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ARTICLE INFO ABSTRACT

Keywords: As the polar ice cap is receding, shipping in the Arctic seas becomes easier, and both destination and
PAHs Atlantic-Pacific transit shipping is expected to increase. Thereby, the risk of accidents increase. Immediate
Pechora Sea negative impacts are expected from oil spills through the acute mortality for marine organisms, especially

\l‘fgzg?\zeb from heavy fuel oil (HFO). Marine Diesel oil (MDO) is therefore suggested as a preferable fuel for ships
Ecotoxicology operating in Arctic waters. However, Polycyclic Aromatic Hydrocarbons (PAHs) are toxic components in
Modelling both types of fuel, are highly bioavailable and can transfer up the food chain. A spill of MDO following

a shipwreck could therefore have impacts beyond the spill site and long after the diesel has spread
and evaporated. We model the spread of PAHs from a fictitious spill of MDO in the Pechora Sea (South
Eastern Barents Sea) using the contaminant tracer module Ecotracer, in the Ecopath modelling software.
We address the effects on the food-web including long term effects by combining toxicology and food-
web modelling. Ecotracer assumes that pollutants follow the biomass passively through the system, and
degradation of pollutants is following user specified rates. By combining in natura measurements of
PAHs in seawater and in blue mussels (Mytilus edulis) recorded at an accidental MDO spill site, with
experiments conducted on the red king crab (Paralithodes camtschaticus) and blue mussels, we derived
values as inputs into the model. The Ecotracer predicted that the pollution in the mussels will spread
throughout the food-web, especially to the top predators of mussels, king eider (Somateria spectabilis)
and Atlantic walrus (Odobenus rosmarus rosmarus) and also from snow crab (Chionoecetes opilio) to seals

and toothed whales.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The Pechora Sea (67-71 °N, 44-60 °E) in the Russian Arctic
is situated in the south-eastern Barents Sea (Fig. 1) and is con-
sidered to be a separate sea area because of marked differences
in environmental conditions compared to the rest of the Barents
Sea. The area is an important spawning ground for Arctic fish
and is rich in seabirds and mammals that feed on benthic inver-
tebrates (Boltunov et al., 2010). The Atlantic walrus (Odobenus
rosmarus rosmarus) occur in the Pechora Sea, and one of very
few population estimates indicates a summer population of 3943
animals (Lydersen et al., 2012). Walrus feed on benthic organisms
in shallow waters, and haul out on either low elevation beaches,
or on the sea ice. The Pechora sea is identified as an area of high
ecological importance by the Arctic Monitoring and Assessment
Programme (AMAP/CAFF/SDWG, 2013) based on criteria set by the
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International Maritime Organization (IMO, 2006). The coastline
includes many low-level marshes and wetlands which are exposed
to frequent and long-term flooding during spring and summer, as
well the abrasive effects of sea ice. Muddy, shallow water coasts
are characterized by high abundances of mussels. In the case of an
oil-spill, shallow, soft sediment areas are known to accumulate oil,
as seen, for example, after a spill on the coast of Massachusetts,
USA in 1969 (Culbertson et al., 2008).

As the polar sea ice cap recedes, shipping and industrial activ-
ities become easier in the Arctic seas. Increased activities mean
increased risk of accidents. The Pechora Sea is one of the areas
expected to hold large sub-seabed deposits of hydrocarbons. The
first offshore oilfield in the Pechora Sea, Prirazlomnoye, 60 km off
the Siberian coast (Fig. 1) at a water depth of 20 metres started
production in 2014. The oil from the Prirazlomnaya installation is
exported by ice strengthened tankers.

This modelling exercise is based on a fictitious ship wreck
(Larsen et al., in press) where the container vessel MV “Oleum”
suffers an engine malfunction and runs aground on the north west-
ern corner of Vaygach (Fig. 1), thereby releasing approximating
200 tonnes of MDO. To assess the environmental impact of an oil


dx.doi.org/10.1016/j.ecolmodel.2015.10.011
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2015.10.011&domain=pdf
mailto:Lars@apn.biz
dx.doi.org/10.1016/j.ecolmodel.2015.10.011

78 L.-H. Larsen et al. / Ecological Modelling 331 (2016) 77-85

Label
8 Oleum wrecksite

% Prirazlomnoye oilfield

Model boundary
Depth -m
[Jo-20
[J20-50
[ 50- 100
I 100 - 200
I > 200

Fig. 1. Location and seabed topography of the Pechora Sea, the south-eastern part of the Barents Sea. Red lines indicate model boundary. Model area is approximately

125000 km?. Fictional wreck site of “Oleum” is indicated.

spill we are combining ecotoxicology and ecological modelling.
We apply results from ecotoxicology studies done in our labora-
tory (MDO exposure of blue mussels (Mytilus edulis) and red king
crab (Paralithodes camtschaticus) (Sagerup et al., unpublished data),
and verify its realism by applying measurements performed upon
an accidental release of 180 tonnes of MDO in Skjervey harbour,
Northern Norway (70 ©N, 20 OE) in December 2013 (Sagerup and
Geraudie, 2014).

1.1. Toxicology of PAHs and food web modelling

Polycyclic aromatic hydrocarbons (PAHs) are lipophilic hydro-
carbon components and may therefore be susceptible to
bioaccumulation (NB not biomagnification). PAH exposure is
associated with narcosis, mutagenicity, carcinogenicity, embryo-
toxicity, genotoxicity, cellular damage, endocrine disruption and
reduced survival of larval fish (Moore et al., 1989; Baussant et al.,
2009; Bechmann et al.,, 2010; Nahrgang et al., 2010). PAHs are
suspected to be responsible for several of the biological impacts
recorded after the 1989 Exxon Valdez spill in Alaska, USA, such
as increased egg mortality, and reduced survival rates and growth
in pink salmon (Oncorhynchus gorbuscha) (Peterson et al., 2003). In
molluscs, population effects such as reduced recruitment, increased
mortality and reduced production have been shown in the field fol-
lowing exposure to petroleum hydrocarbons in the sand gaper (Mya
arenaria) (Gilfillan and Vandermeulen, 1978) and in mesocosm
studies for blue mussels (Bakke and Serensen, 1985; Widdows et al.,
1985).

Toxicological models generally focus on the dynamics of the
chemical, the kinetics and the model may be limited to the fate
within one organism. The physiological responses are extremely
complex and therefore the food-web must be simplified (e.g.,
Thomann, 1989). However, combining ecotoxicology and food-web

modelling is important to be able to address effects of pollutants at
an ecosystem level. Ecopath has been used to model the spread
and accumulation of pollutants or toxins, e.g., the fate of diox-
ins (Carrer et al., 2000), and to compare how ecosystem structure
dictates mercury concentration (Ferriss and Essington, 2014), how-
ever both of these studies chose to not use the Ecotracer module.
Booth and Zeller (2005) assessed the implications of mercury accu-
mulation for human health using the Ecotracer module. Our work
focuses on testing whether we can use Ecotracer for a major sin-
gle discharge of pollutants, exemplified by a MDO spill from a ship
wreck.

The main interest of this work is to test and evaluate how Eco-
tracer works. Is Ecotracer able to model the spread of PAHs in an
Arctic marine food web at levels likely to occur after an accidental
spill? What are methodological challenges and despite challenges,
what can we learn from using Ecotracer? To answer these ques-
tions, we investigate the effects of MDO that contain bioavailable
PAHs on the marine environment, and assess the spread in the
food-web.

2. Materials and methods

A fictitious scenario describing a cargo ship voyage from Ham-
burg (Germany) to Yamburg (Russia) forms the basis for our
modelling exercise. The case study (Larsen et al, in press) describes
the rescue operation and outlines potential environmental effects
from the loss of MDO and cargo from rupturing containers.

To investigate the sensitivities of organisms representing
ecosystems along current and future Arctic shipping routes, labora-
tory experiments with exposure to MDO were performed (Sagerup
et al., unpublished data). Two species of mussel, the Icelandic scal-
lop (Chlamys islandica) and blue mussel, were exposed to dispersed
MDO. As part of the experiment the exposure, trophic transfer and
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recovery were studied in red king crab. Impacts of discharges of
MDO were also studied in natura, after the accidental release of
1800001 of MDO in the harbour of Skjervegy, 14th December 2013
(Sagerup and Geraudie, 2014). Blue mussels were used to assess
uptake after the spill by analysing local mussels and by placing
uncontaminated specimens in cages in the harbour five days after
the spill. Total PAH levels were measured in the mussels after five
days, one month, two months, three months and one year (Sagerup
et al., unpublished data).

2.1. Input to Ecopath model for the Pechora Sea

The Ecopath model (Polovina, 1984; Christensen and Walters,
2004) is a mass balance modelling approach based on a set of lin-
ear equations representing flow of biomasses between groups in
the ecosystem. The “mass balance” term refers to the physical con-
straint of the model parameters describing the system to be in
“balance”. This occurs when the flows into a group equal the flows
out of the group and mortality for a prey equals consumption by
a predator. Ecopath is the base model representing a snapshot of
the system. The Ecopath model balances losses and gains for each
functional group using Eq. (1).

