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1  |  INTRODUC TION

Holistic perspectives are necessary for addressing the complex 
challenges of sustainable use of our seas. Marine ecosystems are 
affected by numerous anthropogenic activities where fisheries, pol-
lution, and eutrophication are responsible for much of marine deg-
radation at scale while, for example, shipping, military, recreation, 
and coastal development contribute locally (Andersen et al., 2015; 

Bergström et al., 2019; Halpern et al., 2015; Hammar et al., 2020). 
In recent years, environmental changes caused by global climate 
change have become additional threats to marine ecosystems and 
caused significant impact in parts of the world (Hoegh-Guldberg & 
Bruno, 2010). These climate change pressures and their added im-
pact to marine ecosystems are expected to increase dramatically to-
ward the end of this century (Henson et al., 2017; Perry et al., 2020). 
Despite this risk, climate change projections are rarely systematically 
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incorporated with marine spatial planning (MSP) although this is an 
instrument for long-term strategic planning (Santos et al., 2020). It is 
essential that these pressures are adequately accounted for within 
decision support tools for marine planning, management and policy, 
such as models for cumulative impact assessment.

Cumulative impacts can be interpreted and addressed through 
different methodological approaches (Korpinen & Andersen,  2016; 
Stelzenmuller et al., 2018). Within area-based management, it is par-
ticularly useful to represent the effect of combined pressures on maps. 
Halpern et al. (2008) introduced a method of mapping cumulative im-
pacts from human activities on marine ecosystems. This method has 
been commonly used within regional assessments and in support of 
MSP (Bergström et al., 2019; Gissi et al., 2017; Hammar et al., 2020; 
Korpinen et al., 2021; Korpinen & Andersen, 2016). Mapping of cu-
mulative impacts allows the assessor, and consequently managers 
and policymakers, to gain a graphic overview of which areas are more 
affected than others and how much each human activity contributes 
proportionally to the cumulative impact in each area.

There are several challenges with including climate change into 
models for cumulative impacts. In this study, climate change alter-
ations are treated as pressures, on the same level as, for example, 
contaminants or noise from human activities. One major challenge 
is to meaningfully account for uncertainties of anticipated climate 
change in temporally static models. Uncertainties are inevitably 
large, both regarding emission scenarios and within the chosen 
physical models used to project the changes in the local and regional 
physiochemical marine environment.

Another difficulty is how to assess the sensitivity of different 
ecosystems and organisms to climate change pressures. Some gen-
eral sensitivity scores for climate change alterations have earlier 
been acquired from expert surveys (Halpern et al., 2015; Korpinen 
et al., 2021). But in order to avoid exaggeration of today's climate 
change, when worst changes are yet to come, expert surveys and 
subsequent spatial models need to be precise on the climate change 
under question (e.g., “with surface water temperature rise we mean 
+3°C annual average”).

The study was performed in water surrounding Sweden, in 
Northern Europe, as an example of how climate change can be im-
plemented in a tool for regional MSP. These are eutrophic seas cov-
ering the Swedish territorial waters and Exclusive Economic Zone 
(EEZ), from northern Gulf of Bothnia, south to the central Baltic 
Proper and northwest through Kattegat to Skagerrak (Figure 1). The 
study area is composed of several shallow and narrow straits reduc-
ing water exchange with the North Sea. It presents a natural salinity 
gradient, with almost fresh water in the north and marine waters 
in the south-west, along which marine ecosystems vary. Therefore, 
the analyses were performed for three distinct geographical areas: 
Kattegat-Skagerrak, Baltic Proper, and the Gulf of Bothnia.

