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Execitive ummary

The Balticea is undergoing drastic environmental chastet are partly due to climate change. The
ecology of this sea is particuladysceptibldgo climate change aits waters vary from cold anftesh in the
north to brackishin the central area and saline and warmer in the west.

Many of the major habitaforming species of the Baltic are key speciedhéprovision oecosystem
services, green infrastructure and a bleeonomy. The future distrutions of these specieare, or should
be, of fundamental concern to marine spatial planning, environmental protectioritedevelopmentof
coastal economies

Using the latest climate models, SMHI has predicted future chaongesveral major ecologidsl

structuring factors, such as salinity, temperature and nutrients. By modelling the presence and absence of
key species today using historical reference data, it is possilpeetiict future species distributi@given

the projected changein structuring factors. For this purposend in this projecthabitat changes fotwo

climate change scenaritemve been modellegone resting on assumptions of ambitsmitigation efforts

(RCP 4.5, c’2global warming) and the other representindassez fairescenario (RCP 8.5, c. ZTglobal
warming).

It isshownherethat underall climate scenariosiost of the modelledpecies will have a radically different
distribution in the year 2100/Nhile the distribution of freshwater species will remaimilaror with slight
changedor different reasons (lower salinity, higher temperature, changes in wateityckmd nutrients),
species limited by salinity will be radically reducethimnorthern and central Balti€ea,as well aghe
BothnianSea, in both scearios. Especially hard bottoms wilsemuch of their ecosystem functions with
the losscanopyforming macrealgaeincludingtwo of the three Fucusspeciesand the loss ofthe eelgrass
Zostera marinavill result in severe degradation of the values afidy bottoms.

By studying the connectivity of habitatsith respect to their value as sources for the habitat network and

their strength based on how the network contributes to the habitat patches, it can be shown that certain
areas stand out as especijalinportantin the modelsascore areas or asfugiaz NJ af | 4G aidl yR&a ¢
fringe of the distributional limitSuch epecially valuable areas should be considereadanine spatial

planning, in environmental conservation and in environmental impactistud

Using a predicted future distribution of key species, it is possible to assess the change and distribution of
future ecosystem servicewith implications for a blue economy. Fromhat the models tell us, the future

state of these key species impligsch radical changes to the ecosystem and to théstmshe marine
economy that immediate and drastic act®to mitigate climate change and to restore damaged habitats to
salvage ecosysin functions seervarranted

Based on theseesults recommendatioms are proposedor future-proofing marine spatial planning,
environmental protection and the developmeat the blue economy;a predict future green infrastructure
and theecdogicalbase for future ecosystem services anchare vital marineeconomy Recanmendations
includemodelling thepredictedfuture distribution of all major ecologically important species and compile
maps offuture important ecological hotspots for biodiversity aftdt specific ecosystem services that have
been identified and discusden various reportsSuch ecosystem saces are vital for regional economy

e.g. through fish reproduction, but also on a local level by maintaining clean bathing waters, an attractive
environment, rich wild life andecreational fishing.
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Abbreviations Specification Comment

Representtive Concentration Pathway (RCP) is

RCP greenhouse gas concentration (not emissions) See: https://en.wikipedia.org/wiki/
trajectory adopted by the IPCC for its fifth Representative_Concentration_Pathway
Assessment Report (AR5) in 2014

MSP Marine Spatial Rinning
Spatial planning tog| e.g. SymphonyThere are See:
othersfor analysingmpact fran environmental  https://www.havochvatten.se/en/swam/eu

SPT stressors (like HELCOM HOLGkS -international/marinespatiat
Ecopath/Ecosim/Ecospacer for planningise of = planning/symphony--a-tool-for-ecosysem-
space with respect to conservation (like Marxan basedmarine-spatiatplanning.html
RCO (Rossby Centre Ocean model) is an
oceanographic circulation model. SCOBI is a See: https://www.smhi.se/en/research/

RCGSCOBI model for nutrients and alga By coupling the researchdepartments/

models one can, e.g., study transports of _
nutrients and changes in the seav@mnment on oceanography/rceenglish1.8323
long time scales.
Species distribution model, irrgctice an

SDM ecological niche model with probability of In this context realized with the BIOMOD:
occurrence or sometimes abundanceather package using the R language

measure of richness or strength.
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1. Introduction

1.1. The need tovaluate habitat forming species

Essential for a future prosperous blue economy inBladtic Sea area is the mapping and valuation of
ecosystem services. These services rely on the existence of certain species and habitats providing those
ecosystem services. A lot of effort has bgen into identifying key habitats and their links to sgeci
ecosystem serviceg Q. Ivassonet al.2017, Bryhret al.2015. Habitat forming species central to the
ecosystem ands services are often callddeystone orfoundation speciege.g. HaV 203:7).