. (P\. .. o QN
Bz*(E)l*EEI:BAl+Y1+ Z Bj*<§>]*DC1] 1)

(j=1 to n)

where B is biomass, P/B is production per biomass and EE
(ecotrophic efficiency) is the fraction of production transferred
within the model, BA is biomass accumulation and Y is mortali-
ties due to fisheries and hunting. Q/B is consumption per biomass
ratio and DC is the fraction of group i in the diet of group j.

Our model area (the Pechora Sea) covers an area of approxi-
mately 125000 km? (Fig. 1). We have defined 27 functional groups
in the model, including four groups of mammals, two groups of
birds, seven groups of fish, 10 invertebrate groups, two groups of
primary producers and two detritus groups (Appendix A).

Most of the production and consumption values are derived
from, or compared to, an Ecopath model made for the Norwegian
and Barents Seas in 2002 (Dommasnes et al., 2002). Recordings
from the Pechora Sea were used to calculate the biomass of
whales (Boltunov et al., 2014), seals (Boltunov et al., 2014), wal-
rus (Lydersen et al., 2012), seabirds (Spiridonov et al., 2011) and
ducks and eiders (Strgm et al., 2000; Spiridonov et al., 2011). Most
data from the Pechora Sea have been collected during summer and
autumn, and with the lack of seasonal data, we had to assume
year-round validity for the biomass data.

For the fish groups, data on biomass were calculated based
on Prokhorova (2013). For Atlantic cod (Gadus morhua), haddock
(Melanogrammus aeglefinus) and long rough dab (Hippoglos-
soides platessoides) biomass estimates were supplied by the Polar
Research Institute of Marine Fisheries and Oceanography, Mur-
mansk, Russia (PINRO) (pers. comm., Dmitri Prozorkevich). For the
benthic groups, data from Denisenko et al. (2003) were used and
the calculated P/B and Q/B values from Ullsfjord (69-70 ©ON, 20
OE) in Northern Norway (Nilsen et al., 2006). Snow crab (Chio-
noecetes opilio) is an invasive species with an increasing biomass
in the Barents Sea (Sundet, 2015). The biomass of snow crab was
estimated by the model, but diet (Kolts et al., 2013), production
and consumption are estimated based on values from the Eastern
Bering Strait were the species occurs naturally (Aydin et al., 2007).
For zooplankton, data from Dvoretsky and Dvoretsky (2009, 2015)
were used for biomass calculations. Detritus groups were adjusted
to sustain the large benthic production in the Pechora with food. A
detailed description of the assembly of the Ecopath model is given
in Appendix A.

2.1.1. Quality of model and ecological robustness

Link (2010) outlined a set of comparisons of input data, ratios
and information to be performed in advance of any fitting of the
model (PREBAL analysis). These are described as a set of “rules of
thumb” to apply in an early search for outliers (unrealistically high
or low values), and identify needs to reevaluate any of the data
attached to the functional groups in the model. For our Ecopath
model, a PREBAL diagnosticidentified a relatively fair set of biomass
input values. Both in absolute values and related to primary pro-
duction (Appendix B).

2.2. Ecospace

Ecospace is the spatial module of Ecopath, which dynamically
allocates biomass across user defined grid cells (Christensen and
Walters, 2004). We used a 20 x 30 grid cell map (Fig. 2) of the model
area with 23 km x 23 km cells. Four habitats were defined, <20 m,
20-50 m, 50-100 m, >100 m water depth. The spatial model is two-
dimensional, so the depth is merely a name for the type of habitat.
All groups in the model were assigned in proportion of the popula-
tion to the different habitats. The group “nearshore bivalves” was
fully assigned to the habitat <20 m, while offshore bivalves were
assigned with 0.7 (70%) of the population in 20-50 m and 0.3 (30%)
in 50-100 m. Seaweed were assigned as being all in <20 m, and cod
and haddock both 50% to 50-100 m and 50% to >100 m. All other
functional groups are by default “everywhere” (25% per habitat).

2.3. Ecotracer

The contaminant module of Ecopath, Ecotracer, uses the flow
of biomass between the functional groups and the environment
and predicts concentrations of contaminants that flow passively
with the biomass in the food-web. The contaminants are assumed
to follow the biomass passively and instantaneously. The model
also allows for direct uptake from the environment, for example
across the gills. Decay rate of the pollutant is also specified for each
functional group in the model and in the surrounding environment
(water).

We investigated how different inputs would influence the
results in Ecotracer by testing three different input combinations
(Table 1).

1. Case 1: The level of PAHs in mussels and red king crab after
exposure in our laboratory experiments were used as the ini-
tial concentration assuming similar uptake rates in the field as
in the laboratory. Looking at the spread only through diet but
using no direct uptake, e.g., over gills.

2. Case 2: The same initial concentration of PAHs as in case 1 but
including direct uptake from the environment as calculated
from the concentrations in water.

3. Case 3: The scenario of a sudden release of MDO. Zero initial
concentration of PAHs. PAHs uptake from water and food. A
maximum concentration of PAHs was defined for the groups of
nearshore and offshore bivalves and snow crab so that the output
from Ecotracer was similar to the input values in cases 1 and 2.

The following parameters were entered as a basis for the calcu-
lations:

a. Initial environmental concentration Co: we used 0.0104
tonnes/km?, a value recorded in the harbour at Skjervey 5 days
after the spill.

b. Decay rate (/year): we used 10 tonnes/year, a generic high value
as we expect the MDO with the PAHs to disperse, evaporate and
degrade rapidly unless taken up by biota.



80

L.-H. Larsen et al. / Ecological Modelling 331 (2016) 77-85

o

o

[ o

0333 05
3333

0222 0333
2222 3333 3333 3333 4444

SANANANAN
NN

] o o o ] o 0111
1M

] o o o o o 0,222
2222

o o o o o o 0333
3333
o o o o o o 033
3333
6 o o o o o 033
3333

] o ] o o ] 0,333
3333

o o o o o 0111 0444
1111 4444

0111 0222 0333 0,333 0333 0444 0,666
1111 2222 3333 3333 3333 6667

0222 0444 0666 0666 0666 0777 0,888
2222 4444 ©B67 6667 6667 7778 8889

0,686
6867

Fig. 2. Above: Habitats layer in Ecospace for the Pechora Sea. Dark blue area are >100 m water depth, lighter blue, 100-50 m, blue/grey 50-20, light grey <20 m water depth.
Dark grey: land. Below: The contaminants layer used in Ecotracer, red is high concentration of PAHs, and gradually decreasing until the white area, containing no PAHs. Grey
is land. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

-

. Base inflow rate of the contaminant to the ecosystem (tonnes/

km?/year): we used 0 as we are looking at a one-time event.

. Base volume exchange loss of contaminant (/year): we used 0,

and this is not relevant when there is no inflow.
For each functional group, we specified:

. Initial concentration in tonnes pollutant per tonne biomass (t/t):

in case 1 and 2 we used observed concentrations from the exper-
iments and in case 3 we used 0.

. Concentration in immigrating biomass (t/t): We used 0 for every

group as we haven't estimated any immigrating biomass.

g. Direct absorption rate (tonnes/tonnes/year), for example uptake

over the gills: we used 0 for every group in the first run, in the
second run we used uptake rates calculated from the exposure
experiments for the benthic groups including crustaceans. In the
third run we used the rates that gave the observed concentra-
tions in the experiments.

. Decay rate (tonnes/year): we used 10 tonnes per year for warm-

blooded groups, mammals and seabirds, 1 tonne/year for all
other groups except the detritus and phytoplankton groups
where we used 0.
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Table 1

Measured values used as input to Ecotracer. Accumulation ratios obtained after a one week study. The polycyclic aromatic hydrocarbons (PAHs) were measured in soft tissues
of blue mussels and Islandic scallops and the hepatopancreas of the red king crab. All tissue concentration in pg/kg wet weight (wet wt) and water concentration (g/L).

Group/environment Ecopath group Data Water concentration Accumulation ratio
Blue mussel Nearshore bivalvia 4466 (field)4482 (lab) 18 249 (one week)
(Mytilus edulis)

Icelandic scallop Offshore bivalvia 2957 (lab) 18 169 (one week)

(Chlamys islandica)

Red king crab, (Paralithodes camtschaticus) Snow crab 22254 (lab) 18 1236 (one week,
accumulation from
feed and water)

Skjervey harbour Initial concentration, 1047

seawater 5 days after spill Environment

2 Assumed to stay mostly at top 1 m of the water column.

i. Proportion of contaminant assimilated [0-1]: we used 0.7 for all 3. Results
groups.
3.1. Ecopath

All the equations are described in the Ecopath user manual
(Christensen et al., 2008) and described in Appendix A.

Our initially measured PAHs concentration in water (Y PAH1g)
from the harbour of Skjervay, following the accident was 10.4 .g/L.
1000 L per m3 gives 0.0104 g/m?2 of PAHs, assuming that the diesel
stays mostly at the surface, top 1 m. This was used as the initial
environmental concentration.

From the experiments in the laboratory we started by using
0.000004466 tonnes contaminant/tonne biomass (4466 g/kg wet
weight (wet wt)) for nearshore bivalves. From the experiments
with blue mussels, 0.000002957 tonnes/tonne (2957 p.g/kg wet wt)
for offshore bivalves, taken from the experiments with Icelandic
scallop. Finally we used 0.0000222548 tonnes/tonne (22 258 p.g/kg
wet wt) from red king crab, used for the snow crab. These were
used as the initial concentrations for the corresponding groups in
cases 1 and 2 and the upper limit for these groups in case 3.

