the
sub-basin, 30-70% of their energy originated from benthic
sources and was transferred to higher trophic levels and to the
pelagic subsystems, in particular, through consumption by
adult herring. Up to ~ 24% of the energy of the top predators,
gray seals, ringed seals, and salmon originated from benthic
sources. The most striking difference between the sub-basins
was the greater importance of benthic energy sources in the
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diets of the key organisms in the Gulf of Finland than in the
other sub-basins in the northern Baltic Sea.

Although it is widely accepted that benthic-pelagic cou-
pling often plays an important role in the functioning of
aquatic ecosystems (Schindler and Scheuerell 2002; Raffaelli
et al. 2003; Baustian et al. 2014), its quantification has proved
difficult. Recent developments in SIA and modeling tech-
niques have opened up new possibilities to study the path-
ways in energy transfer between these two habitats. However,
obtaining temporally and spatially representative stable iso-
tope data from a dynamic ecosystem such as the Baltic Sea is
challenging. Individual organisms may constantly move,
change their diets (ontogenetically and seasonally) and vary
in their physiologies, and therefore have different isotope
turnover rates. Moreover, the specification of dominant prey

Benthic-pelagic coupling in the Baltic Sea

items for each consumers in this study is based on informa-
tion from the literature and plays a central role in the model
outputs. Based on literature information, we included only
the most abundant prey species. In some cases, different taxa
were combined to reduce the number of sources in the ana-
lyses. Thus, diets of omnivorous species (e.g. amphipods,
mysids, and seals) were unavoidably simplified. To obtain data
from all trophic levels and both benthic and pelagic systems,
we pooled data collected over a period of 10 yr. There were
also seasonal differences when benthos, zooplankton (May-
August), fish (February-December), and seals (April-
November) were sampled. These limitations may introduce
uncertainty and noise to the data and affect interpretation of
the diet and benthic-pelagic coupling estimates. Regardless of
these shortcomings, we conclude that our models captured

Particulate
organic matter

Zooplankton
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the magnitude of benthic-pelagic coupling among the sub-
basins and provide estimates that are in good agreement with
earlier stable isotope studies conducted in shallow marine eco-
systems (Woodland and Secor 2013; Kopp et al. 2015; Giraldo
et al. 2017; Duffill Telsnig et al. 2018). For example, Kopp
et al. (2015) and Duffill Telsnig et al. (2018) showed that in
the English Channel and in the northern North Sea herring
obtained on average 14-35% of its energy through benthic
pathways, while our results suggest that herring obtain 29%
(average of all sub-basins) of energy from benthic sources.
Considering the high abundance of herring in all the studied
basins (ICES 2019), adult herring is likely to be an important
link between benthic and pelagic habitats in northern Baltic
Sea ecosystems.

Variability in reliance on benthic resources has been inves-
tigated by a few other studies (Woodland and Secor 2013;
Kopp et al. 2015; Giraldo et al. 2017). In our study, the key
taxa in the benthic-pelagic coupling, nektobenthos, and her-
ring exhibited relatively large spatial variability in benthic
reliance, which could be a result of variability in basin mor-
phometry and prey availability. Depth is considered as one of
the key regulators of benthic-pelagic coupling (Baustian et al.
2014) as it determines the proximity between the two com-
partments (Schindler and Scheuerell 2002). The basins in the
current study are generally shallow, but depth varies between
basins (average depth = 38-71 m). It has been shown that
depth influences the resource use of many pelagic fish species
(Kopp et al. 2015; Giraldo et al. 2017). Our results suggest that
this is partly true also for the herring, but prey availability in
general is likely to play a more important role in the Baltic
Sea. Herring were more reliant on benthic energy in the
Bothnian Sea and the Gulf of Finland, where 37-45% of their
overall assimilated energy originated from the benthic sources.
In the Bothnian Bay, however, herring rely mainly on pelagic
sources probably due to less abundant nektobenthos. In the
Baltic Proper, low oxygen concentration near the bottom has
decreased the area suitable for nektobenthic species, and thus
may limit the possibility for growing herring to shift from zoo-
plankton to nektobenthic prey. Indeed, three decades ago
Elmgren (1989) stated that oxygen deficiency had led to loss
of formerly important benthic food webs in the Baltic Proper,
representing an area of 100,000 km?.

Particularly high benthic reliance of nektobenthos in the
Gulf of Finland could be a result of anthropogenic factors and
general characteristics of this basin. Based on the HELCOM
Eutrophication Assessment Tool, the Gulf of Finland is one of
the most eutrophicated areas in the Baltic Sea (Ranft et al.
2011), mainly due to the large input of nutrients from the
River Neva (Viktorsson et al. 2012). Indeed, in our study,
higher §'°N values of the entire pelagic ecosystem in the Gulf
of Finland compared to other areas point to substantial runoff
from agricultural areas (McClelland et al. 1997; Voss et al.
2006). Corresponding results have been shown from rivers
draining from densely populated catchments to the Southern

11

Benthic-pelagic coupling in the Baltic Sea

Baltic Sea, which have &'°N ratio in particulate organic
nitrogen twice those of a river draining to the northern part
of the Baltic Sea with more pristine vegetation in the catch-
ment area (Voss et al. 2006). On the other hand, intense
blooms of N,-fixing cyanobacteria during the summer and
autumn occur in the Gulf of Finland, which can decrease
the 6'°N in organic particles in the surface layer (Voss et al.
1997). Nevertheless, our study shows that the higher §'°N
values of terrestrial runoff are sufficient to yield identifiable
spatial patterns in the 8'°N of the Gulf of Finland samples,
even given the occurrence of cyanobacteria blooms. It is
likely that in this highly eutrophicated shallow system
excess nutrients of allochthonous origin end up on the bot-
tom through sedimentation, providing a more important
source for benthic secondary production relative to more oli-
gotrophic systems.

Although nektobenthos has been shown to act as an
important vector between pelagic and benthic food webs
through daily migrations in the water column followed by a
return to bottom refugia (Jumars 2007; Woodland and Secor
2013), these movements can exhibit considerable plasticity
(Jumars 2007). Simply because of the smaller distance from
surface to bottom, nektobenthos has a higher probability to
be eaten by pelagic predators while not in the bottom refugia.
Therefore, it is plausible that in the Gulf of Finland mysids
will spend more time feeding in the bottom refugia than in
the deeper sub-basins.