There hae beenmanyattemptsto mapand modelsuch key species and habitaBerhaps the most
ambitious effortsin the Baltichave aimed at ranking the value of areas according to their potential value
for the ecosystem anids services throughlte MOSAIC Vaation framework(Hogfors et alin prep. This
framework, however, tries to establigitological valuén the context ofgreen infrastructureather than
estimatingvalue for specific ecosystem services, whigdyalso includesconomic and dtural services

Thus, species central botb the provisioning of ecosystem services and for green infrastructure are
extremely important Reduction or alteration of thalistribution and abundancef these species
important to monitor, understand andf possible, mitigatelFor a future prosperous blue economy, it
would even be profitable to develop these services furtier example, vi@nvironmental protedon or
habitat restoration.

1.2. The challenge of climate change

Being a brackish inland sea, thalti® Sea(including theGulf of Bothnidis characterized by very
pronounced gradients in biologically structuring factors sucsadigity, temperature and nutrients. These
are all heavily affected by any climate changes and small fluctuations mayiredidstic ecosystem shifts
over large areas. As many species live on the fringe of their possible distribution or are uniquédgada
the brackish water, climate effegtan have profound impasbon the biodiversity of theBalticSea.

In Swedish wates some effort has been made to add climate effects to #malysis onthropogenic
cumulative impact on key species amabitats e.g. through the spatigdlanning tool(SPT) calle8ymghony
(Hammaret al.2018, 2019. However, this approach is comgditedbecausehabitatsare not only are
progressively and proportionally affected by climate changesrdthier certain climatological thresholds
dictate suitableareasfor certain habitats or specide exist Inaddition, inenvironmens which arealtered
by multiple pressuregadical shifts in ecological regimage known tooccur(Converset al.2015) SPTs
used to assess pressures on habifgpeciesoften do not mnsidersynergisticeffectsbetweenmultiple
pressurer the possibility ofecologi@al regime shifts.

There is thus a need for a coraplentary routeto the analysis of cumulative impacténg.MSPor
environmental protectionby which future suitabldabitats for key species are assessgwironmental
protection, extraction of resougs, spatial planning etthen becomemore future proof, bothwith respect
to the handling of resources and valuag alsoin preparationfor and adaptation tachanges in future
ecosystems and ecosystem services. The challenge and opportunitpehemeto plan for and protect
future resilient habitats, and to understand what major shifts that the ecosystenundargo,andthe
effects these shiftemayhave fore.g.fishingandtourismas well agor the composition of the ecosystems

1.3. The concept of clime refugia

The termclimaterefugium for a habitat or species in this context means an area where climate chesge

not or will not severely affecthe habitat or species, in a larger area where climate change as a contrast has
affectedor is affectingby reduction, displacement, impoverishmegithe habitat or species. Given the

nature of climate change in the Ba Sea especially with regards to altered salinity and temperature
gradients, marine refugia in the area vaften be present at the fringef the distribution of the species or
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habitat,(i KS af | &0 adl yR¢ vy Bt tefudiaanddybie grasénk ab [bcStiorfs @Herde G A 2 v & d
local conditions create resilience and preserves a viable, heaiftth strong, presence of the habitat or

speces as a contrast to other nearby areasy. through nutrientich upwelling pristine seaflooor clear

waters. Thus, climateefugiahere denote the last remaining viable habitat patches often, but not always,

on the fringe of the region populated blig specific habitabr species

1.4. Preceding work and recent developments

Underpinning this initiativevas thie ambitiouseffort to develop an analytical framework, tools addtasets

for MSPcalled Symphony (Hammat al.2018, 2019)During the developmentfahis framework it soon

became apparent that the inclusion of chite change effets is necessary for@PTi 2 06 S Y 2-NB & F dzi
LINE . X &develop Symphony and to produce relevant model data over environnpartaheters the
SwedishWater Administration axd Managemen{SWaM) the SwedisiMetrological andHydrological

Institute (SMHI)University of Gothenburgnd theGeologicaBurvey of Swedel(iSGU¥Yollectivelyinitiated

the ClimeMarine projectThe aim of ClimeMarine was produce high resolution modelata for inclusion

in Symphay and to investigate methods faissessing the cumulative impact of climate change and
anthropogenic pressurde a seledbn of marine habitats and species

Previously, climate change in the BalBeahas been addressedyoHELCOM (e.¢tHELCON2013).