The direct uptake ratio was calculated from the experiments.
In the high exposure group, the level of PAHs was 17.94 p.g/L and
after one week of exposure, the blue mussels had a concentration of
4482 p.g/kg wet wt. This means there is a high ratio of accumulation
from water to mussels. The Icelandic scallop also had a high ratio
of uptake from the water with the same level of PAHs, reaching
a soft tissue concentration of 2957 pg/kg wet wt. Red king crab
were exposed both through feed and water and accumulated much
higher tissue concentrations than mussels (22 254 wg/kg wet wt).
From this we assumed a high degree of trophic transfer and used
0.7 as assimilation efficiency in Ecotracer.

We compared the model using zero as the direct uptake for
every group in the first case study to eliminate this as a variable,
while in the second case we ran with the high uptake rates mea-
sured in the laboratory: a ratio of 249 for nearshore bivalves and
150 for offshore bivalves. For snow crab, we used 250 as well even
though the observed concentration was much higher than in the
bivalves.

The third case study used zero initial concentration for all the
groups and the direct uptake was adjusted to get comparable levels
of PAHs. By using a direct uptake ratio of one and an assimila-
tion rate of 0.7 a similar initial concentration, as measured in the
experiments (Sagerup et al., unpublished data), was achieved for
nearshore and offshore bivalves. For the snow crab, we reduced
the direct uptake ratio to 0.2 as they are not filter feeders.

Our three model runs were designed to investigate a momentary
release of MDO from the wreckage of a ship. The PAHs was added as
a layer in Ecospace with high concentration near the wreck site at
Vaygach, and with rapidly decreasing concentrations with distance
to the spill (Fig. 2). Ecotracer was run with Ecospace as a spatial
model with PAHs as a contaminant layer.

Building an Ecopath model is an informative exercise that gen-
erates a knowledge base on biological components of an area and
identifies any existing knowledge gaps. Even though mussels are
the preferred prey of the estimated almost 4000 walruses, 24 000
eiders, snow crab and many species of fish, the ecotrophic efficiency
(EE) for the offshore bivalve was estimated by the model to be 0.126
and nearshore bivalves to be 0.150. The EE is estimated on a scale
from O to 1, where 1 would mean all production is consumed. The
EE is low for several of the benthic groups. This means there is a lot
of benthic production not being consumed by predators.

3.2. Ecotracer

PAHs levels spread fast in the Pechora food web and especially
to top predators such as seals, eiders and walruses (Table 2). Table 2
also shows resulting values after 0.5 years and 5 years for all groups.
Fig. 3 summarizes the concentration per biomass for the first 5 years
after the spill for nearshore bivalves and walruses for all three cases.
All the results from the Ecotracer runs are provided in Appendix A.

3.2.1. Ecospace

Since the contaminants came from one point source and were
not distributed throughout the whole ecosystem, we ran Ecotracer
as a spatio-temporal model (Ecospace). The contaminant concen-
tration gradually decreases with distance from the spill site (Fig. 2).

The spatial overlap between the functional groups of animals
and the spill layer means that many animals are not exposed at all
to the pollutant. The spatio-temporal model estimated the biomass
concentrations to be reached after about 0.5-3 years (Appendix A).

For case 1, the PAHs levels of 3713 pg/kg wet wt in eiders,
1290 pg/kg wet wt in seals and walrus were estimated to be
753 pg/kg wet wt (Appendix A).

In case 2, the concentration levels per biomass were similar to
case 1 for the top predator groups (mammals, seabirds and fish).
However, the benthos and crustacean groups accumulated slightly
higher levels as a result of direct uptake from the water. This was
the only model run where concentration in bivalves continued to
increase for 2 years (Appendix A).

There was no correlation between maximum levels of PAHs
according to Ecotracer and the variables production/biomass,
consumption/biomass or the consumption of bivalves (Pairwise
correlation test, Pearsons, p >0.05).

4. Discussion

Ecological modelling systems are valuable support tools for
managing human influence on the marine ecosystems. Using
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Table 2
Results from Ecotracer for all three cases. Concentrations in pg/kg wet weight.
Case 1 Case 2 Case 3

Time (years) 0.5 5 0.5 5 0.5 5

Water 1294.86 44.28 0.41 0.08 0.38 0.09
Toothed whales 288.87 73.27 289.00 81.60 0.05 0.01
Baleen whales 8.27 15.97 8.63 25.90 0.01 0.01
Seals 984.65 228.16 985.00 244.00 0.05 0.02
Walruses 553.40 173.86 553.00 215.00 0.69 0.07
Seabirds-pelagic 6.12 4.27 8.98 38.40 0.23 0.02
Ducks and eiders 2685.53 722.63 2690.00 1000.00 1.59 0.36
Cod 24.15 1.23 2430 3.18 0.05 0.02
Haddock 168.31 9.62 169.00 12.90 0.18 0.05
Long rough dab 0.91 0.51 1.16 5.94 0.17 0.09
Polar cod 0.16 0.10 0.63 1.65 0.00 0.00
Other demersal fish 0.68 0.40 0.90 3.95 0.12 0.07
Pelagic fish 0.13 0.10 0.62 1.93 0.00 0.00
Sandeel (Ammodytidae) 0.28 0.11 0.71 1.87 0.00 0.01
Snow crab 6813.47 38.67 6830.00 54.00 0.13 0.07
Echinoderms 0.78 0.57 6.96 12.90 0.10 0.17
Polychaetes 1.14 0.21 6.25 4.99 0.05 0.05
Nearshore bivalves 7.32 1.18 23.40 43.60 1.60 0.33
Offshore Bivalvia 15.60 1.37 21.00 18.60 2.90 0.24
Other benthos 0.94 0.27 6.42 6.46 0.05 0.07
Shrimp 2.57 1.15 12.20 26.40 0.41 0.14
Krill 1.12 - 8.93 - 0.02 10.14
Zooplankton 2.34 0.10 6.93 2.07 0.03 0.01
Jellyfish 0.24 0.03 0.30 0.25 0.00 0.00
Detritus 9.37 0.23 10.30 2.15 0.10 0.02

ecosystem modelling combined with ecotoxicology is interesting
and combining the two methodologies to quantitatively assess
expected impacts throughout the food web is a valuable tool for
environmental management. Ecological impacts of pollutants, such
as PAHs, are only significant if the impair survival, growth, repro-
duction, cause genetic disruption or seriously affect energy flow
through the ecosystem.

The Ecotracer module in Ecopath has not been widely applied
before, but our current application indicates good potential for
being a tool for combining toxicology and food-web modelling. A
key challenge for modelling ecotoxicology is the availability of data
on the same species and toxicological compounds on a comparative
scale as the ecosystem components. MDO dissolves and disperses
rapidly in seawater and from field measurements at Skjervgy one
month after of the spill, the water in the immediate surroundings
had non-detectable levels of PAHs. However, clean blue mussels set
out 2.5 months after the spill accumulated PAHs from the surround-
ings (Sagerup and Geraudie, 2014). This indicate that blue mussels
are extremely efficient in accumulating PAHs from seawater, and
supports our use of high accumulation and direct uptake rates as
input to Ecotracer. Mussels are suspension-feeding organisms that
retain particles on their gills, including oil droplets. The blue mus-
sels accumulate PAHs from both food and water indiscriminately
(Baussant et al., 2001), indicating that the accumulation of PAHs in
blue mussels are independent of hydrocarbons water solubility.

The bioavailability of PAHs after a spill depends on evaporation,
dissolution, dispersion of oil droplets into the water column, water-
in-oil emulsification, sinking and sedimentation (Fingas, 2011).
MDO is relatively easily dispersed in water. Therefore, a pool of
hydrocarbon may quickly be available for accumulation in the
organisms after a spill. The solubility depends on the structure and
decreases approximately log-linear with molecular weight (Miller
et al., 1985). The heavy molecules are bound in the dispersed oil
droplets, but as these droplets are filtered by the mussels, accumu-
lation occurs (Baussant et al., 2001).

The assimilation efficiencies for PAHs (concentration in
prey/concentration in predator) are poorly known for the Arctic.
From our experiment on trophic transfer using red king crab and

mussels, we can conclude that there are high assimilation efficien-
cies as the concentration per biomass in red king crab was much
higher than in mussels (Table 1). The red king crab efficiently accu-
mulates PAHs from mussels as well as directly from the water. PAHs
have a different molecular structure, stability and bioavailability
and the assimilation efficiencies may vary greatly. Our generic value
for assimilation efficiencies of 0.7 was chosen to reflect the varia-
tion in accumulation of the different PAHs. Baussant et al. (2001)
show that the bioconcentration factor in fish, calculated as the ratio
between uptake and elimination, varied from 22 to 1495 for dif-
ferent PAHs. Our assimilation rate of 0.7 will not be the same for
all groups in the model. As no experimentally verified assimila-
tion rates exist for individual PAHs we applied a value of 0.7 for all
groups, except for case three were 0.2 was used for snow crab.