The Baltic Sea has experienced several regime shifts during
the 20" century, with the latest in the late 1980s (Osterblom
et al. 2007) after which the zooplankton community composi-
tion changed due to decreasing salinity (Viitasalo et al. 1995).
This resulted in the domination of smaller freshwater cope-
pods and cladocerans over larger-bodied marine copepods, fur-
ther changing the herring diet (Flinkman et al. 1998;
Ronkkonen et al. 2004). Indeed, a shift in herring diet has
taken place in the Southern Baltic Sea where herring with
length > 15 cm feed on nektobenthos particularly during the
autumn and winter (Casini et al. 2010). Our results from the
Northern Baltic Sea are in very good agreement with this
observation, except in the Bothnian Bay where the large con-
tribution of zooplankton in the diet of herring (75%) may
indicate less severe competition for food resources with other
fish species or shortage of nektobenthos prey.

Based on our results, benthic energy is transferred through
the trophic steps all the way to the top predators in all the
analyzed food webs. The studied food webs consisted of
about five trophic levels with gray seals being the top con-
sumer (see also Sinisalo et al. 2006). This is in accordance
with earlier studies from brackish and marine ecosystems
where marine mammals have been estimated to reach TP
from 4 to 5 (Hobson and Welch 1992; Pauly et al. 1998a,b).
The TP of ringed seal is lower than that of the more piscivo-
rous and pelagic energy dependent gray seal. Although the
herring typically forms the main bulk of the diet of seals in
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all sub-basins, gray seals also utilize fish species from higher
trophic levels such as salmonids (Sinisalo et al. 2008;
Lundstrom et al. 2010; Suuronen and Lehtonen 2012;
Kauhala et al. 2016). In the Bothnian Bay, a substantial frac-
tion of the energy intake of ringed seals is derived from the
benthos. This is in accordance with earlier results from the
Bothnian Bay, where Sinisalo et al. (2008) observed similar
dietary differences between gray and ringed seals. It has been
observed that ringed seals can specialize either on pelagic or
benthic prey (Thiemann et al. 2007), for example, large ben-
thic invertebrates such as the isopod Saduria entomon (Helle
1983; Sinisalo et al. 2006). However, the results regarding
highly mobile species such as gray seals (e.g., Oksanen et al.
2014) or salmon (e.g., Torniainen et al. 2014) must be con-
sidered with caution as they may have been recently feeding
in other areas in the Baltic Sea other than where the individ-
uals were sampled. In particular, the salmon caught from the
Bothnian Bay typically have been feeding in the Baltic Proper
and are on their way back to their natal rivers when caught
(Kallio-Nyberg et al. 1999).

The raw SI data provide intriguing clues, for example, of
the contribution of allochthonous energy sources to the
marine food webs in the Baltic Sea. We observed a clear pro-
gressive north to south enrichment in 8'C values of the
organisms used to represent both the pelagic and benthic
baselines, which can be explained by the amount of allo-
chthonous organic matter in freshwater inflow in relation to
the total water volume that differs greatly between basin (Lass
and Matthaus 2008). This causes decreased terrestrial influence
from the Bothnian Bay to the Baltic Proper (Bianchi et al.
1997; Rolff and Elmgren 2000; Hoikkala et al. 2015). This
area-specific freshwater-seawater mixture creates an isotope
imprint on primary consumers, which is further transferred
via trophic linkages to higher consumers (Rolff and Elmgren
2000). The differences in the pelagic 8'*C” baseline among the
sub-basins indicate apparent differences in the input of
organic carbon from the catchment area (Rolff and Elmgren
2000). Interestingly, the 8'*C values were consistently around
2-3%o0 higher in zooplankton in the current study compared
to the estimates of Rolff and Elmgren (2000). For mysids the
difference in carbon values was smaller, but still from 1 to 3%o
depending on the sub-basin. Likewise, the difference in §'3C
values of herring in this study was about 2%o higher in the
Bothnian Bay but negligible in the Bothnian Sea and the
Northern Baltic Proper compared to the estimates by Rolff and
Elmgren (2000). These differences can result from the lipid
correction made in this study, which tends to increase the
8'3C values (e.g., Kiljunen et al. 2006; Logan et al. 2008;
Ehrich et al. 2011). The observation that L. balthica had mark-
edly higher 8'3C values than pelagic organisms has also been
made in the Arctic Chukchi Sea (Iken et al. 2010) where §'3C
values of pelagic POM (containing phytoplankton, bacteria,
other particulate matter) were roughly 7.4%o0 lower than L.
balthica.
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Conclusions

Our results emphasize that benthic and pelagic food webs
cannot be treated separately (e.g., Marcus and Boero 1998),
and that benthic energy sources have to be accounted for
when reconstructing food web and energy flow models in
shallow seas. It is reasonable to assume that benthic-pelagic
coupling is a highly variable phenomenon across spatial and
temporal scales and between ecosystems, and benthic-pelagic
coupling can be sensitive to human influence. The magnitude
and variability of these biological processes are rarely assessed
(Griffiths et al. 2017), mainly because quantification of com-
plex interactions have been extremely difficult. SIA and other
emerging analytical and statistical techniques can help in
making quantitative comparisons of different systems in the
future. The Baltic Sea is an excellent model system to test such
techniques, since it has relatively simple food webs, but large
spatial differences in environmental characteristics. The Baltic
Sea would also benefit greatly from such information about
trophic relationships in particular, as there is a plethora of
environmental problems in the area to be solved (e.g.,
eutrophication, climate change, environmental toxins/pollut-
ants, overfishing, and invasive species). Understanding of
aquatic ecosystem structure and functioning are key elements
to support sustainable management of aquatic resources, eco-
system restoration, and the monitoring of the status of the
Baltic Sea and other multistressed ecosystems.

References

Albertsson, J. 2004. Trophic interactions involving mysid
shrimps (Mysidacea) in the near-bottom habitat in the Bal-
tic Sea. Aquat. Ecol. 38: 457-469. do0i:10.1023/B:AECO.
0000035163.30037.38

Aro, E. 1989. A review of fish migration in the Baltic. Rapp. P.-v.
Réun. Cons. Int. Explor. Mer. 190: 72-96.

