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ABSTRACT

The Arctic may be particularly vulnerable to the
consequences of both ocean acidification (OA) and
global warming, given the faster pace of these
processes in comparison with global average
speeds. Here, we use the Atlantis ecosystem model
to assess how the trophic network of marine fishes
and invertebrates in the Icelandic waters is
responding to the combined pressures of OA and
warming. We develop an approach where we first
identify species by their economic (catch value),
social (number of participants in fisheries), or
ecological (keystone species) importance. We then
use literature-determined ranges of sensitivity to
OA and warming for different species and func-
tional groups in the Icelandic waters to parametrize
model runs for different scenarios of warming and
OA. We found divergent species responses to
warming and acidification levels; (mainly) plank-
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tonic groups and forage fish benefited while
(mainly) benthic groups and predatory fish de-
creased under warming and acidification scenarios.
Assuming conservative harvest rates for the largest
catch-value species, Atlantic cod, we see that the
population is projected to remain stable under even
the harshest acidification and warming scenario.
Further, for the scenarios where the model projects
reductions in biomass of Atlantic cod, other species
in the ecosystem increase, likely due to a reduction
in competition and predation. These results high-
light the interdependencies of multiple global
change drivers and their cascading effects on
trophic organization, and the continued high
abundance of an important species from a socio-
economic perspective in the Icelandic fisheries.

Key words: Risk; Warming; Acidification; Net-
work analysis; Ecosystem model.

INTRODUCTION

The ocean is both the largest global heat sink and
stores a large share of the anthropogenically emit-
ted CO, (IPCC 2014). Both warming and ocean


http://orcid.org/0000-0002-8995-9597
http://orcid.org/0000-0002-6558-7477
https://doi.org/10.1007/s10021-021-00705-w
https://doi.org/10.1007/s10021-021-00705-w
http://crossmark.crossref.org/dialog/?doi=10.1007/s10021-021-00705-w&amp;domain=pdf

1118 M. Oostdijk and others

acidification, caused by anthropogenic increases in
greenhouse gas emissions, impact marine organ-
isms, and can have synergistic or cumulative ad-
verse impacts (Lischka and Riebesell 2012). The
Arctic in particular may be vulnerable to the con-
sequences of both ocean acidification (OA) and
global warming, given the faster pace of both these
processes there in comparison with other geogra-
phies (Falkenberg and others 2018). The effects of
these combined stressors may be nonlinear or affect
marine organisms differently.

Climate change-induced increases in tempera-
ture have resulted in the ocean having stored more
than 90% of the heat due to the global increase in
energy in the climate system (IPCC 2014), causing
a re-shaping of marine ecosystems (Cheung and
others 2011). Ocean warming leads to shifts in
primary productivity which could alter productivity
in higher trophic levels (Cheung and others 2011),
and ocean warming could alter phenology and
cause mismatches in time-sensitive events (Cheung
and others 2011; Pankhurst and Munday 2011;
Sumaila and others 2011), inhibition of reproduc-
tion (Pankhurst and Munday 2011), migration to
lower depth or higher latitudes (Dulvy and others
2008), and decreases in aerobic performance due to
lower oxygen levels in non-mobile species (Portner
and Knust 2007).

Moreover, through increasing CO, levels in the
atmosphere due to anthropogenic activity the
amount of CO, dissolved in oceans is increased
which is lowering pH levels (IPCC 2014). Globally,
ocean acidification is predicted to increase mortal-
ity, impact growth and survival of many marine
species (Falkenberg and others 2018), and likely re-
shaping marine ecosystems in the near future. Over
the last 100 years, ocean pH has decreased by 0.1
units, which corresponds to a 30% increase in
acidity, and another drop of 0.3 is predicted to oc-
cur in the next 80 years (IPCC 2014). Ocean acid-
ification is affecting pH levels in Arctic and sub-
Arctic regions at a faster rate than elsewhere due to
low calcium carbon saturation state, increased fresh
water input and higher per unit CO, absorption
due to the colder temperatures (Falkenberg and
others 2018). Not all organisms are equally likely to
be affected by ocean acidification. Species with
shells of aragonite or calciferous exoskeletons are
most vulnerable to acidification, while species
lacking these traits may become increasingly
dominant due to competitive exclusion (Olsen and
others 2018). Recent studies also provide evidence
that lower pH is affecting the larval stage of com-
mercially important fish species, making them
highly sensitive to further decreases in pH levels

(Frommel and others 2011). These projected
changes in ocean pH levels may be negative syn-
ergistic with the emergence of novel species
assemblages and ecosystems in marine systems
driven by warming (Pinsky and others 2013) and
may therefore have a yet unknown effect on pro-
ductivity as well as affect people that directly de-
pend on these ecosystems for their traditions and
livelihoods.

Ocean acidification may have lasting and cas-
cading effects on the food web, although these are
still uncertain. A recent meta-analysis on species
responses to ocean acidification in the California
current showed that one third of over four hundred
studies found strong responses of species and
trophic cascades to ocean acidification (Busch and
McElhany 2016). Bermudez and others (2015)
found that diatoms contained fewer fatty acids
under increased CO, levels (750 patm), which di-
rectly translated into a decrease in fatty acids and
the caloric content of zooplankton. Copepods are a
key diet species to many marine predators, which
as a calcifying organism could be negatively af-
fected by acidification (Cripps and others 2015).
However, the results from mesocosm experiments
in natural ecosystems are slightly more optimistic
than those from the lab studies. Leu and others
(2013), for instance, did not find a detrimental ef-
fect of increased CO, on fatty acids and Niehoff and
others (2013) found that effects were likely
dampened by community interactions.