Using 3 cases, or model runs with different input combinations,
let us explore how the model responds to different input variables.
In case 1, using O for the uptake rate from water for biological
groups, the resulting values are reached only through consump-
tion and the links of the food-web. In cases 1 and 2, the model
predicted very high assimilation efficiency in top predators. Inves-
tigating the diet proportions of each functional group will help track
the PAHs. We used 0.114 as diet proportion of snow crab in seals
and this probably explains why seals were predicted to accumu-
late high levels of PAHs. For walruses we applied diet proportions
of 0.5 nearshore and 0.35 offshore bivalves and 0.05 snow crab,
while ducks and eiders have a diet proportion of 0.5 nearshore and
0.06 offshore bivalves. Toothed whales have a 0.1 diet proportion of
snow crab, indicating the reasons why all these groups accumulate
high maximum levels (Table 2 and Appendix A). Therefore, contri-
bution of PAHs in fish groups does not contribute to PAHs in the
top predators.

The two processes of advection and spreading determine the
movement behaviour of an oil spill. MDO is a low viscous oil forming
a thin film on the surface of the water (Fingas, 2011). As the dissolu-
tion and dispersion of MDO the concentration gradually decreases
with increasing distance from the spill site. Therefore the spatial
model (Ecospace) of the initial concentration in the environment is
needed and was integrated in our cases. Further, PAHs are relatively
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Fig.3. Ecotracer output for the groups “nearshore bivalves” (left) and “walruses” (right) for case 1 (upper), case 2 (middle) and case 3 (lower). y-Axis shows PAHs concentration
per biomass in pg/kg wet weight (note very different scales) and x-axis shows years after spill. Maximum value given in text on each figure.

biodegradable and the model may be overestimating the degree
of bioaccumulation, as PAHs do not biomagnify (Neff, 2002). PAHs
also decompose by photochemical oxidation (Dutta and Harayama,
2000; King et al., 2014) and microbial degradation in seawater
(Harayama et al., 2004). These processes are of high importance
for the degradation of oil spilled at sea, but for simplicity of the
model, the pollutants are only handled as tracer molecules with a
set decay rate.

When running Ecotracer, one needs a balanced time series
model as changes in biomass influence the concentration of pol-
lutants per biomass. For the group sandeel (Ammodytidae) we see
the result of the group dying out, thereby producing a high concen-
tration as an artefact of low biomass (see figure of cases 1 and 2 in
Appendix A). We can observe similar peaks in PAHs concentrations
per biomass for krill. However krill is not predicted to die out, so
this may be a result of fluctuating population sizes.

An accidental, momentary oil spill usually spreads from the dis-
charge site, and has a spatial and temporal component different
from that of a continuous pollution situation, e.g., mercury levels

in the oceans (Booth and Zeller, 2005). To model the spatial compo-
nent with Ecospace, is unique as it gives the possibility to model a
range of concentrations from one spill site. After the Prestige oil spill
in Galicia, Spain, November 2002, PAHs were measured in blood of
yellow-legged gulls (Larus michaelis). The value of total PAHs in
blood in gulls from the oil exposed colony at Lobeiras, was a max-
imum of 228 pg/kg wet wt 17 months after the spill, while gulls
from unexposed colonies had a total PAHs concentrations in the
blood of about 100 pg/kg wet wt (Pérez et al., 2008). In May 2009 a
cargo vessel, MV “Petrozavodsk” ran aground at Bjerngya (74 °N 19
°E) in the Barents Sea, and leaked MDO. In June 2009, one month
after the grounding, PAHs levels in blood from glaucous gull (Larus
hyperboreus) reached 214 p.g/kg, but the average of 28 birds sam-
pled was 42.7 pg/kg (Strom et al.,, 2011). In 2010, only 3 of 14 gulls
from Bjerneya had detectable levels of PAHs in their blood. This
agrees with the spatial model prediction where maximum value
for pelagic seabirds was 24 pg/kg wet wt after about 20 months.
Within ecotoxicology, measured and calculated concentrations
of contaminants are usually very low (.g/kg or even ng/kg). But the



84 L.-H. Larsen et al. / Ecological Modelling 331 (2016) 77-85

input into the Ecotracer is on tonnes/tonnes level and visual repre-
sentations of the concentrations per biomass are therefore difficult
to interpret. Research on the link between toxicology and ecology
applying modelling on an ecosystem level is close to non-existent.
Carrer et al. (2000) state that “most toxic substance models focus on
the dynamics of the chemical, and therefore simplify the problem
of assessing the rate of consumption of contaminated food using
empirical equations based on the dimensions of organisms.” Pre-
dicting the actual outcome of an oil spill is virtually impossible, as
there will be unforeseen consequences and interactions. In general,
mussels, such as blue mussel, are sensitive to increased levels of
hydrocarbons. However, mussels have the possibility to close their
shells for long periods and even months of zero food intake. This
ability may prove advantageous to the mussels in a spill situation.
O’Clair and Rice (1985) found that mussels were less sensitive to
hydrocarbons in the water than their predator, the starfish Evaste-
rias troschenii, and they suggest that chronic exposure from an oil
spill would increase mortality in the starfish and thus give the mus-
sels the possibility to expand due to reduced predation pressure.

The aim of this paper was to test whether Ecotracer can be used
to simulate contaminant spread in an Arctic food web. Using one
assimilation efficiency for all groups made it easier to compare the
spread instead of adding uncertainty by using different assimila-
tion efficiencies. It may be claimed that Ecotracer oversimplifies the
kinetics of spread of pollutants by only taking a few variables into
consideration. However, we argue that simplification is necessary
as the problem is infinitely complex just like an ecosystem.

Applying the Ecotracer module in a sea area with limited back-
ground data has been a challenging exercise. The Pechora Sea holds
limited fisheries resources, and thus data on human removal of
biomass from the model area are poor. The Ecopath with Ecosim
modelling system has broadly been developed and applied in areas
where time series of recordings of landings are available as input
data. However the lack of such data made it impossible to satisfac-
torily apply the Ecosim module.

The Pechora Sea has strong seasonality, and by only consider-
ing the limited data, mostly collected during summer, and using
it to represent a full year only added uncertainty to the model
predictions. Internally in the model area, migrations occur. Also
immigration to and emigration from the model area take place as
part of the life cycle of several of the functional groups (e.g., whales
and birds). Immigration and emigration were not addressed in our
study.

5. Conclusions

Ecotracer is a valuable tool to combine food-web modelling and
ecotoxicology. Bridging these two branches of biology is of impor-
tance to lift the focus of environmental pollution to an ecosystem
level. The modelled concentrations seemed unrealistically high in
some functional groups, especially top predators. Providing data
that can be used as input, from the same species or functional
groups, prey types and pollutants was a major challenge. As well,
there are elements of physiological character and kinetics that are
not taken into consideration in Ecotracer. However, to be able to
model the spread of pollutants at ecosystem level, using many func-
tional groups, simplification is also very important and Ecotracer
proves to be a comprehensive modelling tool.

Ecopath with Ecosim and Ecotracer is a comprehensive model
to study ecosystem complexity. Attempts to link models for the
spread of pollutants in the food web are essential to identify gaps
of knowledge. However, in the current application of the model
package, we did not manage to get hold of sufficiently reliable time
series except for no more than a few of the 27 functional groups, and
we were thus unable to make use of the time integrating properties
of the Ecosim module. The scarcity of data over time for combined

ecotoxicology - ecology modelling in Arctic seas thus becomes
evident here. Despite these shortcomings and potential sources of
error, our exercise has shown that a food-web influenced by a sin-
gle accidental event can be modelled, and spread of contaminants
addressed in a satisfactory way applying the Ecotracer module.

We suggest further work to include data on tropic transfer to top
predators and spread of PAHs in the ecosystem. Also, comparisons
of modelling results from experiments with heavy fuel oils (HFO)
are encouraged.
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Appendix A

This is appendix to “The Mussel Path - Using the contaminant tracer, Ecotracer, in Ecopath to model
the spread of pollutants in an Arctic marine food web”.

Appendix A and includes detailed description of input data. Appendix B presents the PREBAL
procedure applied to assess the quality of the input data.

The model include 27 functional groups, and input data and major assumptions are summarised. The
Pechora Sea modelling area is approximately 125 000 km? (Figure 1 in the article). The biomass,
production and consumption is summarized in Table 1, the diet matrix in Table 2.

1. Toothed whales
Boltunov et al. (2014) reported sighting of 50 beluga whales (Delphinapterus leucas) during an aerial
survey of parts of the Pechora Sea. The survey covered 3000 km?2. Assuming that the density of
whales is the same all over the Pechora Sea, this gives a biomass of 0.01667 tons/km?, assuming an
individual weight of 1000 kg.

2. Baleen whales

PINRO and IMR perform joint ecosystem surveys of the Barents Sea in August — September each
year. In 2013, 4 minke whales (Balaenoptera acutorostrata) were observed in the Pechora Sea
(Prokhorova 2013), while 3 individuals were recorded during the 2014 survey (Klepikovsky 2014). No
other baleen whale species were recorded in the Pechora Sea during these surveys. Both Baleen and
toothed whales can only be present in the Pechora Sea when there is no ice, and their migrations
into the area is assumed to be for a limited time period each year. An average individual body weight
of 5252 kg was used as an estimate for the minke whale biomass (Sigurjénsson and Vikingsson 1997),
providing a biomass estimate within the modelling area of 0,000168 tons/km?2.