Arrhenius, F., and S. Hansson. 1993. Food consumption of lar-
val, young and adult herring and sprat in the Baltic Sea.
Mar. Ecol. Prog. Ser. 96: 125-137. doi:10.3354/meps096125

Audzijonyte, A., J. Pahlberg, R. Vidinold, and M. Lindstrom.
2005. Spectral sensitivity differences in two Mpysis sibling
species (Crustacea: Mysida), adaptation or phylogenetic
constraints? J. Exp. Mar. Biol. Ecol. 325: 228-239. doi:10.
1016/j.jembe.2005.05.007

Baustian, M. M., G. J. A. Hansen, A. de Kluijver, K. Robinson,
E. N. Henry, L. B. Knoll, K. C. Rose, and C. C. Carey. 2014.
Linking the bottom to the top in aquatic ecosystems:
Mechanisms and stressors of benthic-pelagic coupling.
p. 25-47, 38-60. In P. F. Kemp [eds.], Eco-DAS X Sympo-
sium Proceedings. 8-13 October 2012 University of Hawaii
at Manoa, Honolulu, Hawaii. doi:10.4319/ecodas.2014.978-
0-9845591-4-5.38

Berezina, N. A., A. Razinkova-Baziukas, and A. V. Tiunov.
2017. Non-indigenous amphipods and mysids in coastal


https://doi.org/10.1023/B:AECO.0000035163.30037.38
https://doi.org/10.1023/B:AECO.0000035163.30037.38
https://doi.org/10.3354/meps096125
https://doi.org/10.1016/j.jembe.2005.05.007
https://doi.org/10.1016/j.jembe.2005.05.007
https://doi.org/10.4319/ecodas.2014.978-0-9845591-4-5.38
https://doi.org/10.4319/ecodas.2014.978-0-9845591-4-5.38

Kiljunen et al.

food webs of eastern Baltic Sea estuaries. J. Mar. Biol.
Assoc. U. K. 97: 581-590. doi:10.1017/S002531541600
0643

Bianchi, T. S., C. Rolff, and C. D. Lambert. 1997. Sources and
composition of particulate organic carbon in the Baltic Sea:
The use of plant pigments and lignin-phenols as bio-
markers. Mar. Ecol. Prog. Ser. 156: 25-31. doi:10.3354/
meps156025

Bleiwas, A., and O. Stokes. 1985. Collection of large and small
food particles by Bosmina. Limnol. Oceanogr. 30:
1090-1092. doi:10.4319/10.1985.30.5.1090

Carstensen, J., and others. 2014. Hypoxia in the Baltic Sea:
Biogeochemical cycles, benthic fauna, and management.
Ambio 43: 26-36. doi:10.1007/s13280-013-0474-7

Casini, M., M. Cardinale, and F. Arrhenius. 2004. Feeding pref-
erences of herring (Clupea harengus) and sprat (Sprattus
sprattus) in the southern Baltic Sea. ICES J. Mar. Sci. 61:
1267-1277. doi:10.1016/j.icesjms.2003.12.011

Casini, M., V. Bartolino, J. C. Molinero, and G. Kornilovs.
2010. Linking fisheries, trophic interactions and climate:
Threshold dynamics drive herring Clupea harengus growth
in the central Baltic Sea. Mar. Ecol. Prog. Ser. 413: 241-252.
doi:10.3354/meps08592

Davenport, S. R., and N. J. Bax. 2002. A trophic study of a
marine ecosystem off southeastern Australia using stable
isotopes of carbon and nitrogen. Can. J. Fish. Aquat. Sci.
59: 514-530. doi:10.1139/f02-031

DeNiro, M. J., and S. Epstein. 1978. Influence of diet on the
distribution of carbon stable isotopes in animals. Geochim.
Cosmochim. Acta 42: 495-506. doi:10.1016/0016-7037(78)
90199-0

Diaz, R.]., and R. Rosenberg. 1995. Marine benthic hypoxia: A
review of its ecological effects and the behavioural
responses of benthic macrofauna. Oceanogr. Mar. Biol.
Annu. Rev. 33: 245-303.

Donner, K. O., A. Lindstrom, and M. Lindstrom. 1987. Sea-
sonal variation in the vertical migration of Pontoporeia
daffinis (Crustacea, Amphipoda). Ann. Zool. Fennici 24:
305-313.

Duffill Telsnig, J. I, S. Jennings, A. C. Mill, N. D. Walker, A. C.
Parnell, and N. V. C. Polunin. 2018. Estimating contribu-
tions of pelagic and benthic pathways to consumer produc-
tion in coupled marine food webs. J. Anim. Ecol. 88:
405-415. doi:10.1111/1365-2656.12929

Ehrich, D., A. Tarroux, J. Stien, N. Lecomte, S. Killengreen, D.
Berteaux, and N. G. Yoccoz. 2011. Stable isotope analysis:
Modelling lipid normalization for muscle and eggs from
arctic mammals and birds. Methods Ecol. Evol. 2: 66-76.
doi:10.1111/j.2041-210X.2010.00047.x

Ejdung, G., L. Byren, and R. Elmgren. 2000. Benthic predator—
prey interactions: Evidence that adult Monoporeia affinis
(Amphipoda) eat postlarval Macoma balthica (Bivalvia).
J. Exp. Mar. Biol. Ecol. 253: 243-251. doi:10.1016/S0022-
0981(00)00267-7

13

Benthic-pelagic coupling in the Baltic Sea

Elmgren, R. 1978. Structure and dynamics of Baltic benthos
communities, with particular reference to the relationship
between macro and meiofauna. Kieler Meeresforsch.
Sonderb. 4: 1-22.

Elmgren, R. 1989. Man’s impact on the ecosystem of the Baltic
Sea: Energy flows today and at the turn of the century.
Ambio 18: 326-332.

Flinkman, J., E. Aro, I. Vuorinen, and M. Viitasalo. 1998.
Changes in northern Baltic zooplankton and herring nutri-
tion from 1980s to 1990s: Top-down and bottom-up pro-
cesses at work. Mar. Ecol. Prog. Ser. 165: 127-136. doi:10.
3354/meps165127

Focken, U., and K. Becker. 1998. Metabolic fractionation
of stable isotopes: Implications of different proximate com-
positions for studies of the aquatic food webs using
8'3C data. Oecologia 115: 337-343. doi:10.1007/50044200
50525

Fry, B. 2013. Alternative approaches for solving under-
determined isotope mixing problems. Mar. Ecol. Prog. Ser.
472: 1-13. doi:10.3354/meps10168

Garstecki, T., R. Verhoeven, S. A. Wickham, and H. Arndt.
2000. Benthic-pelagic coupling: A comparison of the ben-
thic and planktonic heterotrophic protists in shallow inlets
of the southern Baltic community structure. Freshw. Biol.
45: 147-168. doi:10.1046/j.1365-2427.2000.00676.x

Giraldo, C., B. Ernande, P. Cresson, D. Kopp, M. Cachera, M.
Travers-Trolet, and S. Lefebvre. 2017. Depth gradient in
the resource use of a fish community from a semi-enclosed
sea. Limnol. Oceanogr. 62: 2213-2226. doi:10.1002/Ino.
10561