Warming and ocean acidification can also act
synergistically in their impact on marine popula-
tions as warming can make organisms more sensi-
tive to changes in pH levels (Lischka and Riebesell
2012) and can impact the flows of nutrients in the
marine system by altering chemical processes
(Chen and others 2015). Such synergistic responses
have been examined with the Atlantis end-to-end
ecosystem model, and were found to have negative
effects on biomass when fishing was considered
(Griffith and others 2012). The Atlantis model has
been used before to address ocean acidification in
various ecosystems (Fay and others 2017; Griffith
and others 2011; Hodgson and others 2018; Kaplan
and others 2010; Marshall and others 2017; Wei-
jerman and others 2015), but none of the current
applications includes direct ocean acidification im-
pacts on recruitment or mortality of vertebrates.
Also impacts of ocean warming have previously
been studied with the Atlantis model, projecting
negative effects of warming on key species in the
southern Benguela upwelling (Ortega-Cisneros and
others 2018) and both additive and synergistic
negative effects on the Northeast US ecosystem
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under scenarios of warming and top predator re-
moval (Nye and others 2013).

Concurrent effects of acidification and ocean
warming may also affect the livelihoods and
economies of countries greatly dependent on fish-
eries, such as for example Iceland (Oostdijk and
others 2020). The Icelandic marine ecosystem is
already altered due to both ocean acidification and
marine ecosystem warming due to climate change.
In Iceland, the influx of warm water from the
Atlantic has caused changes in groundfish diversity
and assemblage structure by an increase in ““warm
water species’”’ (Stefansdottir and others 2010).
Previous research has shown that life history
strategies of fish change in warmer waters; younger
fishes grow faster, while older fish grow slower and
ultimately, body sizes were smaller (Brunel and
Dickey-collas 2010). Moreover, faster growing
species are more responsive to changes in temper-
ature (Free and others 2019). The impact of tem-
perature changes on fish productivity, however,
depends on the temperature of a population’s
environment in relation to its specific temperature
niche (Free and others 2019). Atlantic cod (Gadus
morhua) and Atlantic herring (Clupea harengus)
populations at the cooler end of their niche rather
benefited from warming, while populations at the
warmer end of their niche had a decrease in pro-
ductivity (Free and others 2019). Further, two re-
cent studies showed that Atlantic cod larvae
exhibited tissue damage due to decreases in pH
(Frommel and others 2011) and decreased
recruitment by 8—24% compared to baseline levels
(Stiasny and others 2016). Another species that is
very important in Icelandic fisheries, haddock
(Melanogrammus aeglefinus), could also be affected
by ocean acidification as a large part of its diet is
comprised of benthic organisms (Sturludottir and
others 2018). Overall, Arctic (including Iceland)
socio-economics have been projected to benefit
from the increase in productivity due to warming
and to experience a negative impact of ocean
acidification, with a positive net effect (Lam and
others 2016).

In this paper, we model the responses of marine
food webs to ocean acidification and rising ocean
temperatures to determine ecological-economic
implications of global change impacts on marine
food webs. We wuse the Atlantis end-to-end
ecosystem model adapted to the Icelandic marine
ecosystem to conduct simulations of different sce-
narios of OA and warming and assess their isolated
and combined effect on the marine food web. We
use network metrics to select key species for the
Icelandic food web and also select species with high

socio-economic importance. We parameterize the
model with reported sensitivities to warming and
acidification in the literature and then use the
model to determine possible impacts of combined
warming and acidification scenarios. We expect
that our analysis will allow us to identify possible
changes in the food web as well as which important
fishing sectors may be hit by combined acidification
and warming.

METHODS
Study System
Ecosystem

Iceland is located in the sub-arctic, but the waters
south of the island are relatively warm because of
the Atlantic meridional overturning circula-
tion (AMOC), while cold waters are brought into
the system from the Arctic with the East Greenland
Current and the East Iceland Current (Astthorsson
and others 2007). This results in highly variable
conditions and ecosystem productivity. The main
spawning grounds of the largest fish populations
are in the more productive and warm waters to the
south, while the nursery grounds are in the colder
waters to the north (Astthorsson and others 2007).