However, the assessmesdndthe recommendations put forward bMELCOMave centeredon
environmental risk, stress and mitigation efforts, not on assessing the direct geographicad effect
biodiversity This is due to the fathat the Baltic Sea Action Plan that HELCOM advocates centers primarily
on broadscale environmental assessment, monitoring and actions, not on the detailed investigation and
mapping of habitats and environmental change, which is the @vwehichMSP, lgal environmental
protection and restoration efforts and a local econonsed to focugo be effective.There is thus a need

to address climate change from the perspective of local environmental im@adto designtools for

working with this issueA previous effort was made at SWaM to model future distribution of some key
species (Hammar & Mattea2017). This effort must be evaluated given the new clinsaenariosand
exploredby new modelling methods.

ConsequentlyClimeMarine aided by results fronthe current projecttries to complement thempact
analysis of Symphoryy directly predicting future edogicaldistributionand climate refugia, given
scenarios otlimatechangerather than centering on expert judgement of ecological stress, cummelati
impact and impact severityVithin Pan Baltic Scope, the methods @eddata produced withirthe
ClimeMarineprojecthave been usedvith kind permission from SMHI.

1.5. Purpose

The purpose of the project behind this report is twofolvaluaion of previousattempts at identifying
future climate refugia, antb then make new efforts at identifying such arefas additionalspecies This
will be achievedisingboth updatedclimate projectionandmore advancedmodelling tools.

1.6. Limitations

The models presenteit this report are produced eitharsingsimple GIS analysis fstom ensemble
modeling based on machine learnin§impleGIS analyses yield climate envelopes or areas within which
the species could occwhenall other aspectare neglected.In contrast, modelling based on machine
learningproducesa continuous assessment prfobability of presence, based on many (thousarals)
documentedoccurrence recordandlocalenvironmental factors.

Forboth types ofmodelling only physical characteristi¢salirity, temperature depth, nutrients,
transparencyetc.) areconsidered All physicatlata areeachsubject to varyinglegrees ofpatial
uncertaintyrelated to both thesource data quality (mor& better field data= lower uncertaing) butalso
related to the heterogeneity andlynamism of theenvironment(e.g. inshore areas are gerally more
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complex/dynamicwhich increasesncertainty) SMHIgrojectionsof future climatic conditions in addition
are subject to significanihcrea®sin uncertaintyover time- more so in some variablge.g.salinity) than
others(e.g temperaturé. In addition to uncertainty in the physical data usedmplex ecological
dependenciesuch aghose between macralgae and fishgompetition for spaceor predatorprey
relationshipsare not considered and neitherfisture environmental degradatioas a reslt of human
activity (e.g. coastal development).

The results from thisnitial studyare thereforepredictions whickare well suited to screeningoossible

future ecological cAnges andidentifying targetareas fomanagement actionand policyhowever in nany
situations additional research into the data limitatioasd knowledge gaps will be required depging on

the decision riskin general, however, we consider that the réésicould be taken as indicators of habitat
changes relevant for marine spatial planning, estimation of ecosystem services or planning of protecte
areas, with some certainty relevant on a national scale and with an increased uncertainty on a regional or
local scale.

Data underpinning modellingre ofvarying resolution, from detailethpographicdataon the scale of
meters to climate and oceanogrhjg modelswith resolutionsvaryingfrom 1 to 5 nautical milesThe
resultingmodel resolutioris therefore high with respect taBalticwide climate andenvironmental models
but relativelycoarse(based on 250 metergrid) for assessingpcal habitats and conditions (e.g. for
environmental protection or estimation of @en infrastructure)
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2. Projectinghabitat changes

A compémentary method to thecumulative impact methosl usedn someSP§to assess pressusand
risksfor ecosystem changes is to model future scenariohédnitatsor speciesGiventhe data already
produced in ClimeMarine fdymphonyit is possible tae-usethe theseclimate variablesind datafor
modelling future scenarios

By modelling ecosystem changes, it is possible to delineate areas where climate effects are projected to
have direct impact, both positive and negative, to #msystem components the SPTAs such, the

results from this model, comprising ecosystem component maps under future climate conditions without
considering futuradirecthuman pressures, can be used for several purposes, hamely:

91 Delineations or brackety of future climatic limits tewaluable areas for ecosystem components and
servicesj.e. climate envelopeandecosystem limitst a habitat level.