Gorokhova, E., and S. Hansson. 1999. An experimental study
on variations in stable carbon and nitrogen isotope frac-
tionation during growth of Mysis mixta and Neomysis inte-
ger. Can. J. Fish. Aquat. Sci. 56: 2203-2210. doi:10.1139/
£99-149

Griffiths, ]J. R., and others. 2017. The importance of benthic-
pelagic coupling for marine ecosystem functioning in a
changing world. Glob. Chang. Biol. 23: 2179-2196. doi:10.
1111/gcb.13642

Hansson, S., L. Karlsson, E. Ikonen, O. Christensen, A. Mitans,
D. Uzars, E. Petersson, and B. Ragnarsson. 2001. Stomach
analyses of Baltic salmon from 1959-1962 and 1994-1997:
Possible relations between diet and yolk-sac-fry mortality
(M74). ]J. Fish Biol. 5§8: 1730-1745. doi:10.1111/j.1095-
8649.2001.tb02326.x

HELCOM 2012. Checklist for Baltic Sea fish and lamprey spe-
cies, p. 196-199. In Checklist of Baltic Sea macro-species.
Baltic Sea Environment Proceedings No. 130.

Helle, E. 1983. Hylkeiden eldamaii. [Seal life]. Kirjayhtymd,
[in Finnish].

Hobson, K. A., and H. E. Welch. 1992. Determination of tro-
phic relationships within a high Arctic marine food web
using 8'°C and &'°N analysis. Mar. Ecol. Prog. Ser. 84:
9-18. d0i:10.3354/meps084009


https://doi.org/10.1017/S0025315416000643
https://doi.org/10.1017/S0025315416000643
https://doi.org/10.3354/meps156025
https://doi.org/10.3354/meps156025
https://doi.org/10.4319/lo.1985.30.5.1090
https://doi.org/10.1007/s13280-013-0474-7
https://doi.org/10.1016/j.icesjms.2003.12.011
https://doi.org/10.3354/meps08592
https://doi.org/10.1139/f02-031
https://doi.org/10.1016/0016-7037(78)90199-0
https://doi.org/10.1016/0016-7037(78)90199-0
https://doi.org/10.1111/1365-2656.12929
https://doi.org/10.1111/j.2041-210X.2010.00047.x
https://doi.org/10.1016/S0022-0981(00)00267-7
https://doi.org/10.1016/S0022-0981(00)00267-7
https://doi.org/10.3354/meps165127
https://doi.org/10.3354/meps165127
https://doi.org/10.1007/s004420050525
https://doi.org/10.1007/s004420050525
https://doi.org/10.3354/meps10168
https://doi.org/10.1046/j.1365-2427.2000.00676.x
https://doi.org/10.1002/lno.10561
https://doi.org/10.1002/lno.10561
https://doi.org/10.1139/f99-149
https://doi.org/10.1139/f99-149
https://doi.org/10.1111/gcb.13642
https://doi.org/10.1111/gcb.13642
https://doi.org/10.1111/j.1095-8649.2001.tb02326.x
https://doi.org/10.1111/j.1095-8649.2001.tb02326.x
https://doi.org/10.3354/meps084009

Kiljunen et al.

Hoikkala, L., P. Kortelainen, H. Soinne, and H. Kuosa. 2015.
Dissolved organic matter in the Baltic Sea. J. Mar. Syst. 142:
47-61. doi:10.1016/j.jmarsys.2014.10.005

ICES. 2019. Baltic fisheries assessment working group
(WGBFAS). ICES Sci. Rep. 1: 653.

Iken, K., B. Bluhm, and K. Dunton. 2010. Benthic food-web
structure under differing water mass properties in the
southern Chukchi Sea. Deep-Sea Res. Part II Top. Stud.
Oceanogr. 57: 71-85. d0i:10.1016/j.dsr2.2009.08.007

Jakubaviciute, E., U. Bergstrom, J. S. Ekl6f, Q. Haenel, and
S. J. Bourlat. 2017a. DNA metabarcoding reveals diverse
diet of the three-spined stickleback in a coastal ecosystem.
PLoS One 12: e0186929. doi:10.1371/journal.pone.
0186929

Jakubaviciuteé, E., M. Casini, L. Lozys, and J. Olsson. 2017b.
Seasonal dynamics in the diet of pelagic fish species in the
Southwest Baltic Proper. ICES J. Mar. Sci. 74: 750-758. doi:
10.1093/icesjms/fsw224

Johannesson, K., and C. André. 2006. Life on the margin:
Genetic isolation and diversity loss in a peripheral marine
ecosystem, the Baltic Sea. Mol. Ecol. 15: 2013-2029. doi:
10.1111/j.1365-294X.2006.02919.x

Jumars, P. A. 2007. Habitat coupling by mid latitude, subtidal,
marine mysids: Import-subsidised omnivores. Oceanogr.
Mar. Biol. Annu. Rev. 45: 89-138. doi:10.1201/
9781420050943.ch3

Kallio-Nyberg, 1., H. Peltonen, and H. Rita. 1999. Effects of
stock-specific and environmental factors on the feeding
migration of Atlantic salmon (Salmo salar L.) in the Baltic
Sea. Can. J. Fish. Aquat. Sci. 56: 853-861. doi:10.1139/
£99-022

Karlson, K., E. Bonsdorff, and R. Rosenberg. 2007. The impact
of benthic macrofauna for nutrient fluxes from Baltic Sea
sediments. Ambio 36: 161-167. doi:10.1579/0044-7447
(2007)36[161: TIOBMF]2.0.CO;2

Kauhala, K., M. Kunnasranta, and M. Valtonen. 2011. Diet of
grey seals in Finland in 2001-2007 - a preliminary study
(in Finnish with English summary). Suomen Riista 57:
72-83.