Socio-economics

The Icelandic Individual Transferable Quota (ITQ)
system comprises several fisheries (fisheries with
the highest catch values are listed in Table 1).
Atlantic cod is fished by the largest number of
participants in the Icelandic fisheries (360 compa-
nies in 2015, Table 1) and represents almost half of
the catch value (Statistics Iceland 2016). Haddock is
the second largest contributor to catch value in
Icelandic fisheries (Statistics Iceland 2016). Per
sector, the demersal sector has the most partici-
pants, with greater participation on species like
Atlantic cod and haddock. On the other hand, the
pelagic sector in Iceland is very concentrated with
only a few vessels participating (Byrne and others
2020). This sector is highly efficient and prof-
itable and thus contributes to much of the revenues
created by Icelandic fisheries (Nielsen and others
2017). Also, lobster and shrimp fisheries have rel-
atively low numbers of participants. Similarly,
there are very little landings and vessels partici-
pating in shellfish fisheries in Iceland. Given this
distribution of catch value and participants in the
Icelandic ITQ system, the greatest potential nega-
tive impacts of climate change would take place in
the demersal sector, while negative climate impacts
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Table 1. Percentage Catch Value and Participating Companies and Boats in the Icelandic ITQ System in
2015
Species Catch value Number of unique Regular quota Hook and
of major species % companies boats line boats
Atlantic cod 41 360 254 288
Golden redfish 9 267 207 230
Capelin (plus roe) 9 < 23 22 0
Haddock 8 274 232 248
Atlantic mackerel 7 - - -
Greenland halibut 7 76 178 52
Saithe 6 297 225 268
Blue whiting 4 < 27 26 0
Herring 2 < 24 23 0
Northern shrimp 2 < 25 24 0
Lobster 1 < 11 10 0

Atlantic cod has the largest number of unique participants (companies) and a large share of these have boats with either a small boat or hook and line permit.

on benthic groups are likely to only be causing
indirect socio-economic effects.

The Atlantis Ecosystem Model

In this study, we used the Atlantis ecosystem model
adapted to the trophic relationships in Icelandic
waters. The Icelandic Atlantis model was first
published in Sturludottir and others (2018), where
the authors provide a detailed description of the
Icelandic Atlantis model as well as a sensitivity
analysis. The Atlantis model is a whole ecosystem
model built on an oceanographic model and in-
cludes all major marine functional groups in the
Icelandic exclusive economic zone (EEZ). The
oceanographic part of the model contains 53 three-
dimensional spatial boxes that exchange water
flows, salinity levels, and temperature (Figure 1).
The oceanographic data were adapted from a
hydrodynamic model developed by (Logemann
and others 2013). The ecological model contains 52
functional groups, where vertebrates are generally
modeled with a higher level of detail than inver-
tebrates (that is, some vertebrates are modeled as
separate species, while other species with less de-
tailed assessments are modeled as functional
groups). In Sturludottir and others (2018), verte-
brate groups have age structure and recruitment
was modeled using the Beverton-Holt function,
while invertebrates and plankton groups were
simple biomass pools.

Scenario Development

For this study, we used the Atlantis model to test
the effects of different scenarios, namely OA and

warming. First, we repeated the oceanographic
time-series (temperature, salinity and water fluxes)
for the last 10 years (2002—2012) of the run period
(1948—-2012) nine times to create a baseline sce-
nario from 2012 to 2100. We then ran the model
for each of the scenarios as described in the two
subsections below from 2048 to 2100, using a
parameter set retrieved from the literature (Model
parameters section). Fishing mortality and recruit-
ment scalar series were kept constant at 2012 le-
vels.

Scenario Development—Warming

Warming in Iceland has been more intense than
the global average, a phenomenon known as Arctic
Amplification. By 2050, the predicted median
warming for the region surrounding Iceland is
1.34—2.10 °C depending on the Representative
Concentration Pathway (RCP) scenario, and 1.50—
4.10 °C for the last decade of the twenty-first cen-
tury (IPCC 2014). It is, however, still uncertain
what will happen to air and water temperatures in
Iceland due to the unpredictability of natural fluc-
tuations and possible changes in the Atlantic
meridional overturning circulation (AMOC) re-
lated to anthropogenic forcing; for example, some
models and empirical evidence show a slowing
down of the AMOC by freshening of the Arctic
waters (Sévellec and others 2017). The AMOC has
been shown to be likely slowing down since 2004,
and this has lowered the amount of heat stored in
the deeper ocean, causing accelerated warming in
the atmosphere and sea surface temperatures (SST)
(Chen and Tung 2018).
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Figure 1. The modeled area and the locations of the 53 spatial boxes.

Due to the considerable uncertainty regarding
the level of warming, as well as the level of CO, in
the atmosphere by the end of the century, we used
three temperature scenarios and two acidification
scenarios (based on pCO,) to project possible
changes for the Icelandic marine ecosystem and
fisheries. These should not be read as projections/
predictions, but more as ways of understanding
combined effects of ocean warming and acidifica-
tion, and how this could possibly impact Icelandic
fisheries. The RCP 4.5 scenario is deemed one of
the most probable global scenarios due to the cur-
rent trajectory of anthropogenic emissions (Inter-
national Energy Agency 2019); however,
considerable uncertainty remains regarding the
actual level of warming as important global envi-
ronmental tipping points in the climate system
could rapidly increase warming (Lenton and others
2019). RCP 4.5 suggests a median warming of
2.9 °C of the sea for the waters around Iceland
(Canada/Greenland/Iceland region) for 2065 and a
median level of ocean warming of 3.7 °C by 2100,
and slightly lower amounts of warming for the air
(IPCC 2014). We modeled the impact of a tem-
perature increase of 2 °C, 3 °C and 4 °C on the
Icelandic marine ecosystem, modeled as a sudden
increase in temperature after 2012 (since this was
the last year in the oceanographic model of Loge-
mann and others (2013)). This was done by adding
2 °C, 3 °C and 4 °C, respectively, to the tempera-
ture time-series for each of the polygons in the

oceanographic model. These scenarios were com-
bined with scenarios for OA as described below for
a total of 12 scenarios.