3. Seals
The east-ice stock of harp seal (Pagophilus groenlandicus) whelp on the drift ice, mainly west of the
Pechora Sea, in March and April, and feed in the Pechora Sea parts of the year Boltunov et al. (2014).
An aerial survey of the Pechora Sea and the sea area off Vaigach Island in spring 2014 observed 82
seals, consisting of ringed- (Pusa hispida), harp,- and only one bearded seal (Erignathus barbatus)
over transects that covered an area of 3000 km? Boltunov et al. (2014). Assuming an average weight
of 100 kg per individual, the seals have a biomass of 0.0273 tons/km?. This estimate is somewhat
lower than the 0.087 estimate used for the Barents Sea Dommasnes et al. (2002). Therefore, this
estimate was adjusted to 0.0332 tons/km? when fitting the model.

According to Lindstrgm et al. (1998) Seals of the Barents- and Pechora Sea mainly feed on herring
(Clupea harengus) and polar cod (Boreogadus saida). Samples taken in the western part of the model
area, west of Kolguyev Island (Figure 1 in the article) had a frequency of about 70 % herring in the
diet, while closer to Pechora Bay; the polar cod was more important (47 %) and the occurrence of the
herring was reduced (26 %).



4. Walruses
Atlantic Walrus (Odobenus rosmarus rosmarus) reside in the Pechora Sea year round. A study of the
Pechora Sea haul out sites estimated a minimum of 3943 walruses (Lydersen et al. 2012). Females
and calves have been observed to use the ice as haul out in the winter, indicating a year round
presence (Haug and Nilssen 1995). As walruses are larger than most seals, and mainly feed on
benthic mussels, a value for P/B of 0.05 were chosen as this in between seals (0.07) and whales
(0.03) (Dommasnes et al. 2002). Walrus consume large numbers of bivalves, when these are
accessible. According to Born et al. (2003) walrus consume about 4.7 % of their body weight per day.
This also correlates well with estimates of field metabolic rate from Weslawski et al. (2000) that
estimated a daily consumption of 60 kg in adult walrus. Weighing about 1050 kg gives a Q/B of 17.33
per year. Walruses eat different benthic invertebrates, but Bivalves are by far their preferred prey.
Fay (1982) found bivalves in all 13 investigated stomachs, and 65 % of the total volume in the
stomach was bivalves. Since walruses now are a redlisted species, stomachs are no longer available
for diet analysis, but observations by divers (Born et al. 2003) found that Atlantic walruses mostly
consume bivalves, and they prefer bivalves of the genus Serripes, which is a common group in the
Pechora Sea Denisenko et al. (2003).

According to Spiridonov et al. (2011) the ice begins to form in the Pechora Sea in October and does
not completely melt until July. This means that the south-eastern parts of the Pechora Sea are ice-
covered and as such unavailable for feeding mammals and seabirds for about 8 months a year.
However, the drifting ice floes provide a winter habitat for the walruses, using the ice as a nursing
ground.

5. Pelagic seabirds
According to the Atlas of Marine and Coastal Biological Diversity of the Russian Arctic (Spiridonov et
al. 2011), 200 000 to 300 000 seabirds breed in colonies on the southern part of Novaya Zemlya. We
assume that these take large amounts of their food from the Pechora Sea. The large breeding
colonies at Novaya Zemlya mainly host Briinnich’s guillemot (Uria lomvia) (Anker-Nilssen et al. 2000).
Applying the number of 200 000 seabirds in the breeding colonies and an average individual weight
of 0.63 kg (Dommasnes et al. 2002) gives a biomass of pelagic seabirds of 0.0005 tons/km?. The
Briinnich’s guillemot and the black legged kittiwake (Rissa tridactyla) prey on fish (60 — 80 %) and
invertebrates (20 — 40 %) (Barrett et al. 2002, Dommasnes et al. 2002, Barrett et al. 2006).

6. Ducks and eiders
Based on a 1998 helicopter survey, common eider (Somateria mollissima) and king eiders (Somateria
spectabilis) were identified as the most numerous group of birds in the Pechora Sea (Strgm et al.
2000). Derived from the distribution maps in Appendix 1 in Strgm et al. (2000), p 29, the middle value
in the ranges of the data presented in figures, adjusting with the information given in the text, we
have elucidated a minimum abundance of 23660 eiders in the Pechora Sea. Each eider has an
average body weight of 1.63 kg (Barrett et al. 2002). We also estimated presence of 15285 scoter
ducks (Melanitta nigra) of 1 kg body weight, giving a total biomass of 53850 kg of ducks and eiders,
equalling 0.0004 tons/km?.



7. Atlantic Cod
Atlantic cod (Gadus morhua) has its easternmost distribution in the Pechora Sea. The biomass was
calculated by taking middle value of figure on page 58 in PINRO-IMR 2013 (Prokhorova 2013). This
mean value was divided by a model constant 0.0773 suggested by Pedersen and Pope (2003a), as the
2 knots trawl haul over 30 min (1 nm) will catch 7.73 % of the population in 1 km?. The P/B and Q/B
values were adapted from Dommasnes et al. (2002). This gives an estimate of the Pechora Sea
Atlantic cod biomass close to the estimated made by PINRO of 1.376 tons/km? (D. Prozorkevich, pers.
com).

8. Haddock
The Pechora Sea had higher abundance of haddock (Melanogrammus aeglefinus) in 2013 than the
rest of the Barents Sea (Prokhorova 2013). The biomass was calculated the same way as for Atlantic
cod. This gives an estimate of the Pechora Sea haddock biomass close to the estimated made by
PINRO of 1.080 tons/km? (D. Prozorkevich, pers. com).

9. Long rough dab
Average catch of long rough dab (Hippoglossoides platessoides) for the Barents Sea is 8.3 kg/nm
(page 61) (Prokhorova 2013) and using the model res 0.0773 from Pedersen and Pope (2003). This
gave a total biomass of 0.1 tons/km?. Calculations from PINRO gave 0.46 tons per/km?, a bit higher
than the rest of the Barents Sea. This corresponds well with the distribution in the figure in
Prokhorova (2013) and the latter value was used.

10. Polar cod
PINRO surveys in 2013 revealed high densities of polar cod in the Pechora Sea (Prokhorova 2013).
Polar cod spawns under the ice in the Pechora in January-February (Andriyashev 1954, Wienerroither
et al. 2011).

11. Other demersal fish
This functional group is a collection of demersal fish that do not have species-specific groups. The
group is used to balance diets.

12. Pelagic fish
There is a local relict of the pacific herring Clupea pallassi suworovi in the Pechora Sea. The biomass
of this stock has been surveyed by PINRO and was estimated to be between 1500 tons and 188 000
tons in the period 1978-1994 (Wienerroither et al. 2011). Using the lowest of these estimates, gives a
biomass of 0.012 tons/km?. Letting the model calculate biomass gave a higher number; about 0.27
tons/km?Z. This is a likely number.



13. Sand eel (Ammodytidae)
The Sand eel species Ammodytes marinus and Ammodytes tobianus belong to the family
Ammodytidae, and occur in the Barents Sea. The Ammodytes marinus is widely distributed, and the
only one found in the Pechora Sea during the 2013 survey (Eriksen et al. 2013). The trawl catches as
presented in IMR/PINRO gave 0.0019 tons/km? when using the catchability of 0.773 by (Pedersen
and Pope 2003b). This seemed very low and the estimates for the total population in the Barents Sea
was 2985 tons (long term mean). About 40 % of the population was found in the Pechora Sea
(Eriksen et al. 2013). This gives (2985tons*0.4)/125000km? = 0.00955 tons/km?. Ecopath calculated
the biomass to be 0.014 tons/km? and this estimate was used in the model.

14. Snow crab
Kolts et al. (2013) investigated the diet of the snow crab (Chionoecetes opilio) in the Bering Strait and
found that snow crab diet corresponded closely to the distribution and abundance of prey items in
the local benthic community. The only difference in diet, related to ontogeny and sex was the
increased ability to handle larger and harder prey as the crabs grow, and equally, the males have a
larger claw and can therefore handle larger bivalves, gastropods, as well as other snow crabs.
Bivalves, crustaceans and polychaetes were the most common prey for snow crabs in the Bering
Strait. For crabs over 40 mm carapace width, crabs occurred increasingly in the diet and had a
frequency of occurrence of 40 %. Diet information used in the model were obtained from table on
page 262 in Aydin et al. (2007) and P/B and Q/B parameters from (Trites et al. 1999). A stock size
estimate was not available and was calculated from the model.

15. Echinoderms
The echinoderm biomass was calculated from Denisenko et al. (2003). Taking the average of each
species and multiplying by number of stations per community type, then grouping by higher
taxonomic group (e.g. polychaetes) summing all these species and dividing the sum by the total
number of stations. The P/B (0.238) and Q/B (2.803) estimates based on samples from Ullsfjord
(Northern Norway, (69-70°N, 20°E) were adopted from M. Nilsen (unpubl). The diet of echinoderms
was set to 85 % detritus and some bivalves to account for Asteroids and a little seaweed to account
for herbivore sea-urchins.