Kauhala, K., M. P. Ahola, M. Isomursu, and J. Raitaniemi.
2016. The impact of food resources, reproductive rate and
hunting pressure on the Baltic Grey seal population in the
Finnish sea area. Ann. Zool. Fennici §3: 5-6. doi:10.5735/
086.053.0601

Kiljunen, M., J. Grey, T. Sinisalo, C. Harrod, H. Immonen, and
R. I. Jones. 2006. A revised model for lipid normalizing '*C
values from aquatic organisms, with implications for iso-
tope mixing models. J. Appl. Ecol. 43: 1213-1222. doi:10.
1111/j.1365-2664.2006.01224.x

Kopp, D., S. Lefebvre, M. Cachera, M. C. Villanueva, and B.
Ernande. 2015. Reorganization of a marine trophic network
along an inshore-offshore gradient due to stronger pelagic—
benthic coupling in coastal areas. Prog. Oceanogr. 130:
157-171. doi:10.1016/j.pocean.2014.11.001

14

Benthic-pelagic coupling in the Baltic Sea

Kuosa, H., and others. 2017. A retrospective view of the devel-
opment of the Gulf of Bothnia ecosystem. J. Mar. Syst.
167: 78-92. doi:10.1016/j.jmarsys.2016.11.020

Laine, A. O. 2003. Distribution of soft-bottom macrofauna in
the deep open Baltic Sea in relation to environmental vari-
ability. Estuar. Coast. Shelf Sci. §7: 87-97. doi:10.1016/
S0272-7714(02)00333-5

Lankov, A., H. Ojaveer, M. Simm, M. Pollupii, and C.
Mollmann. 2010. Feeding ecology of pelagic fish species in
the Gulf of Riga (Baltic Sea): The importance of changes in
the zooplankton community. J. Fish Biol. 77: 2268-2284.
doi:10.1111/j.1095-8649.2010.02805.x

Lass, H. U., and W. Matthdus. 2008. General oceanography of
the Baltic Sea, p. 5-44. In R. Feistel, G. Nausch, and
N. Wasmund [eds.], State and evolution of the Baltic Sea
1952-2005. John Wiley & Sons. doi:10.1002/
9780470283134.ch2

Lehtiniemi, M., M. Viitasalo, and H. Kuosa. 2002. Diet compo-
sition influences the growth of the pelagic mysid shrimp,
Mysis mixta (Mysidacea). Boreal Environ. Res. 7: 121-128.

Lehtiniemi, M., and E. Gorokhova. 2008. Predation of the
introduced cladoceran Cercopagis pengoi on the calanoid
copepod Eurytemora affinis in the Gulf of Finland, Baltic
Sea. Mar. Ecol. Prog. Ser. 362: 193-200. doi:10.3354/
meps07441

Lehtiniemi, M., M. Kiljunen, and R. I. Jones. 2009. Winter
food utilisation by sympatric mysids in the Baltic Sea, stud-
ied by combined gut content and stable isotope analyses.
Mar. Biol. 156: 619-628. doi:10.1007/s00227-008-1113-x

Logan, J. M., T. D. Jardine, T. J. Miller, S. E. Bunn, R. A.
Cunjak, and M. E. Lutcavage. 2008. Lipid corrections in car-
bon and nitrogen stable isotope analyses: Comparison of
chemical extraction and modelling methods. J. Anim. Ecol.
77: 838-846. doi:10.1111/j.1365-2656.2008.01394.x

Lundstrom, K., O. Hjerne, K. Alexandersson, and O. Karlsson.
2007. Estimation of grey seal (Halichoerus grypus) diet com-
position in the Baltic Sea. NAMMCO Sci. Publ. 6: 177-196.
doi:10.7557/3.2733

Lundstrom, K., O. Hjerne, S.-G. Lunneryd, and O. Karlsson.
2010. Understanding the diet composition of marine mam-
mals: Grey seals (Halichoerus grypus) in the Baltic Sea. ICES
J. Mar. Sci. 67: 1230-1239. doi:10.1093/icesjms/fsq022

Marcus, N. H., and F. Boero. 1998. Minireview: The impor-
tance of benthic-pelagic coupling and the forgotten role of
life cycles in coastal aquatic systems. Limnol. Oceanogr.
43: 763-768. d0i:10.4319/10.1998.43.5.0763

McClelland, J. W., 1. Valiela, and R. H. Michener. 1997. Nitro-
gen-stable isotope signatures in estuarine food webs: A
record of increasing urbanization in coastal watersheds.
Limnol. Oceanogr. 42: 930-937. doi:10.4319/10.1997.42.5.
0930

Meyer-Harms, B., and B. von Bodungen. 1997. Taxon-specific
ingestion rates of natural phytoplankton by calanoid cope-
pods in an estuarine environment (Pomeranian Bight,


https://doi.org/10.1016/j.jmarsys.2014.10.005
https://doi.org/10.1016/j.dsr2.2009.08.007
https://doi.org/10.1371/journal.pone.0186929
https://doi.org/10.1371/journal.pone.0186929
https://doi.org/10.1093/icesjms/fsw224
https://doi.org/10.1111/j.1365-294X.2006.02919.x
https://doi.org/10.1201/9781420050943.ch3
https://doi.org/10.1201/9781420050943.ch3
https://doi.org/10.1139/f99-022
https://doi.org/10.1139/f99-022
https://doi.org/10.1579/0044-7447(2007)36[161:TIOBMF]2.0.CO;2
https://doi.org/10.1579/0044-7447(2007)36[161:TIOBMF]2.0.CO;2
https://doi.org/10.5735/086.053.0601
https://doi.org/10.5735/086.053.0601
https://doi.org/10.1111/j.1365-2664.2006.01224.x
https://doi.org/10.1111/j.1365-2664.2006.01224.x
https://doi.org/10.1016/j.pocean.2014.11.001
https://doi.org/10.1016/j.jmarsys.2016.11.020
https://doi.org/10.1016/S0272-7714(02)00333-5
https://doi.org/10.1016/S0272-7714(02)00333-5
https://doi.org/10.1111/j.1095-8649.2010.02805.x
https://doi.org/10.1002/9780470283134.ch2
https://doi.org/10.1002/9780470283134.ch2
https://doi.org/10.3354/meps07441
https://doi.org/10.3354/meps07441
https://doi.org/10.1007/s00227-008-1113-x
https://doi.org/10.1111/j.1365-2656.2008.01394.x
https://doi.org/10.7557/3.2733
https://doi.org/10.1093/icesjms/fsq022
https://doi.org/10.4319/lo.1998.43.5.0763
https://doi.org/10.4319/lo.1997.42.5.0930
https://doi.org/10.4319/lo.1997.42.5.0930

Kiljunen et al.