In this study, we aim to systematically integrate projected cli-
mate change pressures with other, better known, human distur-
bances to marine ecosystems. This is to facilitate for assessors and 
managers to conceive the magnitude of climate change and develop 
appropriate measures for adaptation. We introduce end-of-century 

climate change as additional pressures to the pre-existing cumula-
tive impact model, Symphony, utilized within Swedish MSP (Hammar 
et al., 2020) and based on previous work (Halpern et al., 2008). We 
use multiple ensembles of global climate models, downscaled by a 
regional coupled atmosphere–ocean model for the Baltic Sea and 
North Sea, accounting for the RCP4.5 and 8.5 emission scenarios. 
For the first time, a novel method to obtain climate change sensi-
tivities was applied, based on detailed questionnaires and Delphi 
method discussions between subject matter experts. Results illus-
trate how threats from climate change compare to threats from 
other currently prevailing pressures, and how climate change im-
pacts may vary between locations.

2  |  METHODS

2.1  |  Basic cumulative impact model

Cumulative impact refers to the relative effect of combined pres-
sures from different kinds of human activities on components of 
marine ecosystems and was calculated using the model framework 
developed earlier (Halpern et al.,  2008). In each pixel in a geo-
graphic grid, an impact index (Isum) is calculated from the combined 
multiplication of values representing valuable ecosystem compo-
nents (E), pressure intensities (P), and the specific sensitivity (S) 
of every ecosystem component to every pressure, according to 
Equation (1):

We adopted the pre-existing model, Symphony, including 32 ecosys-
tem components (e.g., benthic habitats, populations of fish, marine 
mammals); 39 pressures (e.g., fishing, eutrophication, shipping); and 
non-climate change sensitivity scores generated from previously col-
lected expert panel questionnaires (Hammar et al., 2020).

2.2  |  Climate change pressure data

Modeled climate change was added to the Symphony model as pres-
sures denoting the difference between two 30-year averages for a 
historical reference period (1976–2005) and an end-of-century pe-
riod (2070–2099). The changes were calculated for five parameters; 
winter averaged sea-ice cover (percentage of lost sea-ice cover days, 
November–April), annual averaged surface and bottom water salin-
ity, and summer averaged surface and bottom water temperature 
(May–August). The summer temperature was chosen as it is most im-
portant for biological activities and because marine organisms of the 
region are sensitive to the higher spectrum of temperature which 
occurs during summer.

The climate projections are based on the assumptions used in the 
2013 Intergovernmental Panel on Climate Change Representative 

(1)Isum =

n
∑

i=1

m
∑

j=1

Pi × Ej × Si,j
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Concentration Pathway (RCP) scenarios for greenhouse gas forcing 
(IPCC, 2013). To account for uncertainties in the climate projections, 
an ensemble of five global climate models was downscaled using the 
high-resolution-ocean–sea-ice–atmosphere model RCA4–NEMO 
(Gröger et al.,  2019). Two scenarios, RCP4.5 and RCP8.5 (Moss 
et al., 2010), were considered representing an intermediate and an 
extreme scenario.

To obtain an uncertainty measure of the two climate emission 
scenarios and the five climate change parameters, the ensemble min-
imum, median, and maximum values were calculated for each of the 
two emission scenarios. These were interpreted as a range of climate 
change pressures in the cumulative impact calculations. MINIMUM 
corresponds to the lowest model ensemble values, MEDIAN to the 

median ensemble values, and MAXIMUM to the highest ensemble 
values (Figures S1–S5).

2.3  |  Sensitivity scores for climate change

It is not well known how future changes to temperature, salinity, and 
sea-ice cover will influence different ecosystem components. These 
sensitivities are key elements to the model used. A panel consist-
ing of subject matter experts was assembled and divided into four 
groups: (1) benthic and pelagic habitats, (2) seabirds, (3) marine mam-
mals, (4) fish. Panel groups were assigned to assess the sensitivity 
of their corresponding ecosystem components species-by-species, 