Scenario Development—Ocean Acidification

A drop in pH between — 0.25 and — 0.3 is expected
in the RCP 4.5 scenario (IPCC 2014). We developed
two scenarios for ocean acidification, namely a
moderate and a severe acidification scenario. For
the moderate scenario, we reduced (1) maximum
growth of benthic invertebrate groups, lobsters,
shrimp and cephalopods by 20%, and (2) cod
recruitment by 20%. For the severe acidification
scenario, we reduced (1) maximum growth of
benthic invertebrate groups, lobsters, shrimp and
cephalopods by 30%, and (2) cod recruitment by
30% (see Table S2 for a list of functional groups
and parameter values). These are relatively small
reductions for cod, as studies have suggested that
recruitment may be reduced by 76% to 92% for
Arctic cod (Stiasny and others 2016). The reason
why we chose a less extreme estimate is that some
cod populations’ larval stages are robust to OA
(Frommel and others 2013). Moreover, studies
with species with faster generation times show that
species can adapt over several generations and that
lethal effects are reduced (Thor and Dupont 2015).
For the benthic invertebrate groups, the reductions
in growth are of a higher magnitude than reported
average effects. Previous studies report a range
from 10 to 17% decrease in growth and decreases
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in survival up to 34% (Kroeker and others 2013).
However, there is a range of processes that are af-
fected by ocean acidification (that is, growth, but
also survival, calcification and abundance), and
there was a range of different processes that were
studied in the literature reported in Table SI.
Therefore, the modeled reductions in growth of the
invertebrate group in the current study should be
seen as a sensitivity analysis of possible bottom-up
impacts that could be caused by OA impacts on
invertebrate groups.

Figure 2 shows how combined ocean and acidi-
fication could differently impact species in a
hypothetical food web. This illustrates some of our
scenarios, namely temperature increases with or
without the two types of marine group changes for
the moderate and severe OA scenarios without
temperature increases (2 scenarios) and tempera-
ture increases without modeled OA impacts (3
scenarios) and both modeled OA and temperature
increases (6 scenarios).

Model Parameters
Species in Focus

We determined which species/functional groups
are most important from a socio-economic per-
spective as well as keystone ecological
species/functional groups. We then classified
species/functional groups in three categories; socio-
economic for species that were not found to be
keystone ecological species but were important
from a socio-economic perspective, ecological it

. Negative impact

. Positive impact

Neutral

Figure 2. A hypothetical food web with different effects
of ocean acidification or warming on species. Species are
directly exposed to pressures of ocean acidification
(triangle icons), warming (thermometer icons) and
fishing (hook icons), but not all species are equally
affected by the same drivers and species will likely
experience indirect effects due to impacts on prey species
or changes in competition and predation.

species were indicated as keystone ecological spe-
cies but were not important from a socio-economic
perspective, and socio-ecological for those species that
were indicated as both ecological keystone species
and important from a socio-economic perspective.
For the selected species/species groups, we con-
ducted a literature review on effects of ocean
acidification and ocean temperature warming to
obtain a range of values for the parameters neces-
sary for the Atlantis model.

Species in Focus, Socio-Economic Indicators

We focused on fisheries with relatively large
amounts of participants (that is, > 30 participating
companies) and/or a large contribution to the total
catch value (that is, > 5% of catch value). We
obtained catch value and the number of fishery
participants for marine stocks in Iceland where
they were available. Data on fisheries participants
were retrieved from the Directorate of Fisheries (h
ttp://www fiskistofa.is/), and data on the percent-
age catch value of major species were retrieved
from Statistics Iceland (https://hagstofa.is/).

Species in Focus, Network Indicators

We assessed ecological importance of a species in
the food web by using three network indicators
that measure feeding interactions. First we used the
Google page rank indicator (designed to rank
webpages in order of importance by other websites
that link to that website, directly and indirectly
(Avrachenkov and Litvak 2006) which quantifies
key species as those where any change in biomass
can impact the largest number of other species via
both the direct and indirect predator and prey
interactions (Allesina and Pascual 2009). Second,
we used indegree centrality which quantifies the
relative importance of a species as by how many
predators depend on that species as a prey species
(Chen and others 2008). Finally, we used the
centrality measure betweenness, which indicates
how many species are directly and indirectly con-
nected through that species or functional group
(McDonald-Madden and others 2016). We ranked
species or functional groups from high to low
importance and selected those with the 10 highest
scores for at least one of the network indicators. We
do not compare the actual values of the indicators
but only interpret them as an indication of relative
importance/centrality of the species in the food
web. As mentioned above also for the selected key
ecological groups, we conducted a literature review
on effects of ocean acidification and ocean tem-
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perature warming to parameter values for the
Atlantis model runs.

Ocean Acidification Effects on Species

We reviewed the existing literature on ocean
acidification at northern latitudes. We searched the
literature using the Google scholar search engine
and used as search terms: ““ocean acidification”” and
““species mame,” or “‘ocean acidification’”” and
“family name,” or ‘“‘ocean acidification” and
“functional group name.” We also studied the
references in the papers we retrieved in the first
search and included those as additional sources if
relevant. We retrieved information on magnitude
and direction of OA on species population param-
eters to be used in our modeling exercise. For
species whose responses to OA were mixed, we did
not model the impacts of OA on these species or
groups (Figure 3, Table S1).