Baltic Sea) determined by cell counts and HPLC analyses of
marker pigments. Mar. Ecol. Prog. Ser. 153: 181-190. doi:
10.3354/meps153181

Moore, J. W., and B. X. Semmens. 2008. Incorporating uncer-
tainty and prior information into stable isotope mixing
models. Ecol. Lett. 11: 470-480. doi:10.1111/j.1461-0248.
2008.01163.x

Nielsen, B., K. Hiissy, S. Neuenfeldt, J. Tomkiewicz, J. W.
Behrens, and K. H. Andresen. 2013. Individual behaviour
of Baltic cod Gadus morhua in relation to sex and reproduc-
tive state. Aquat. Biol. 18: 197-207. doi:10.3354/ab00505

Nissling, A., L. Westin, and O. Hjerne. 2002. Reproductive suc-
cess in relation to salinity of three flatfish species, dab
(Limanda limanda), plaice (Pleuronectes platessa) and floun-
der (Pleuronectes flesus), in the brackish water Baltic Sea.
ICES J. Mar. Sci. §9: 93-108. doi:10.1006/jmsc.2001.1134

Northgote, T. G., and J. Hammar. 2006. Feeding ecology of
Coregonus albula and Osmerus eperlanus in the limnetic
waters of Lake Milaren, Sweden. Boreal Environ. Res. 11:
229-246.

Ojaveer, H.,, M. Simm, and A. Lankov. 2004. Population
dynamics and ecological impact of the non-indigenous
Cercopagis pengoi in the Gulf of Riga (Baltic Sea).
Hydrobiologia 522: 261-269. doi:10.1023/B:HYDR.
0000029927.91756.41

Ojaveer, H., A. Lankov, T. Raid, A. Pollumie, and R. Klais.
2018. Selecting for three copepods—feeding of sprat and
herring in the Baltic Sea. ICES J. Mar. Sci. 75: 2439-2449.
doi:10.1093/icesjms/fsx249

Oksanen, S. M., M. P. Ahola, E. Lehtonen, and M.
Kunnasranta. 2014. Using movement data of Baltic grey
seals to examine foraging-site fidelity: Implications for
seal-fishery conflict mitigation. Mar. Ecol. Prog. Ser. 507:
297-308. doi:10.3354/meps10846

Olsson, K., P. Stenroth, P. Nystrom, and W. Granel. 2009.
Invasions and niche width: Does niche width of an intro-
duced crayfish differ from a native crayfish? Freshw. Biol.
54: 1731-1740. doi:10.1111/j.1365-2427.2009.02221.x

Osterblom, H., S. Hansson, U. Larsson, O. Hjerne, F. Wulff, R.
Elmgren, and C. Folke. 2007. Human-induced trophic cas-
cades and ecological regime shifts in the Baltic Sea. Ecosys-
tems 10: 877-889. d0i:10.1007/s10021-007-9069-0

Parnell, A. C., R. Inger, S. Bearhop, and A. L. Jackson. 2010.
Source partitioning using stable isotopes: Coping with too
much variation. PLoS One 5: €9672. doi:10.1371/journal.
pone.0009672

Pauly, D., V. Christensen, J. Dalsgaard, R. Froese, and F. C.
Torres. 1998a. Fishing down marine food webs. Science
279: 860-863. doi:10.1126/science.279.5352.860

Pauly, D., A. Trites, E. Capuli, and V. Christensen. 1998b. Diet
composition and trophic levels of marine mammals. ICES
J. Mar. Sci. 55: 467-481. doi:10.1006/jmsc.1997.0280

Peltonen, H., M. Vinni, A. Lappalainen, and J. Ponni. 2004.
Spatial feeding patterns of herring (Clupea harengus L.),

15

Benthic-pelagic coupling in the Baltic Sea

sprat (Sprattus sprattus L.), and the three-spined stickleback
(Gasterosteus aculeatus L.) in the Gulf of Finland, Baltic Sea.
ICES J. Mar. Sci. 61: 966-971. doi:10.1016/j.icesjms.2004.
06.008

Post, D. M. 2002. Using stable isotopes to estimate trophic posi-
tion: Models, methods and assumptions. Ecology 83: 703-718.
doi:10.2307/3071875

Raffaelli, D., and others. 2003. The ups and downs of benthic
ecology: Considerations of scale, heterogeneity and surveil-
lance for benthic—pelagic coupling. J. Exp. Mar. Biol. Ecol.
285-286: 191-203. doi:10.1016/50022-0981(02)00527-0

Ranft, S., R. Pesch, W. Schroder, D. Boedeker, H. Paulomaiki,
and H. Fagerli. 2011. Eutrophication assessment of the Bal-
tic Sea protected areas by available data and GIS technolo-
gies. Mar. Pollut. Bull. 63: 209-214. doi:10.1016/j.
marpolbul.2011.05.006

Reynolds, C. S. 2008. A changing paradigm of pelagic food
webs. Int. Rev. Hydrobiol. 93: 517-531. doi:10.1002/iroh.
200711026

Rolff, C. 2000. Seasonal variation in 8'3C and §'°N of size frac-
tionated plankton at a coastal station in the northern Baltic
proper. Mar. Ecol. Prog. Ser. 203: 47-65. doi:10.3354/
meps203047

Rolff, C., and R. Elmgren. 2000. Use of riverine organic matter
in plankton food webs of the Baltic Sea. Mar. Ecol. Prog.
Ser. 197: 81-101. d0i:10.3354/meps197081

Ronkkonen, S., E. Ojaveer, T. Raid, and M. Viitasalo. 2004.
Long-term changes in Baltic herring (Clupea harengus
membras) growth in the Gulf of Finland. Can. ]J. Fish.
Aquat. Sci. 61: 219-229. doi:10.1139/t03-167

Rudstam, L. G., K. Danielsson, S. Hansson, and S. Johansson.
1989. Diel vertical migration and feeding patterns of Mysis
mixta (Crustacea, Mysidacea) in the Baltic Sea. Mar. Biol.
101: 43-52. doi:10.1007/BF00393476

Rudstam, L. G., S. Hansson, S. Johansson, and U. Larsson.
1992. Dynamics of planktivory in a coastal area of the
northern Baltic Sea. Mar. Ecol. Prog. Ser. 80: 159-173. doi:
10.3354/meps080159

Salemaa, H., K. Tyystjarvi-Muuronen, and E. Aro. 1986. Life
histories, distribution and abundance of Mysis mixta and
Mpysis relicta in the northern Baltic Sea. Ophelia Suppl. 4:
239-247.

Salemaa, H., I. Vuorinen, and P. Vilipakka. 1990. The distribu-
tion and abundance of Mysis populations in the Baltic Sea.
Ann. Zool. Fennici 27: 253-257.