F I G U R E  1  Impact maps for the analyzed area. Impact maps for the Kattegat-Skagerrak, Baltic Proper, and the Gulf of Bothnia showing 
the percentage change between the baseline and the MEDIAN model ensemble for RCP4.5 (a) and RCP8.5 (b). Embedded text boxes denote 
change of cumulative impact per area (over the calculated anthropogenic environmental impact from human activities), including values 
for MINIMUM, MEDIAN, and MAXIMUM model ensembles. The impact maps are based on the geographical distribution of ecosystem 
components and pressures, plus the sensitivity scores. The small map shows the Northern Europe and approximately the three analyzed 
areas covering the Swedish territorial water and EEZ. Note, the three different areas have been analyzed separately and are not directly 
comparable.
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to each of the five climate change pressures. The degree of change 
was specified for each pressure so experts could assess response 
levels, sensitivities, with best possible accuracy: +3°C/+4°C for 
bottom/surface water temperature; −2 PSU/−1.5 PSU for bottom/
surface water salinity; 40% decrease of sea-ice cover. The degrees 
of change were based on the climate ensemble mean outcome for 
RCP8.5 and represented the corresponding maximum grid value for 
climate change pressures within the Swedish EEZ.

A Delphi method (Dalkey & Helmer, 1963) approach was used 
to refine the results from the expert panel groups. First, each ex-
pert answered all questions individually using online forms. Second, 
each expert group met virtually to consider the anonymized results 
from the individual exercises. They discussed and then anonymously 
voted for the most applicable sensitivity score for each pressure 
and ecosystem component combination. The benefit of this method 
was that it reduced uncertainty as experts shared with each other 
their expertise, literature findings, and causal linkages behind as-
sessments, to conform their interpretation of the task and individual 
assessments.

Six sensitivity rating categories were explicitly defined, ranging 
from 0 (no effect) to 1 (permanent loss, very high mortality), using the 
same wordings as for the previously addressed nonclimate change-
related pressures (Hammar et al., 2020). Experts were requested to 
denote possible differences in sensitivity between the three geo-
graphical areas. Once the sensitivity ratings were collected, we used 
the mode values from each group to assign sensitivity scores, repre-
senting how sensitive different ecosystem components are to each 
of the covered climate change pressures in the three areas. Following 
the general method, only positive sensitivity scores were assigned. 
That is, only degrading environmental effects were considered. In 
the rare case of an ecosystem component being expected to benefit 
from the climate change pressure, the sensitivity score was set to 0. 
The failure to include possibly beneficial effects when calculating 
the cumulative impact is a limitation to the method.

3  |  RESULTS

3.1  |  Climate change sensitivities

The results from the expert panel for the climate change pressure 
sensitivity scores are presented in Table 1. Across ecosystem com-
ponents, temperature rise and bottom water salinity reduction were 
considered the most harmful climate change pressures. Surface 
water salinity reduction and sea-ice cover loss were in most, but not 
all, cases considered benign.

In the Kattegat-Skagerrak area, the habitats sensitivity to salinity 
reduction is higher than in the other two areas. There is also high 
sensitivity of ecosystem to the increased bottom water temperature.

Overall, benthic habitats, sessile organisms, and fish were con-
sidered more sensitive to temperature and salinity changes, while 
seabirds and marine mammals, being air-breathing and mobile, at-
tained comparatively low sensitivities.

3.2  |  Climate change escalation of 
cumulative impact

The sensitivities presented above are important components of 
the spatial model of cumulative impact, which also includes spatial 
distributions of ecosystem components and pressures from climate 
change as well as other anthropogenic sources. In the RCP4.5, the 
MEDIAN level of the climate change pressure results in 78% ad-
ditional impact to the current cumulative impact in the Kattegat-
Skagerrak and Baltic Proper areas, and 268% additional impact to 
the Gulf of Bothnia (Figures 1a and 2). Even at the MINIMUM level, 
climate change adds a remarkable impact compared to the situation 
of today (Kattegat-Skagerrak +43%; Baltic Proper +30%; Gulf of 
Bothnia +130%). The MAXIMUM level means a doubling compared 
to existing cumulative pressures for the Kattegat-Skagerrak and 
Baltic Proper areas, while a fourfold increase is expected in the Gulf 
of Bothnia (Figures 1a and 2).

In the RCP8.5, the MEDIAN level of climate change pressure al-
ready indicates a doubling of impact in the Kattegat-Skagerrak and 
Baltic Proper areas and a fourfold increase in the Gulf of Bothnia 
(Figures 1b and 3).