For the OA scenarios, recruitment of Atlantic cod
was adjusted. Recruitment of the fish groups was
modeled using the Beverton—Holt function that
describes the relationship between the spawning
stock biomass and number of recruits as follows
(see also Sturludottir and others 2018):

_ a*SSB
~ B+ SSB

where R is the number of recruits, o is the maxi-
mum number of recruits, f is the size of the
spawning stock which gives half of the maximum
recruitment (o), and SSB is spawning stock bio-
mass, which depends on individual weight and on
the proportion of fish that are spawning in each
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age-class across the model domain. R was reduced
by 20 and 30%, respectively, for Atlantic cod under
the moderate and severe OA scenarios, respec-
tively.

Growth of the (benthic) invertebrate groups was
modeled as follows.

B Cj *x ajj x B;
1+ C_[32 ay * By * Ey]

mum;

CR;

where mum; is the maximum growth rate and C; is
the clearance rate of predator j, B;is the biomass of
prey i, and a;; is the availability of prey i to predator
j. The ratio between C and mum determines the
steepness of the consumption curve and E,; is the
assimilation rate of prey k for predator j. mum;
(that is, maximum growth rate) is the parameter
that is changed under the OA scenarios for the
invertebrate groups for which OA impacts were
modeled. Original and modified mum; parameters
for the OA scenarios can be found in Table S2.

Temperature Effects on Species

We also searched the literature for evidence of the
relationship between temperature and recruitment,
and between temperature and growth. Again, we
searched the literature using the Google scholar
search engine, using as search terms: ‘‘temperature
range’” or ‘‘global warming effects” and “‘species
name,” or ‘“‘temperature range’ or ‘‘global warm-
ing effects” and ‘““family name,” or ‘‘temperature
range’’ or ‘‘global warming effects”” and ““functional
group name.”” We used the information retrieved
from the literature to determine the parameter
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Figure 3. Summary figure of literature review outcomes of impacts of Ocean Acidification and temperature niches for
species and functional groups. Boxes that are not colored indicate that not enough information was available to
parameterize the model. Species/functional groups are colored by their classification based on ecological and/or socio-
economic importance. Detailed descriptions of impacts and temperature niches can be found in Table S1 in the

supplementary material.
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ranges to parameterize the Atlantis model (See
Figure 3 the blue-colored boxes indicate species for
which sufficient information was available from
the literature to parameterize impacts of tempera-
ture, Table S1). If we found temperature optima or
niches, these were used to parameterize the tem-
perature optima in Atlantis as was done in (Griffith
and others 2012).

The biological effect of temperature changes on
model groups was evaluated using a temperature
correction method (Moisan and others 2002).
Temperature correction, Tcorr, was calculated as
follows:

Teorr = 109(2x0.851 + (1.066™)

~((abs(T: = Topr)) )

Tcorrection

+ exp

where T, is the optimal temperature for a group/
species, Teorrection 1S the correction factor, and Ti is
the current temperature. Teorrection Was set to the
default 1000 as in previous Atlantis modeling work
(Ortega-Cisneros and others 2018). T, was set to
the species optimum temperature (if found) if in-
stead temperature niche information was found,
then the temperature in the middle of the niche
was used to set T,y However, in case the chosen
Topt Tesulted in too large differences from the
original calibrated model run (Sturludottir and
others 2018) we made small adjustments to the T,
value. In Atlantis simulations, temperature affects
physiological processes such as light saturation and
maximum growth rate of primary producers, con-
sumption and growth rates, mortality and repro-
duction of heterotrophs (Audzijonyte and others
2017). The value of each of these parameters was
multiplied by T, at each time step to account for
the difference between the current temperature
and T, for those species for which we found this
information in the literature review (see Table S1).
Temperature also affects all vertebrate species
through respiration (Rs) which describe the main-
tenance cost where the cost increases with higher
temperature and less N is then allocated to growth.

Ry = efmTKA Wgt®P

where K, KA and KB are parameters defined for
each functional group, T is temperature, and Wgt is
the dry weight of an individual in the group.

Although recognized that species are likely al-
ready shifting geographical distributions due to
ocean warming (Campana and others 2020; Pinsky
and others 2013), we did not account for spatial
shifts in species distributions in this work.

REsuLTs
Selecting Key-Stone Species

We found that species at the lower trophic levels
had the highest values in almost all three network
indicators used for species selection. Several zoo-
planktonic groups were indicated as keystone spe-
cies by the Google page rank indicator (that is,
micro-zooplankton, meso-zooplankton macro-
zooplankton and gelatinous zooplankton, Fig-
ure 4a). Higher values of this indicator are given to
species where any change in biomass could impact
the largest number of other species via both the
direct and indirect predator and prey interactions.
Many other species, however, had high between-
ness centrality (Figure 4b), but a relatively low
Google page rank value. Flatfish had the highest
betweenness centrality, which indicates that this
functional group is fundamental to the flows be-
tween species, that is, many of the shortest paths in
the network go through this functional group.
Several other fish species, large pelagic fish,
Greenland halibut (Reinhardtius hippoglossoides),
Atlantic cod and redfish, also had relatively high
betweenness values (Figure 4b). Several planktonic
groups (macro-zooplankton, meso-zooplankton),
several benthic groups (other mega-zooplankton,
northern shrimp) and forage fish (that is, capelin
(Mallotus villosus) and sandeel fish showed the
highest indegree values, the indicator used to find
key prey species in the network (Figure 4c).