Scharff-Olsen, C. H., and others. 2019. Diet of seals in the Bal-
tic Sea region: A synthesis of published and new data from
1968 to 2013. ICES ]J. Mar. Sci. 76: 284-297. doi:10.1093/
icesjms/fsy159

Schindler, D. E., and M. D. Scheuerell. 2002. Habitat coupling
in lake ecosystems. Oikos 98: 177-189. d0i:10.1034/j.1600-
0706.2002.980201.x

Sinisalo, T., E. T. Valtonen, E. Helle, and R. I. Jones. 2006. Com-
bining stable isotope and intestinal parasite information to


https://doi.org/10.3354/meps153181
https://doi.org/10.1111/j.1461-0248.2008.01163.x
https://doi.org/10.1111/j.1461-0248.2008.01163.x
https://doi.org/10.3354/ab00505
https://doi.org/10.1006/jmsc.2001.1134
https://doi.org/10.1023/B:HYDR.0000029927.91756.41
https://doi.org/10.1023/B:HYDR.0000029927.91756.41
https://doi.org/10.1093/icesjms/fsx249
https://doi.org/10.3354/meps10846
https://doi.org/10.1111/j.1365-2427.2009.02221.x
https://doi.org/10.1007/s10021-007-9069-0
https://doi.org/10.1371/journal.pone.0009672
https://doi.org/10.1371/journal.pone.0009672
https://doi.org/10.1126/science.279.5352.860
https://doi.org/10.1006/jmsc.1997.0280
https://doi.org/10.1016/j.icesjms.2004.06.008
https://doi.org/10.1016/j.icesjms.2004.06.008
https://doi.org/10.2307/3071875
https://doi.org/10.1016/S0022-0981(02)00527-0
https://doi.org/10.1016/j.marpolbul.2011.05.006
https://doi.org/10.1016/j.marpolbul.2011.05.006
https://doi.org/10.1002/iroh.200711026
https://doi.org/10.1002/iroh.200711026
https://doi.org/10.3354/meps203047
https://doi.org/10.3354/meps203047
https://doi.org/10.3354/meps197081
https://doi.org/10.1139/f03-167
https://doi.org/10.1007/BF00393476
https://doi.org/10.3354/meps080159
https://doi.org/10.1093/icesjms/fsy159
https://doi.org/10.1093/icesjms/fsy159
https://doi.org/10.1034/j.1600-0706.2002.980201.x
https://doi.org/10.1034/j.1600-0706.2002.980201.x

Kiljunen et al.

evaluate dietary differences between individual ringed seals
(Phoca hispida botnica). Can. J. Zool. 84: 823-831. doi:10.
1139/z06-067

Sinisalo, T., R. 1. Jones, E. Helle, and E. T. Valtonen. 2008.
Changes in diets of individual Baltic ringed seals (Phoca his-
pida botnica) during their breeding season inferred from sta-
ble isotope analysis of multiple tissues. Mar. Mamm. Sci.
24:159-170. doi:10.1111/j.1748-7692.2007.00170.x

Stasko, A. D., B. A. Bluhm, C. Michel, P. Archambault, A.
Majewski, J. D. Reist, H. Swanson, and M. Power. 2018.
Benthic-pelagic trophic coupling in an Arctic marine food
web along vertical water mass and organic matter gradients.
Mar. Ecol. Prog. Ser. 594: 1-9. doi:10.3354/meps12582

Stock, B., A. Jackson, E. Ward, A. Parnell, D. Phillips, and B.
Semmens. 2018. Analyzing mixing systems using a new
generation of Bayesian tracer mixing models. Peer] 6:
€5096. doi:10.7287/peerj.preprints.26884v1

Suikkanen, S., S. Pulina, J. Engstrém-Ost, M. Lehtiniemi, S.
Lehtinen, and A. Brutemark. 2013. Climate change and
eutrophication induced shifts in northern summer plank-
ton communities. PLoS One 8: e66475. doi:10.1371/
journal.pone.0066475

Sundgqpvist, L., L. Harkonen, C. J. Svensson, and K. C. Harding.
2012. Linking climate trends to population dynamics in
the Baltic ringed seal: Impacts of historical and future win-
ter temperatures. Ambio 41: 865-872. doi:10.1007/s13280-
012-0334-x

Suuronen, P., and E. Lehtonen. 2012. The role of salmonids in
the diet of grey and ringed seals in the Bothnian Bay,
northern Baltic Sea. Fish. Res. 125-126: 283-288. doi:10.
1016/j.fishres.2012.03.007

Sweeting, C. J., J. Barry, C. Barnes, N. V. C. Polunin, and S.
Jennings. 2007. Effects of body size and environment on
diet-tissue 8'°N fractionation in fishes. J. Exp. Mar. Biol.
Ecol. 340: 1-10. doi:10.1016/j.jembe.2006.07.023

Syviéranta, J., H. Hamaéldinen, and R. I. Jones. 2006. Within-
lake variability in carbon and nitrogen stable isotope signa-
tures. Freshw. Biol. §1: 1090-1102. doi:10.1111/j.1365-
2427.2006.01557.x

Thiemann, G. W., S. J. Iverson, and I. Stirling. 2007. Variabil-
ity in the blubber fatty acid composition of ringed seals
(Phoca hispida) across the Canadian Arctic. Mar. Mamm.
Sci. 23: 241-261. doi:10.1111/j.1748-7692.2007.00101.x

Tormosov, D. D., and G. V. Rezvov. 1978. Information on the
distribution, number and feeding habits of ringed and grey
seals in the gulfs of Finland and Riga in the Baltic Sea. Finn.
Game Res. 37: 14-17.

Torniainen, J., P. J. Vuorinen, R. I. Jones, M. Keindnen, S.
Palm, K. A. M. Vuori, and M. Kiljunen. 2014. Migratory
connectivity of two Baltic Sea salmon populations: Retro-
spective analysis using stable isotopes of scales. ICES J. Mar.
Sci. 71: 336-344. do0i:10.1093/icesjms/fst153

Vadeboncoeur, Y., M. J. Vander Zanden, and D. M. Lodge.
2002. Putting the lake back together: Reintegrating benthic

16

Benthic-pelagic coupling in the Baltic Sea

pathways into lake food web models. Bioscience 52: 44-54.
doi:10.1641/0006-3568(2002)052[0044:PTLBTR]2.0.CO;2
Vihitalo, A. V., H. Aarnos, L. Hoikkala, and R. Lignell. 2011.
Photochemical transformation of terrestrial dissolved
organic matter supports hetero- and autotrophic produc-
tion in coastal waters. Mar. Ecol. Prog. Ser. 423: 1-14. doi:

10.3354/meps09010

Viinola, R. 1986. Sibling species and phylogenetic relation-
ships of Mpysis relicta (Crustacea: Mysidacea). Ann. Zool.
Fennici 23: 207-221.