For both emission scenarios, results point at bottom water 
temperature rise constituting the largest climate change threat to 
the Kattegat-Skagerrak area, while the other two areas are equally 
threatened by temperature and salinity changes, with salinity reduc-
tion being the largest threat under the MAXIMUM climate pressure 
(Figures 2 and 3).

Under RCP4.5, the highest relative increase of cumulative im-
pact occurs in some of the most pristine areas. These become areas 
of particular concern: north-western Kattegat-Skagerrak; central 
and northernmost Baltic Proper; the deep of Bothnian Sea and the 
three shallow sills in southern, central, and northern Gulf of Bothnia 
(Figure 1a). At the RCP8.5, these areas of concern expand and new 
areas emerge, such as coastal stretches of the central and southern 
Kattegat-Skagerrak area (Figure 1b).

4  |  DISCUSSION

This study incorporates results from models of future climate 
change into a spatial model of current human impact on Swedish 
seas. The temporal skewness (adding future pressures to a cur-
rent state modes), together with the general ambiguity of both 
climate change models (Payne et al.,  2016) and cumulative im-
pact models (Gissi et al.,  2017; Hodgson et al.,  2019; Stock & 
Micheli, 2016), inevitably implies that several tiers of uncertainty 
are intrinsic to the results. Nevertheless, the underpinning mod-
els and methods are best practice and despite temporal skew-
ness, scenario-based cumulative impact models have proven 
valuable for management (Hammar et al.,  2020). Given the im-
portance of preventive actions to combat climate change chal-
lenges, this study may serve as a valuable hint of the magnitude 
of impending impacts.
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The findings indicate that studied climate change pressures con-
stitute paramount threats to marine ecosystems, with projected 
impacts being comparable to the combined impact of all other pres-
sures of today. Because ocean warming and salinity changes perme-
ate the environment across vast areas, the very preconditions for 
marine life may be altered. This will have fundamental implications 
for keystone species which live near their physiological tolerance 
limits (Vuorinen et al., 2015; Wåhlström et al., 2020).

The strong salinity gradient in the region influences the sensitiv-
ity to salinity changes. Fish and mussel reefs (reefs of Mytilus edulis/
trossulus) are believed to be more sensitive to salinity reductions fur-
ther north in the Baltic Sea, with highest sensitivity in the brackish 
Gulf of Bothnia where several species already live close to their salin-
ity tolerance. On the contrary, when considering habitats instead of 
individual species, the sensitivity to salinity reduction is considered 
higher in the saline Kattegat-Skagerrak, because the highly diverse 
marine ecosystems are not as tolerant to changes as the brackish 
water ecosystems of the Baltic Proper. However, the results from 
Meier et al. (2021) show that the projected salinity changes may be 
overestimated in the present study where the influence of sea level 
rise on saline inflows is not included, which would reduce the mod-
eled impact from salinity change in some areas. This points at the 
need for continuous input from marine climate research to impact 
assessment and management response.

Another difference is the high sensitivity of ecosystem com-
ponents in Kattegat-Skagerrak to bottom water temperature rise. 
The marine deep-water fauna is not well adapted to fluctuations. 
Habitats and sessile organisms, unable to avoid fluctuations by mov-
ing, were deemed the most sensitive here. According to the sensitiv-
ity scores (Table 1), the changes in ice cover and surface freshening 
have less influence on the surface compare to the benthic ecosys-
tem. However, these surface changes might have indirect effect 
on the ecosystem as they can alter the algal type and increase the 
primary productivity, both prolong the growth season and increase 
growth rate. These results are not surprising from an ecological 
viewpoint, but must be carefully represented in spatial models that 
span across natural environmental.

The modeled impact contribution from climate change varies 
greatly between the three studied areas. Partly, this reflects differ-
ent environmental and oceanographic characteristics of these areas. 
Another important difference is that current human impact strongly 
varies between the areas, with much less ongoing pressure in the 
northern Gulf of Bothnia. Here, the added climate change-related 
impact becomes proportionally higher, causing ecosystems to ex-
perience a higher total change of exposure to stress, although the 
absolute climate-driven impact may not be worse than elsewhere 
(this varies between locations).