Warming Scenarios

Percentage differences between biomass levels in
the ““baseline’”” scenario and the warming scenarios
became larger with higher temperature increases
(Figure 5). We found several positive impacts of
warming scenarios on fish biomass, some of high
relevance. For instance, herring was projected to
increase by almost 200% under 3 °C warming and
up to 328% with 4 °C warming, and capelin was
also projected to increase under 3 and 4 °C
warming, but with broader ranges, by 28% and
199%, respectively. The increase in capelin in the
warming scenarios is a quite unrealistic result given
that the low optimal temperature for capelin (3 °C,
Table S1) was used to parameterize the model.
Because of this, we believe this increase in capelin
is more likely due the increase in primary produc-
tivity which could have impacted capelin biomass,
that is, diatoms and pico-phytoplankton were
found to have extreme increases in biomass under
all warming scenarios (Table S4, Figure S1). Long-
lived demersal fish, mackerel (Scomber scombrus),
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The species with highest socio-economic impor-
tance, Atlantic cod and haddock, were projected to
decrease under warming of 3 and 4 degrees (Fig-
ure 6), but the decrease was not very large (— 3%
and — 6% for Atlantic cod and a more considerable

Species/Functional group

=) =)
@ «

10

aaibapu|

Figure 4. Species/functional groups in Atlantis and network indicator scores indicating importance in the food web.
Species/functional groups are displayed from high to low trophic levels left to right; A Species ranked by Google page rank,
B species ranked by Betweenness centrality and C species ranked by indegree. Light green-colored species/functional
groups are those that are selected as key-stone species in the food web by at least one of the three indicators. D The food
web in the Atlantis model, nodes are sized by the google page rank indicator, the Edges (flows between species) are sized
by biomass flows (Table S3 contains the species codes used in this figure and the functional groups they represent).

tently projected to be negatively impacted in the
3 °C and 4 °C warming scenarios (Figure 5), as well
as several zooplankton groups (micro-zooplankton,

flatfishes and lobsters (Homarus spp.) were consis-
gelatinous zooplankton and meso-zooplankton).
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decrease — 34% and — 30% for haddock, in the
3 °C and 4 °C warming scenarios, respectively).

Combined Effects of Warming and Ocean
Acidification on Marine Ecosystem
Functioning

We found that with combined warming and ocean
acidification changes in biomass in the key
species/functional groups were very similar to the
scenarios where only the impact of 2 °C warming
was studied (Figures 5 and 7), and in general
changes in biomass due to OA impacts only were
much smaller. This suggests that the model is much
more sensitive to changes in temperature than the
changes in recruitment and growth implemented
for the OA scenarios.

Starting with OA alone, we found the largest
reduction in diatom biomass, although diatom
biomass showed very large fluctuations over time
(Figure S1). Atlantic cod showed the second largest
reduction in biomass under both OA scenarios,
with on average a — 6% and — 11% reduction in
biomass (Figure 7). Macro-zooplankton, {flatfish
and herring biomass, on the other hand, increased
between 6 and 21% due to the changes in benthic
growth and Atlantic cod recruitment (Figure 7).

The combined scenarios were most impactful for
Atlantic cod biomass, which decreased in all sce-
narios and exhibited the largest decrease (— 13%
on average over 2013—2100) with 4 °C warming
and a reduction in cod recruitment of 30% (Fig-
ure 7). Flatfish, blue whiting, other meso-pelagics,
lobster and long-lived demersal fish were also very
strongly affected, with the largest decreases found
for small pelagic fish (— 91%) under 2 °C of
warming and 20% decrease in growth/recruitment
of certain groups and Blue whiting (— 88%) and
lobster (— 81%) and under 4 °C of warming and
30% decrease in growth/recruitment of certain
species/functional groups. On the other hand,
herring biomass was projected to increase in all
scenarios, with the largest increase (355%) with
4 °C warming and 20% reduction in growth of
invertebrates and cod recruitment. Capelin biomass
increased the most with 4 °C warming and 30%
reduction in cod recruitment and benthic growth
rates (206% on average over 2013—2100). Further,
in some cases warming and OA had antagonistic
effects. For example, cephalopod biomass increased
with warming alone, and this increase was smaller
when OA was added. Macro- and micro-zoo-
plankton biomass was also projected to increase
with 2 °C warming and acidification, but decrease
under 2 °C warming without OA.

Although the biomass of the Atlantic cod stock
was surely impacted by the forced reduction in
recruitment, biomass levels seemed to stabilize in
all scenarios at levels higher than present, while in
the baseline scenario biomass increased further
(Figure 8). The model did not forecast a collapse or
a strong decrease in biomass compared to current
levels, and biomass of Atlantic cod has been
increasing steadily since the reduction of harvest
rates in the early 2000’s. When this harvest rate is
kept constant, the Atlantis model projected a rather
stable biomass and catches, but reduced biomass of
haddock (Figure 8). Also, mackerel, a newly
important species in terms of catch value, was
projected to have lower biomass and catch levels
under scenarios of increased warming and acidifi-
cation, while saithe and redfish were projected to
have increased biomass levels (Figure 8).