1 Modelling of valuable areas in respect to currastwell aguture ecosystem components and
services, @. as a basis for a mofeture-LIN2 2 ¥ & 3 WdgrBgatedvby dclisystem service or
ecosystem value e. g. using the MOSAIC framedolgforset al., 2017)

91 Delineation of areas with habitat pateh resilient to climate change, an aspect that should be
consideredn spatial plannindor the future.

9 Identification of especially valuable resilient habitat patches that may form clineftigiain the
future; either locations otthe climatic fringe of habitats, patches central in the future green
infrastructure (through connectivity, germination, movemeatt., see below on connectivjtypr
habitat patches valuable through their future size dmdmas/abundance

Habitatmodels can also be used to create locatgpecific pressure data for use$#TAs modelled

habitat changes take many factors into account (climate data together with other habitat predictors such as
depth, seabed substrates, photoghetic radiation, arrents etc.), the local pressure on habitats due to
climate can be estimated by measuring modelled presence or abundance of habitats, given climatic
variables, at each location. As such, this method is cemghtary to the more genergiressure levels

assigned to species and habitats in M8Pprocess. A future area of development is thus how the habitat
change model can be incorporated into the pressure calculations dbE1e

2.1. Identifying key species

The selection okeyspecies rats on their importance for the ecosystem services and on our ability to
assess climate effects, i.e. the sensitivity of the species to changes in salinity, temperatuaedetar
ability to model distrilutional changesicrossspaceand time

Followingthe list of key specidsy Vuorinenet al. (2015)and the compilatiorof ecosystem servicdsy
Garpe (2008) andhtiainen& Ohman(2014) some species stand out basedtbgir roles in primarily
supporting serviceStS6,(biochemical cycling, primary paction, food web dynamics, biodiversity,
habitat and resiliencesee Garpe 20081¢66), namely:

9 Zostera marindeelgrass)a flowering plantwith its distributional margin in the central Baltic

1 Fucus vesiculosisladderwrack) Fucus radicanand Fucusserratus(toothed wrack) macroalgae
that together covermuchof the hard bottoms of the West coast, Baltic sea and Bothnian sea but
individuallyoccupying different salinity regimes

9 Stuckenigectinate(pondweed) aflowering plantsuited for more brackih water and a possible
successor t@osteramarinawhere salinity is reduced tdue climate change

8 Qimaterefugia in the Baltic Sea



These species are therefore subject to modellfrgy. its role in regulating services (climate, atmosphere,
sediment, eutrophication) and as a key spedtrdood production and biodiversityytilus
eduligtrossulus(blue musseljsalso included

2.2. Selecting timeslotscenarioand data for future habitatdistribution modelling

Available data for relevant parameters covers the historical referefioeticperiod (19611990), the
midpoint of future projections (2050) and the end point (2100). For each parameter, available data gives
estimates for monthly @eragesas well asninimumsand maximumsfor the different scenarios (RCP 4.5,
RCP 8.5), for each modekcording to Saraiva et al. 209&s well asneans, minimums anthaximumsfor

the modelensanble. Even at an aggregation level based on monthly averdbess isa broad range of
optional values to construct models from

1. Monthly and seasonalveragedor models oithe ensemble e.g.average summer temperature

2. Extremecases: e.g.warmest/coolest monthper year seasoror month with least oxygefeven
though these extreme values are based on average values of extreme monthgnsttase
days)

3. Avemage highs and lowgnsemble average of highest/lowest mohthseasoral or yeaty averages

4. Number of months above or below a certairréshold for e.g. temperature, salinity or oxygen

For the purpose of testing this methodology, ensemble averéggsel abovehave been chosen for the
RCP 4.5 and RCP 8.5 scenarios and for the end point (i.e. year 2180mEgarameters such as botto
oxygen.amoderate estimate of plausible peaks and lows in deta been chosen in the form ehsemble
minimums andnaximums within each seas@oase 3 aboviee.g.month with lowest oxygergnsemble
averag).

Habitat modellingis performed for three scenarios; (i) the reference period, using reference data, forming a
baseline or predicted distribution today, (i) RC® &t year 2100 with ensemble mean vales, and (iii) RCP

8.5 at year 2100 with ensemble mean vales. Ensemiiednum and maximumvalues will be tested later

on once thepredictions offuture habitas based on mean valudsmve been produced. Specifically,

minimum andmaximumvalues will be testewvith respect to factorghat likely have strongdverseeffects

on benthic communities, such as low oxygen and low salinity during a single season to investigate possible
magnitudes and extentsaused byextremes ove century-long return times

2.3. Climate data for modellindnabitat changes

Owing to the mesosaline character of the Badtia, salinity gradienteave a strong effect ononation of
benthic communities. Likewise, the mix of cool freshwater runo$jpiringtime, ice formation in the winter,

cold and saline bottom wateyand warm coastal waters in the summertime ma&mperature gradients a
major additionalstructuring factor. Oxygen depletion primarily in the deeper portions of the Baltic and
dissohed nutrients in the photic nearshore zone together wittater trangarencyand the composition

and density of phytoplankton also limit the spread and abundance of most sessile organisms, while some
species benefit from nutrient availability. Sea level rise affiéghd penetration and the extent of the

shallow coastal zone.