16. Polychaetes
The polychaete biomass was calculated from Denisenko et al. (2003). Taking the average of every
species and multiplying by number of stations per community-type, then grouping by higher
taxonomic group (eg. polychaetes) summing all these species and dividing the sum by the total
number of stations. The P/B (1.928) and Q/B (8.332) were adopted from M. Nilsen (unpubl). The diet
of polychaetes in the model was 100 % detritus.



17. Nearshore Bivalvia
There are a lot of bivalves in the Pechora Sea, and biomasses were calculated from Denisenko et al.
(2003). Bivalves were split into offshore and nearshore community types. The biomass of nearshore
bivalves was calculated to 110.9 tons/km?. Production per biomass was set to 0.480, as calculated by
M. Nilsen (unpubl.) based on data from Brey (1999).

18. Offshore Bivalvia
The biomass of offshore bivalve biomass was calculated from Denisenko et al. (2003) and gave a
biomass of 265.1 tons/km>.

19. Other benthos
Other benthos groups are Sipunculida, Gastropoda, Tunicata, Cnidaria and Crustacea other than the
snow crab and including King crab (of which only a few specimens were recorded in the western part
of the Pechora Sea (Eriksen 2013)). The biomass of 31.65 tons/km? is based on the sum of all the
other groups in Denisenko et al. (2003).

20. Shrimp
There were hardly any deepwater shrimp (Pandalus borealis) found in the Pechora Sea during the
cruises in 2013 (Prokhorova 2013), but we assumed there were some, and allowed the model to
calculate from the predation.

21. Krill
There was no krill found in the Pechora under the ecosystem cruises in 2013 (Prokhorova 2013).
However, one can assume there is some krill and Dvoretsky and Dvoretsky (2009) estimated an
average abundance of 1180 individuals per m? of Thysanoessa Sp. Several groups have a small
proportion of krill in their diet and the model calculated biomass of krill from this.

22. Zooplankton
The biomass of zooplankton was calculated from Prokhorova (2013) (figure at p. 18) by using the
middle value or each range for each station gave an average of 5.25 g/m? dry weight (dry wt) of
zooplankton. This dry wt was converted with the factor 25.4 (Ricciardi and Bourget 1998) gives a
biomass of 133 tons/km? wet wt. Dvoretsky and Dvoretsky (2009) investigated mesozooplankton in
the Pechora, July 2001 and found Calanus finmarchicus, and Pseudocalanus spp. to dominate the
mesozooplankton. Average biomass at 35 stations was 0.74 g/m? dry wt, converting this to wet wt
gave 19 tons/km? wet wt. We used these two averages that gave 77 tons/km? wet wt.



23. Jellyfish
Biomass of jellyfish was calculated from figure in Prokhorova (2013), page 21. We found an average
3.32 g/m? wet wt. P/B and Q/B were taken from Dommasnes et al. (2002).

24. Seaweed
As there is a lot of ice scouring along the littoral zone in the winter, we expect low biomass of
macroalgae. Some one-year algae are expected to grow along the littoral zone.

25. Phytoplankton
Dvoretsky and Dvoretsky (2009) also measured Phytoplankton at 26 stations in the Pechora in July
2001. This is given in table 1 in the paper in 103 cells per L, average was 95.92 (95 920 cells per L
water). However, as the phytoplankton biomass vary considerable through the year, the estimate for
the Barents Sea by Dommasnes et al. (2002) of 15 tons/km? based on Sakshaug et al. (1994) was
used.

26. River runoff
The Pechora Sea receives large amounts of river run-off and this provides large quantities of detritus
input to the food chain. This means there is a constant supply of detritus to the benthos. The Pechora
River provide a freshwater input of 230 km?, containing 8.5 million tons of particulate matter per
year (Gordeev et al. 2006).

27. Detritus
An amount of 67 g dry wt/m? detritus was used in Pedersen et al. (2008). In our model 200 tons/km?
wet wt was used.



Table 1, Ecopath input table, summary

Group name Biomass in habitat area | Production / biomass Consumption / biomass
(tons/km?) (/year) (/year)
1 | Toothed 0.01667 (Boltunov et al. | 0.06 4.9
whales 2014) (Dommasnes et al. 2002) (Dommasnes et al. 2002)
(0.02075073) (0.05690288) (5.254158)
2 | Baleen whales | 0.0001 (Prokhorova 0.03 6.56
2013) (Dommasnes et al. 2002) (Dommasnes et al. 2002)
(0.0001101338) (0.02980705) (6.125797)
3 | Seals 0.0273 (Boltunov et al. 0.07 15
2014) (Dommasnes et al. 2002) (15.86218)
(0.03321593) (0.08433162)
4 | Walruses 0.033 (Haug and Nilssen | 0.05 Assumed between 17.33
1995, Lydersen et al. seals and whales (Born et al. 2003)
2012) (Dommasnes et al. 2002) (16.7768)
(0.03450842) (0.0435533)
5 | Seabirds- 0.0005 (Spiridonov et 1 (Dommasnes et al. 2002) | 99.29
pelagic al. 2011) (0.8917257) (Dommasnes et al. 2002)
(0.0006362012) (76.25003)
6 | Ducksand 0.00040698 (Strgm et 0.163 Calculated based on 105.9
eiders al. 2000) (Barrett et al. 2002) Calculated based on
0,0004198974 (0.1753186) (Barrett et al. 2002)
(90.77311)
7 | Cod 1.376 Supplied by 1 (Dommasnes et al. 2002) | 2.8 (Dommasnes et al.
PINRO (0.9851175) 2002)
(1.660308) (2.757929)
8 | Haddock 1.08 Supplied by PINRO | 1 (Dommasnes et al. 2002) | 2.8 (Dommasnes et al.
(1.375804) (0.7962908) 2002)
(2.789162)
9 | Longrough dab | 0.46 Supplied by PINRO | 1 (Dommasnes et al. 2002) | 5 (Dommasnes et al. 2002)
(0.3719978) (1.087837) (3.978369)
10 | Polar cod Calculated by model 1.5 5
(0.4608322) (1.681108) (4.223386)
11 | Other demersal | 0.1 estimate 1 (Dommasnes et al. 2002) | 5
fish (0.1094976) (1.041069) (Dommasnes et al. 2002)
(3.905872)
12 | Pelagic fish Calculated by model 2 (Dommasnes et al. 2002) | 5
0.3667074 (1.61069) (Dommasnes et al. 2002)
(4.085)
13 | Sand eel Calculated by model 2 6
0.01444729 (2.492293) (6.423003)
14 | Snow crab Calculated by model 1 2.75
2.281435 (Aydin et al. 2007) (Aydin et al. 2007)
(1.173637) (2.834594)
15 | Echinoderms 15.46 Calculated from 0.23 2.88
(Denisenko et al. 2003) | Calculated by Nilsen, M. Calculated by Nilsen, M.
(18.69608) 2012, based on data from 2012, based on data from
Northern Norway, Northern Norway,
unpublished unpublished
(0.2379212) (2.802728)
16 | Polychaetes 46.09 1.51 10.06
(Denisenko et al. 2003) Nilsen, M. 2012, Nilsen, M. 2012,
(46,82377) unpublished unpublished
(1.927692) (8.331769)




17 | Nearshore 48 0.48 6
Bivalvia (Denisenko et al. 2003) Nilsen, M. 2012, Nilsen, M. 2012,
(59,21612) unpublished unpublished
(0.3957853) (6.068168)
18 | Offshore 115 0.48 6
Bivalvia (Denisenko et al. 2003) Nilsen, M. 2012, Nilsen, M. 2012,
(113.1354) unpublished unpublished
(0.4782366) (6.566222)
19 | Other benthos 31,65 1 5
(Denisenko et al. 2003) Nilsen, M. 2012, Nilsen, M. 2012,
(33.81618) unpublished unpublished
(1.157388) (6.457265)
20 | Shrimp Calculated by model 1.25 5
0.03893897 (Dommasnes et al. 2002) (Dommasnes et al. 2002)
(1.352153) (5.091366)
21 | Krill Calculated by model 2.5 15
0.7374383 (Dommasnes et al. 2002) (Dommasnes et al. 2002)
(2.622331) (14.63127)
22 | Zooplankton 73 10 25
Calculated from (Dommasnes et al. 2002) (Dommasnes et al. 2002)
(Prokhorova 2013) and | (9.093707) (35.34569)
(Dvoretsky and
Dvoretsky 2009)
(77.26724)
23 | Jellyfish 3.320469 (Prokhorova 3 10
2013) (Dommasnes et al. 2002) (Dommasnes et al. 2002)
(3.104065) (2.485176) (8.187811)
24 | Seaweed Calculated by model 0.65
(1.699206) (Dommasnes et al. 2002)
(0.6808019)
25 | Phytoplankton | 15 (Dommasnes et al. 117.73
2002) (Dommasnes et al. 2002)
(19.18799) (113.1658)
26 | River discharge | 100
27 | Detritus 200




Table 2, diet matrix, input to Ecopath.