DiscussioN

We set up to model the responses of marine food
webs to ocean acidification and rising ocean tem-
peratures using the Atlantis whole ecosystem
model adapted to the Icelandic system. Our results
showed an expected re-shaping of the Icelandic
marine food web under different scenarios of global
change, namely ocean acidification and warming.
Overall, lower trophic levels such as planktonic
groups benefited more from warming scenarios
than higher trophic levels. Shifts in important
predator species such as Atlantic cod had important
implications for the species that they feed on, for
instance, the increase in capelin under a decrease
of Atlantic cod biomass and an increase in primary
productivity. Such indirect, cascading impacts can
only be observed in projections using ecosystem
models with trophic web interactions, rather than
simply modeling the impacts of warming on, for
example, temperature niches of individual species.
The importance of such an approach has been
previously shown for modeling global change sce-
narios (Bossier and others 2020). Overall, the Ice-
landic Atlantis model projected increases in certain
species groups under warming and acidification
and decreases in others, and the increases tended to
be larger in functional groups of lower trophic le-
vels (first producers and first consumers).

We found that the Icelandic implementation of
the Atlantis model is more sensitive to changes in
temperature than modeled impacts of OA. Model-
ing impacts of OA by reducing growth of benthic
groups is a common approach with the Atlantis
model (Marshall and others 2017; Olsen and others
2018), but since many uncertainties remain
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regarding the impacts of OA and possible cascading
effects through the food web, the relatively small
impact found in our results should be interpreted
with caution. Important indirect effects have been
found previously when studying OA impacts in the
Californian current, for instance by decreased bio-
mass levels of groundfish feeding on benthic groups
affected by OA (Marshall and others 2017). Olsen
and others (2018) found predominantly negative
effects from OA across a suite of Atlantis models
representing eight different ecosystems, but similar
to our findings, the authors also found positive
effects for instance through reduced competition
for benthic groups that were not modeled to be

directly affected by OA (for example, amphipods,
isopods). There is still much uncertainty regarding
ocean acidification impacts on fish stocks and in
many published experiments the impacts of
recruitment have not been measured by rearing
adults in more acid conditions (Frommel and oth-
ers 2014; Stiasny and others 2016).

One of the arguably most important species in
the food web, Atlantic cod, showed some surprising
modeling results. Although Atlantic cod biomass
was projected to be lower under the most severe
scenario modeled (a 4 °C warming scenario and a
30% reduction in Atlantic cod recruitment due to
acidification), biomass levels of Atlantic cod were
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still projected to be higher than those today under
the current conservative harvest rate. Atlantic cod
in Icelandic water is not as close to the upper end of
its thermal niche as, for instance, the Arctic cod
populations in Norwegian waters (Drinkwater
2005; Hansel and others 2020). Modeling com-
bined warming and acidification impacts on Arctic
cod in the Barents Sea projected a severe decline in
recruitment (Koenigstein and others 2018) and the
risk of the collapse of the commercial fishery
(Hansel and others 2020), but the modeled effects
of acidification were also more severe (that is, re-
duced recruitment to 24.5% or current levels;
Héansel and others 2020). Atlantic cod is fished by
almost all companies in Iceland, and since two
stocks of the same species in Norway and the
western Baltic are projected to have reduced
recruitment under OA (Stiasny and others 2016),
experimental studies on the Icelandic stocks are
needed. Atlantic cod is also likely to be a main
choke species in the Icelandic demersal fishery, any
biomass changes in cod will thus very likely also
impact the fishing of other demersal populations
(Oostdijk and others 2020).

There were four zooplankton groups among the
selected important ecological functional groups in
the Atlantis model. The fact that impacts of OA
resulted in mixed responses in laboratory experi-
ments and mesocosm experiments combined with
the importance of these species in the food web
stresses the need for more research efforts. Re-
search also needs to focus on reproduction of the
same experiments as experimental conditions
could result in different outcomes of studies. OA
effects on zooplankton are not conclusive yet,
while severe negative effects were found for krill
(Cooper and others 2016; Mclaskey and others
2016) and copepods (Thor and Dupont 2015),
which are both main components of Icelandic
zooplankton. Strong effects on krill and copepods
as previously found in some studies decrease
ecosystem-level productivity and thus negatively
impact fisheries, but this is still largely uncertain as
other studies found weaker or no significant effects
on plankton communities (Falkenberg and others
2018). A recent series of mesocosm experiments,
however, found that mainly functional groups at
an intermediate trophic level (first consumers, that
is, ascidians, sponges and copepods) reduced under
combined warming and acidification (Nagelkerken
and others 2020) while species at the lowest trophic
levels (first producers, that is, phytoplankton, al-
gae) and secondary consumers increased in bio-
mass. We found that the functional group macro-
zooplankton increased under scenarios of warming

and OA and that meso-zooplankton and gelatinous
zooplankton decreased under the same scenarios;
however, we did not consider direct impacts of OA
on those groups. In future studies, it would thus be
important to model the impacts of combined
warming and acidification on zooplankton more
realistically. It is important to note that in general,
the network indicators that we used to select key
ecological groups were biased toward lower trophic
level groups, and important predator species that
impact the food web by top-down control may
have been missed in our selection process. If we
had used the Google page rank indicator alone for
species selection as suggested in McDonald-Mad-
den and others (2016), the emphasis on lower
trophic web species would have been even stron-
ger, suggesting that a combination of indicators
may work better to select important species in the
food web.