It should be noted that cumulative impact models do not cap-
ture past impacts, for example, historically lost or deprived species 
(Hammar et al., 2020). The results should not be interpreted as to 
depreciate the importance of past and current pressures, but to raise 
the warning that climate change may be an equally serious threat 
within the tangible future.Se
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F I G U R E  2  Climate change impact for RCP4.5 relative to other environmental pressures. Proportional impact contributions from modeled 
climate change pressures (red) and other impact sources (blue) to the marine environment in the Kattegat-Skagerrak, Baltic Proper, and the Gulf of 
Bothnia, for the MINIMUM, MEDIAN, and MAXIMUM in RCP4.5. Pressures from human activities have been categorized into the following source 
categories: A—Climate change-driven temperature rise in bottom water; B—Climate change-driven temperature rise in surface water; C—Climate 
change-driven salinity reduction in bottom water; D—Climate change-driven salinity reduction in surface water; E—Climate change-driven ice cover 
reduction; F—Eutrophication; G—General pollution (oil spill from wreck, heavy metals (background, mine dump), synthetic toxins (background), 
dump of toxic munition); H—Industry (heavy metals [fiber bank, mercury dump], synthetic toxins from industries and in harbor); I—Sand extraction; 
J—Coastal development; K—Recreation; L—Shipping; M—Fisheries: N—Aquaculture; O—Energy; P—Military defense.
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F I G U R E  3  Climate change impact for RCP8.5 relative to other environmental pressures. Proportional impact contributions from modeled 
climate change pressures (red) and other impact sources (blue) to the marine environment in the Kattegat-Skagerrak, Baltic Proper, and the 
Gulf of Bothnia, for the MINIMUM, MEDIAN, and MAXIMUM in RCP8.5. Pressures from human activities have been categorized into the 
following source categories: A—Climate change-driven temperature rise in bottom water; B—Climate change-driven temperature rise in 
surface water; C—Climate change-driven salinity reduction in bottom water; D—Climate change-driven salinity reduction in surface water; 
E—Climate change-driven ice cover reduction; F—Eutrophication; G—General pollution (oil spill from wreck, heavy metals (background, mine 
dump), synthetic toxins (background), dump of toxic munition); H—Industry (heavy metals [fiber bank, mercury dump], synthetic toxins from 
industries and in harbor); I—Sand extraction; J—Coastal development; K—Recreation; L—Shipping; M—Fisheries: N—Aquaculture; O—Energy; 
P—Military defense.
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Decision makers are urged to incorporate this aspect in plans and 
measures, such as MSP and action plans. The Swedish MSP identi-
fies possible climate refugia (SwAM, 2022) and climate adaptation 
plans are developed nationally and locally. This study highlights the 
importance of maintaining and developing such work, also interna-
tionally. The magnitude of possible change, even for low-risk sce-
narios, calls for preparedness for fundamental ecosystem changes. 
Over the next decades, we need methods for meaningful conserva-
tion in a rapidly changing climate as well as alternative harvest and 
management strategies, while continuing to reduce the cumulative 
impact from human activities.

This study provides an overview of climate change effects incorpo-
rated into a cumulative impact model. It highlights areas of particular 
concern and adds value to the method development within cumulative 
impact models, through the Delphi method for developing sensitivity 
scores. Even though the sensitivity scores provided may have direct 
value for some applications of the model (Halpern et al.,  2008), we 
argue that it is fundamental to continuously refine sensitivity scores 
from case to case when dealing with environmental change such as 
climate change. Previous research has compared sensitivity scoring 
based on expert panels and found only small differences between re-
gions (Korpinen et al., 2021). We highlight that natural environmental 
gradients, as those present in the Baltic Sea, require intricate efforts on 
setting sensitivity scores, to account for organisms that inhabit environ-
ments close to their physiological tolerance limits.
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