Prey \ predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
1{Toothed whales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2|Baleen whales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3|Seals 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4|Walruses 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5|Seabirds-pelagic 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6|Ducks and eiders 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
7|Cod 0.1| 0.3/0.095 0/0.005 0| 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
8/Haddock 0.1 0.2/0.015 0/0.005 0/0.018 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
9|Long rough dab 0.1 0 0.1 0 0 0| 0.05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10|Polar cod 0.05 0| 0.28 0/0.302 0/0.072 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
11|0Other demersal fish| 0.15 0 01 0| 0.03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
12|Pelagic fish 0.1 0/0.126 0 0.3 0 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
13|Sand eel 0 0|0.007 0 0 0 0/0.008 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
14{Snow crab 0.1 0/0.114| 0.05 0/0.046| 0.02| 0.15 0 0 0 0 0| 0.02 0 0 0 0 0 0 0 0 0
15|Echinoderms 0.1 0 0 0 0 0.3 0.1 0.15 0.2 0 0 0 0 0.1 0 0 0 0 0 0 0 0 0
16|Polychaetes 0.1 0 0 0 0 0| 0.24| 0.24 0.2 0 0.4 0 0.3] 0.33 0 0 0 0 0 0 0 0 0




Table 2 continued.

Prey \ predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

17|Nearshore Bivalvia 0 0[{0.063| 0.5(0.122| 0.5 0/ 0.05| 0.2 0 0 0 0| 0.05| 0.05 0 0 0 0l 0.15 0 0 0

18|Offshore Bivalvia 0.1 0 0/ 0.35 0| 0.06{0.072|0.152| 0.2 0 0.2 0 0| 0.25| 0.08 0 0 0 0 05 0 0 0

19|0ther benthos 0 0 0 01 0/0.094 0 0.1 0.1 0O 04 0f 0.2] 0.15 0 0 0 0 0 0 0 0 0
20(Shrimp 0 0.2 0 0 0 0/ 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
21(Krill 0 0.1 0 0j0.161 0[0.068| 0.05| 0.05| 0.2 0 04 0 0 0 0 0 0 0 0 0 0 0
22{Zooplankton 0 0.2 01 0/0.075 0l 0.24| 0.1} 0.05| 0.8 0 0.6 0.2{ 0.02 0 0 0 0 0f 0.1 0.25 0| 0.05
23|Jellyfish 0 0 0 0 0 0 0 0 0 0 0 o 01 0 0 0 0 0 0 0 0 0 0
24/Seaweed 0 0 0 0 0 0 0 0 0 0 0 0 0 0| 0.02 0 0 0 0 0 0 0 0
25|Phytoplankton 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 03] 01 0 0 0.5 0.6/ 0.85
26[River discharge 0 0 0 0 0 0 0 0 0 0 0 o 01 0 03] 05 05 03 0.5 0 0 0 0
27|Detritus 0 0 0 0 0 0 0 0 0 0 0 0f 0.1} 0.08 0.55| 0.5/ 0.2 0.6/ 0.5 0.25 0.25| 0.4 0.1
28|lmport 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

29|Sum 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1




Ecotracer

From the controlled laboratory experiments, we were able to find accumulation rates from water for
mussels. The mussels Chlamys islandica and Mytilus edulis were able to accumulate high
concentrations of PAH from the water. Mussels in the lab were kept in water with 17.94 ug PAH/L
and after one week the concentration per biomass was 4482 ug PAH/kg for blue mussel and 2857 ug
PAH/L for Icelandic scallop. 4482/17.94 gives a direct uptake ratio of 249.73 and 2857/17.94 gives a
uptake ratio of 164.76 for Icelandic scallop. These ratios were used in case 2.

The flow of the contaminant or tracer molecules through any biomass is represented through the
following equations:

1) Uptake from food: Cj  GCi » Qji / Bj

where Gj = concentration in food j, GC;= proportion of food assimilated by group i, Qji = biomass flow
rate from j to i (estimated in Ecopath as Bi ¢ (Q/B)! ¢ DCij) i, Bj=food j biomass;

2) Direct uptake from environment: ui * Bi  Co,

where ui=parameter representing uptake per biomass per time, per unit environmental
concentration, Bi=biomass, Co=environmental concentration.

3) Concentration in immigrating organisms: ci e li,

where ci = concentration per unit biomass in immigrating biomass), li = biomass of pool i immigrants
per time;

4) Predation: Ci * Qij/ Bi,

where Ci=concentration in pool i, Qij = consumption rate of type i organisms by predator type j, Bi =
biomass in pool i;

5) Detritus: Ci » MOi + (1-GCi) » Sj » Cj » Qji / Bj),

where MOi = non-predation death rate of type i (per year), GCi = fraction of food intake assimilated,
Qji = intake rate if type j biomass by type i;

6) Emigration: ei ® Ci,
where ei = emigration rate (per year);
7) Metabolism: di e Ci,

where di = metabolism + decay rate for the material while in pool i.



Non-predation mortality rates (MOi) are calculated in Ecopath. Ecospace integrates the flows of
biomass with the contaminant tracer molecules following passively.
Results

All ecotracer runs, Case 1 — 3 with Ecospace, for all functional groups as well as environment are

given in the figures below.



Case 1 Ecotracer ran with Ecospace: All functional groups concentration per biomass [ug/kg] of PAH over 14 years
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Case 2 Ecotracer ran with Ecospace: All functional groups concentration per biomass [ug/kg] of PAH over 14 years.

S g
-] 8- -1
g-f Emin ¥ Togjpes 8 8 2] gi
3 “ GES

3 4 el 1 () Q- i ] ] B - 5ol
5 g 1 - 9] #1
o J o - o - Q - o
e Ll L] Ll L] L] L L3 Ll L] L Ll L] 1] Ll T T 1 L] L L Ll L) L] T L L) Ll Ll Ll L] T T T L] L) L] L] L) T L] Ll L]

0 2 4 6 8 19 2 W ] 3 4 8 8 10 12 « e 2 4 & & M 12 H 4 B 8 t0 1 14 0 2 4 6 g 19 u wu ] 4 14

96810 X
I N e Y 5
(’u;
0 S0 100 00
I T S 1
2 4 8 B
i — 1 1
10 20 20
IO T S
W
7
?

o
ap

LAty

Qe 00 Je415
L
0
[
0 s
1 1
0

— T T T — T — T — T T T
6 2 4 8 3 10 12 W P2 4 3 3 ¥ 12 W $ 2 & s B 0 12 1 0 2 4 & B 18 R W ®
4 4 A N e |
. g- w -1 )
B P= 1 © -
1 sATRSh g 16" bl ) e, o] P m\@
- - \\~ -

R
p
-
e
-
B

g 2 ¢ & 3 W 27 1 g I ¢4 35 8 12 12 W $ I & = B W O 18

=
"
-
o
=
[
-

=
-
-
.
-
B
-
4
-
-
B
&
-
e
e
-
0 Oe+00
B
-
=
.
.
E
.
-

2

3

L
rg

5

:

00 05 10
0D 05 1D
00 05 10
1
.
=
02485 €E10
11 1 1 1

%

1L
i
L

10
40
a0

o
*
-
@
™
=
[
-
=
o
"
-
"
™
-
a
=
W
=
-
"
o
"

1 12 " $§ 2 & & B 0 12

- -
- -
- -



Case 3, Ecotracer ran with Ecospace: All functional groups concentration per biomass [ug/kg] of PAH over 14 years.

00 01 02 03 D¢

10 15

00 05

0000 0004 G003

00 05 10

a0

g ] @ 8
o 3 -5 e °
E g Toot Bal 5 - Wi . Seab ]
™ foka) g - " ok 8 i #55 & T oxal o 1 fogwal e F BT
A = < e i N\
g ~—___ | g 8 = ~__ | &l i
T L L Ll T L] L] T o L] T T T T 1 1] Ll o L T L] I L T T L] o T L) T L T T T o T L) T T T T o 1] L] L L] T L3 1] L
2 ‘¢ 8 g W 12 " 0 2 ‘ ¢ & W 12 0w 0 2 4 ¢ & 10 12 wu 0 2 [ 3 19 12 wu e ¢ 4 19 2 wu ] 2 ‘“« ¢ 5 w0 u
| 8
§. \ = /\ §_ i Il
Ducks and e ] Hagdock B i P o | d
it 2 \ F oo : Tl 2] Lova ooy ‘- W Bl g e
ﬂ_ = “ A
g8 ~—__ | g g g ] 8
L) 1 g T Al T T N M T o Ll T Al Ll T Rl T v (-] L} Al L T T T T Ll o T Ll T AJ A3 T T T o T Ll L T Ll q -3 Al ] 3 Ll Ll T LE X T
2 4 e B W 12 14 o 2 4 -3 & 1w 12 1 0 2 < L3 & 0 12 1 0 2 4 L3 e 1% 12 12 ¢ -3 8 1 2 u [ 2 4 -1 B W w2 1
g 2 o 2
S 8- L w_\
iq fis| 5 : o ral =] " 2 4 P % Nears g
st PR 3 AT o " : A =4 N\ TR
2 ;: §< ) ¥
g- L | = 8 g - g -
L) ¥ L) T L) LS LJ I L L) T L) T LS I LS o T T L2 L) I T L) LS o T LS L) L) ¥ T T L) = T LS T T L3 I I T A} Ll I LS L] L
] 4 1) 8 0% 12 12 ) 2 4 € 3 10 12 11 0 2 [} £ 0 12 18 0 2 4 L) 8 1 12 14 L ] € B 1 12 1& 2 2 4 € 8 10 12 14
. :
. s 8 - g1 -
Ofishore. o oth s s - Zooglanks J
" R g PR X, "ol % - 7 g 5] e g Pihral
] o 2 4 0_ ¥ b \__
T L3 T L] T Al Ll T §-1 T T L] T Ll T . g T T L3 T T L) A Ll °-‘ Ll T T L T Al T E-l Ll T T L] T §-I L) T Ll T L] L T
0 4 3 B W0 12 L] 2 4 € & W 12 wu 0 2 € g 0 7 W 1] 2 4 G 2 10 12 1 L] 3 8 10 2 u ] 2 4 [ 4 2 10 2 u
Cr a e
- ™» o-
57 Phyt = Rwer g‘
ﬁw 3 2 _m_ 2 —m}— 3' Dﬁ%ﬂ
| s ]
2 B -5
L] L] L L L] Ll L] L - L] L L] L] L] L] L L] ’: T L] L] L] L] ¥ L L] -3 L] L] L] L L] T




References Appendix A

Andriyashev, A. P. 1954. Fishes of northern seas of the U.S.S.R. . Academy of Science Press, Moscow-
Leningrad. Translated from Russian by the Israel Program for Scientific Translations,
Jerusalem 1964.