There are several limitations to the research
presented here that arise from modeling decisions
made as well as from limited empirical evidence.
For instance, we still have very little information
on the response of Icelandic species to OA. Other
Atlantis model implementations have parameter-
ized impacts of OA dynamically in the model
(Hodgson and others 2018; Marshall and others
2017) based on impacts of OA obtained from a
previous meta-analysis (Busch and McElhany
2016). Given the lack of empirical information of
the impact of OA on Icelandic species from exper-
imental evidence and the data poor nature of the
benthic groups, we chose a more illustrative ap-
proach to modeling OA impacts on benthic groups.
The Icelandic Atlantis model was set up with much
more data on large commercial stocks. In this sense,
the Icelandic Atlantis model is not very different
from other Atlantis models (Kaplan and others
2012; Marshall and others 2017), as simply more
information is available on those species and ben-
thic organisms are usually modeled as biomass
pools (Marshall and others 2017). In this way, the
modeling of OA therefore only impacts growth
while in reality different aspects of a species life
history can be.

Also the way we modeled warming impacts
needs to be interpreted carefully, as several mod-
eling decisions and assumptions do not necessarily
reflect how warming is occurring in the real world.
For instance, we modeled warming as a step-
change increase in temperature after 2012 rather
than a gradual increase, which will make the esti-
mated impacts likely to be larger than if we had
gradually increased temperature. We did not have
a regional oceanographic model at our disposal
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with future warming projections. Given the high
uncertainty regarding the AMOC (Chen and Tung
2018) and the large extent of its impact on the local
temperatures, we again chose for a more illustra-
tive approach to modeling, highlighting the large
uncertainties regarding global changes in this re-
gion (Hu and Fedorov 2019; Sévellec and others
2017). Given the wuncertainties regarding the
AMOC which has a bigger impact on the ocean
region to the south of Iceland than the northern
region of the Greenland current, it could be the
case that warming will occur at a slower rate to-
ward the south of Iceland than toward the north.
Future work could focus on the distinct impacts of
warming in different regions around Iceland,
especially if circulation models reduce further the
uncertainties regarding the future strength of the
AMOC (Hu and Fedorov 2019; Sévellec and others
2017).

Another major limitation of our modeling ap-
proach is that we did not account for spatial shifts
in species distributions due to increases in tem-
perature, which is expected (to cause and already is
causing) major re-distributions of fish biomass
(Fulton 2011). However, models for larger areas are
probably better suited for this approach as the
Atlantis model only includes the areas around
Iceland and cannot consider new introductions of
species due to range-shifts in an endogenous fash-
ion. Including species movements because of tem-
perature would then only result in species losses
but not in gains which is unlikely given the current
poleward shift of several species distributions
(Campana and others 2020).

Finally, we decided to focus on key economic
and ecological species, rather than on all species
for which data was available because we wanted
to know the implications to these specific species
as they are very relevant for Iceland. Of course,
this means that we might have missed species that
would be expected to be severely impacted by
either warming or OA or their combined impact.
We made this choice based on methods to identify
key species central to the food web (McDonald-
Madden and others 2016), and because of this we
expect that our approach accounts for (even if
indirectly) by the whole food-web effects. Other
Atlantis applications focused either on all species
for which data was available (Hodgson and others
2018; Marshall and others 2017) or on the re-
duced survival of all benthic groups for OA sce-
narios (Griffith and others 2012; Olsen and others
2018).

CONCLUSION

We found catch levels under different scenarios of
ocean acidification and warming to increase for
some stocks and decrease for others, with no con-
sistent trend in either direction. Many species in
the Icelandic waters are not at the upper end of
their thermal tolerance, and the system seems quite
resilient to changes in temperature. However, large
uncertainties remain regarding the sensitivities of
species for decreasing pH levels (that is, this has not
been empirically studied for species in the Icelandic
marine ecosystem), warming and their combined
effects. Since zooplankton groups were indicated as
key-stone ecological groups in the food web, more
experimental research on combined warming and
acidification on these groups is needed for the
Icelandic marine ecosystem to gauge possible cas-
cading effects on the ecosystem. We do not know
the full extent of threats that climate change poses
to fisheries, but combined OA and warming will re-
shape ecosystems and it is important that both
economic and social implications will be investi-
gated. We know that poorer fishers will likely be hit
harder by climate change than bigger companies,
which can more easily adapt and switch fishery for
instance (Fulton 2011) or access quota markets
(Oostdijk and others 2019). Moreover, compared to
the large-boat fleet, crew and captains on the
smaller boats earn about half as much and are thus
possibly more vulnerable if climate change effects
turn out to be negative (Nielsen and others 2017).
It is an open question as to how governments will
deal with ecosystem shifts and if equitable out-
comes will be considered when determining who
will benefit from the new opportunities to fish.
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