Vilipakka, P. 1990. Zur Verbreitung, Biologie und Okologie
von Mysidacea (Crustacea: Malacostraca) in der
Mecklenburger Bucht und in den kiistenfernen Gebieten
der eigentlichen Ostsee (1985-1988). Ph.D. thesis. Univ. of
Rostock.

Vander Zanden, M. J., G. Cabana, and J. B. Rasmussen. 1997.
Comparing the trophic position of littoral fish estimated
using stable nitrogen isotopes (6'°N) and literature dietary
data. Can. J. Fish. Aquat. Sci. 54: 1142-1158. doi:10.1139/
cjfas-54-5-1142

Vander Zanden, M. J., and Y. Vadeboncoeur. 2002. Fishes as
integrators of benthic and pelagic food webs in lakes. Ecol-
ogy 83: 2152-2161. doi:10.2307/3072047

Vander Zanden, M. J., S. Chandra, S. Park, Y. Vadeboncoeur,
and C. R. Goldman. 2006. Efficiencies of benthic and
pelagic trophic pathways in a subalpine lake. Can. J. Fish.
Aquat. Sci. 63: 2608-2620. doi:10.1139/F06-148

Viherluoto, M., H. Kuosa, J. Flinkman, and M. Viitasalo. 2000.
Food utilisation of pelagic mysids, Mysis mixta and M. reli-
cta, during their growing season in the northern Baltic Sea.
Mar. Biol. 136: 553-559. doi:10.1007/s002270050715

Viitasalo, M., 1. Vwuorinen, and S. Saesmaa. 1995.
Mesozooplankton dynamics in the northern Baltic Sea:
Implications of variations in hydrography and climate.
J. Plankton Res. 17: 1857-1878. doi:10.1093/plankt/17.10.
1857

Viktorsson, L., E. Almroth-Rosell, A. Tengberg, R. Vankevich,
I. Neelov, A. Isaev, V. Kravtsov, and P. O. J. Hall. 2012. Ben-
thic phosphorus dynamics in the Gulf of Finland, Baltic
Sea. Aquat. Geochem. 18: 543-564. doi:10.1007/s10498-
011-9155-y

Voss, M., G. Nausch, and J. P. Montoya. 1997. Nitrogen stable
isotope dynamics in the central Baltic Sea: Influence of
deep-water renewal on the N-cycle changes. Mar. Ecol.
Prog. Ser. 158: 11-21. doi:10.3354/meps158011

Voss, M., B. Deutsch, R. Elmgren, C. Humborg, P. Kuuppo, M.
Pastuszak, C. Rolff, and U. Schulte. 2006. Source identifica-
tion of nitrate by means of isotopic tracers in the Baltic Sea
catchments. Biogeosciences 3: 663-676. doi:10.5194/bgd-3-
475-2006

Woodland, R. J., and D. H. Secor. 2013. Benthic-pelagic cou-
pling in a temperate inner continental shelf fish assem-
blage. Limnol. Oceanogr. 58: 966-976. doi:10.4319/lo.
2013.58.3.0966


https://doi.org/10.1139/z06-067
https://doi.org/10.1139/z06-067
https://doi.org/10.1111/j.1748-7692.2007.00170.x
https://doi.org/10.3354/meps12582
https://doi.org/10.7287/peerj.preprints.26884v1
https://doi.org/10.1371/journal.pone.0066475
https://doi.org/10.1371/journal.pone.0066475
https://doi.org/10.1007/s13280-012-0334-x
https://doi.org/10.1007/s13280-012-0334-x
https://doi.org/10.1016/j.fishres.2012.03.007
https://doi.org/10.1016/j.fishres.2012.03.007
https://doi.org/10.1016/j.jembe.2006.07.023
https://doi.org/10.1111/j.1365-2427.2006.01557.x
https://doi.org/10.1111/j.1365-2427.2006.01557.x
https://doi.org/10.1111/j.1748-7692.2007.00101.x
https://doi.org/10.1093/icesjms/fst153
https://doi.org/10.1641/0006-3568(2002)052[0044:PTLBTR]2.0.CO;2
https://doi.org/10.3354/meps09010
https://doi.org/10.1139/cjfas-54-5-1142
https://doi.org/10.1139/cjfas-54-5-1142
https://doi.org/10.2307/3072047
https://doi.org/10.1139/F06-148
https://doi.org/10.1007/s002270050715
https://doi.org/10.1093/plankt/17.10.1857
https://doi.org/10.1093/plankt/17.10.1857
https://doi.org/10.1007/s10498-011-9155-y
https://doi.org/10.1007/s10498-011-9155-y
https://doi.org/10.3354/meps158011
https://doi.org/10.5194/bgd-3-475-2006
https://doi.org/10.5194/bgd-3-475-2006
https://doi.org/10.4319/lo.2013.58.3.0966
https://doi.org/10.4319/lo.2013.58.3.0966

Kiljunen et al.

Acknowledgments

This work was done in several projects including the BONUS BLUEWEBS
project, BONUS (Art 185), funded by the EU and the Academy of Finland,
the BlueAdapt project funded by the Strategic Research Council of Finland,
project, “Modeling the integrated management of ecosystems and fisher-
ies” funded by the Academy of Finland, Baltic Sea Research Programme
(BIREME) subproject “Bioaccumulation Of Dioxin-Like Organochlorines In
Baltic Fish” (DIOXMODE) supported by the Academy of Finland, Interreg
project “Good environmental status through regional coordination and
capacity building 2011-2013"” (GES-REG), Joanna Norkko’s Academy of
Finland post doc project (114076.) and Nottbeck foundation. We thank all
the people involved in sample collection, preparation, and analyses. We
would also like to thank prof. Roger I. Jones for his comments and English

17

Benthic-pelagic coupling in the Baltic Sea

language checking and two anonymous referees for their valuable
comments.

Conflict of Interest
None declared.

Submitted 30 June 2019
Revised 05 December 2019
Accepted 06 January 2020

Associate editor: Michelle McCrackin



	 Benthic-pelagic coupling and trophic relationships in northern Baltic Sea food webs
	Material and methods
	Research area and species composition
	Sampling and sample preparation
	Stable isotope analyses
	Modeling energy pathways
	Diet of consumers
	Isotope baseline corrections
	Statistical tests

	Results
	Carbon and nitrogen isotope ratios (δ13C and δ15N)
	Trophic position
	Utilization of prey and basal sources

	Discussion
	Conclusions
	References
	Acknowledgments
	Conflict of Interest