Anker-Nilssen, T., V. Bakken, A. Golovkin, V. Bianki, and |. Tatarinkova. 2000. The Status of marine
birds breeding in the Barents Sea region. Norsk polarinstitutt, Tromsg.

Aydin, K., S. Gaichas, I. Ortiz, D. Kinzey, and N. Friday. 2007. A Comparison of the Bering Sea, Gulf of
Alaska, and Aleutian Islands Large Marine Ecosystems Through Food Web Modeling. U.S.
DEPARTMENT OF COMMERCE.

Barrett, R. T., T. Anker-Nilssen, G. W. Gabrielsen, and G. Chapdelaine. 2002. Food consumption by
seabirds in Norwegian waters. ICES Journal of Marine Science 59.

Barrett, R. T., G. Chapdelaine, T. Anker-Nilssen, A. Mosbech, W. A. Montevecchi, J. B. Reid, and R. R.
Veit. 2006. Seabird numbers and prey consumption in the North Atlantic. ICES Journal of
Marine Science 63.

Boltunov, A. N., S. E. Belikov, V. Nikiforov, V. S. Semenova, M. S. Stishov, and M. A. Pukhova. 2014.
Aerial survey of the Pechora Sea and the area of Vaigach Island in spring 2014. Page 82 in
Marine Mammals of the Holarctic (VIII), Saint Petersburg.

Born, E. W., S. Rysgaard, G. Ehimé, M. Sejr, M. Acquarone, and N. Levermann. 2003. Underwater
observations of foraging free-living Atlantic walruses (Odobenus rosmarus rosmarus) and
estimates of their food consumption. Polar Biology 26:348-357.

Brey, T. 1999. Growth Performance and Mortality in Aquatic Macrobenthic Invertebrates. Pages 153-
223 in P. A. T. AJ. Southward and C. M. Young, editors. Advances in Marine Biology.
Academic Press.

Denisenko, S. G., N. V. Denisenko, K. K. Lehtonen, A.-B. Andersin, and A. O. Laine. 2003.
Macrozoobenthos of the Pechora Sea (SE Barents Sea): community structure and spatial
distribution in relation to environmental conditions. Marine Ecology Progress Series 258:109-
123.

Dommasnes, A., W. Christensen, B. Ellertsen, C. Kvamme, W. Melle, L. Ngttestad, T. Pedersen, S.
Tjelmeland, and D. Zeller. 2002. An Ecopath Model for the Norwegian Sea and Barents
Sea.213-240.

Dvoretsky, V. G., and A. G. Dvoretsky. 2009. Summer mesozooplankton structure in the Pechora Sea
(south-eastern Barents Sea). Estuarine, Coastal and Shelf Science 84:11-20.

Eriksen, E., T. Prokhorova, and D. Prozorkevich. 2013. Survey report from the joint
Norwegian/Russian ecosystem survey in the Barents Sea and adjacent waters. IMR/PINRO.

Fay, F. H. 1982. Ecology and biology of the Pacific walrus, Odobenus rosmarus divergens llliger. North
American Fauna:1-279.

Haug, T., and K. T. Nilssen. 1995. Observations of walrus (Odobenus rosmarus rosmarus) in the
southeastern Barents and Pechora seas in February 1993. Polar Research 14:83-86.

Kolts, J., J. Lovvorn, C. North, J. Grebmeier, and L. Cooper. 2013. Effects of body size, gender, and
prey availability on diets of snow crabs in the northern Bering Sea. Marine Ecology Progress
Series 483:209-220.

Lindstrgm, U., A. Harbitz, T. Haug, and K. T. Nilssen. 1998. Do harp seals Phoca groenlandica exhibit
particular prey preferences? ICES Journal of Marine Science: Journal du Conseil 55:941-953.

Lydersen, C., V. Chernook, D. Glazov, |. Trukhanova, and K. Kovacs. 2012. Aerial survey of Atlantic
walruses (Odobenus rosmarus rosmarus) in the Pechora Sea, August 2011. Polar Biology
35:1555-1562.

Pedersen, T., M. Nilsen, E. M. Nilssen, E. Berg, and M. Reigstad. 2008. Trophic model of a lightly
exploited cod-dominated ecosystem. Ecological Modelling 214:95-111.

Pedersen, T., and J. G. Pope. 2003a. How may feeding data be integrated into a model for a
Norwegian fjord population of cod (Gadus morhua L.)? Scientia Marina 67:14.



Pedersen, T., and J. G. Pope. 2003b. Sampling and a mortality model of a Norwegian fjord cod (Gadus
morhua L.) population. Fisheries Research 63:1-20.

Prokhorova, T. 2013. Survey report from the joint Norwegian/Russian ecosystem survey in the
Barents Sea and adjacent waters, August-October 2013. IMR/PINRO.

Ricciardi, A., and E. Bourget. 1998. Weight-to-weight conversion factors for marine benthic
macroinvertebrates. Marine Ecology Progress Series 163:245-251.

Sakshaug, E., A. Bjgrge, B. Gulliksen, H. Loeng, and F. Mehlum. 1994. Structure, biomass distribution,
and energetics of the pelagic ecosystem in the Barents Sea: A synopsis. Polar Biology 14:405-
411.

Sigurjonsson, J., and G. A. Vikingsson. 1997. Seasonal Abundance of and Estimated Food
Consumption by Cetaceans in Icelandic and Adjacent Waters. J. Northw. Atl. Fish. Sci. 22:16.

Spiridonov, M., E. Gavrilo, E. Krasnova, and N. Nikolaeva. 2011. Atlas of Marine and Coastal Biological
Diversity of the Russian Arctic. Faculty of Geography, Lomonosov Moscow State University.

Strgm, H., K. Isaksen, and A. Golovkin. 2000. Seabird and wildfowl surveys in the Pechora Sea during
August 1998. Norwegian Ornithological Society Report.

Trites, A., P. Livingston, S. Mackinson, M. Vasconcellos, A. Springer, and D. Pauly. 1999. Ecosystem
Change and the Decline of Marine Mammals in the Eastern Bering Sea. 7(1), Fisheries Centre,
UBC.

Weslawski, J., L. Hacquebord, L. Stempiniewicz, and M. Malinga. 2000. Greenland whales and
walruses in the Svalbard food web before and after exploitation. Oceanologia 42:37-56.

Wienerroither, R., E. Johannesen, A. Dolgov, |. Byrkjedal, O. Bjelland, K. Drevetnya, K. Eriksen, A.
Hgines, G. Langhelle, H. Langgy, T. Prokhorova, D. Prozorkevich, and T. Wenneck. 2011. Atlas
of the Barents Sea Fishes. Joint Report Series, 1-2011.



Appendix B

The ecological data for the Ecopath model are presented in Appendix A, but for several of the model
groups, biomass data could not be found. Therefore, the model was balanced by fitting missing data
according to procedures in Ecopath. However, prior to the mass balance fitting, available input data
were pre-balanced according to Link (2010). Figure B1 shows the decrease of biomass input values
with increasing trophic level. The biomass span is about five orders of magnitude. The variation
around the linear slope follows the overall decreasing line.
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Figure B1 Pre-balancing the Ecopath model for the Pechora Sea. Input values of biomass per group of trophic
levels (Y-axis log10).

The vital rate ratios compare sum biomass of primary production (biomass of phytoplankton + river
discharges + detritus = 1) to the biomass of each other taxa group (Figure B2). The primary
production creates the basis of energy flow in an ecosystem and this includes the energy influx of
detritus and river discharges (Link 2010). It also includes the microbial loop of production, but we
removed this group to simplify the model. The Figure B1 shows that non-predators vital rates is
higher than that of their prey, indicating that the model was sufficient to handle the fitting of missing
taxa groups.
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Figure B2 Pre-balancing the Ecopath model for the Pechora Sea. The vital rate ratios, each taxa group biomass/
sum of primary production (Primary production = 1, Y-axis log10).
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