These parameters, all volatile arefronglyinfluenced by climate change, interact with the more stable
marineseascape&onsisting of the seabed substrasjeragewave climate and bottom curres to shape
the benthic communities. The paranees are all tested and selected using the modelling techniques
described belowbased on their relevant explanatory power.

2.4. Data preparation andsalidation needed for working with habitat changes

Both physichand chemical data need to be harmonized before appliheg in habitat modelling. A
challenge is to make theparse model¢from a habitat perspectivdyom e.g. RCE&COBI useful anlevel

Climaterefugia in the Baltic Sea 9



relevant toMSP Model data have a resolution of about 2 naatieniles, while much reference data
available through the Copernicus marine data hiothp//marine.copernicus.eu) has a resolution of about
1 nautical mile.

Theharmonization has two aspects; geographical éjradjustments/interpolations and temporal
generalizationA positive aspect is that, as water is in constant flux due to waves and currents, a more
coarsegrained model for water characteristics can beenlas a useful approximation for water
characterstics over time. Likewise, benthic biota seldomly react to momentary changes in the physical or
chemical properties of the surrounding watdihis means that with a wise choice of tempaatl spatial
gereralizations, various climatic indicators, usefnlaoViSPlevel, can be assembled from the more coarse
grained modeldata availableThe following datasetare for this purposecreated

1 Total means, maximums and minimums of ensemble meansefrs#mble extremes or model
extremes) for yearly and seasonatd (cold period, warm period).

1 Data for bottom layer, surface layer and mean of water column and the above values and seasons.

1 These datasets adjusted to the resolution (interpolated, bilinaad extent ofanalysigyrid.

As model data is missing in maoomplex neashore environments (fjords, archipelagoes) data needs to

be projected into these areas from adjacent pixels. The method proposed here is to extrapolate the most
probable adjacenvalue into the empty pixels. Probable values vary with dape typut the following

method can be used as a starting point:

1 Winter temperature, oxygerecchidepthand salinity are formed from the minimum of adjacent
pixels, as the coastal zone is [gdlbycoolrunoff, the oxygen situation is lower in the nutrierith
inner archipelagos anfecchidepthis adversely affected by high turbidity and nutrients in the
inner coastal zone.

1 Summer temperature and nutrients are calculated from the maximdiedgacent pixels, as shallow
coastal areas are quickly heatedsiynshine and the shallow nearshore, protected archipelagoes
and sounds trap nutrients from runoff.

Bottom summer temp. @ RCP 4.5, year 2100 . @ RCP 8.5, year 2100
today ’ * *

Figurel. An example of a parameter from the climatmodelling: Average summer \&ter temperatureat
the seafloor.
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Bottom salinity today ﬁ @ RCP 4.5, year 210:’ @ RCP 8.5, year 2100 |

Figure2. A secondexample of a parameter from the climate modelling: Yearly average salinity at the
seafloor.

2.5.

Preparing and adapting supportinghysicaldata

In addition todata already available the SPTandclimatic data prepared from clinba models, tle
following datasets need to be assembled and adjusted tcathaysigrid for habitat modelling:

T

Water velocity at the seabed, both from currents and wave force. Data source is the Copernicus
marine data hub (http://marine.copernicus.eu/).

Benthic topogephic indexes, outlining crests and depressions etc., calculated from the bathymetry.
Slope and rugosity, also calculated frbathymetiic data,assembled from EMODnet, the Swedish
maritime administration and the Geological survey of Sweden.

Isostatic uplift, affecting future bathymetry, calculated with data from 8wedishNational land
survey (https://www.lantmateriet.se/sv/Karteoch-geografiskinformation/gpsgeodesioch-
swepos/Referenssystem/Landhojning/).

Photosynthetically active ragion (PAR) at the seabed, calculated fr8tchi depth, water
characteristics and bathymet{Cameron & Askew, 2011)

Seabed substrate modelled and harmonized based on data from EM@Bwlegy
(https://www.emodnet-geology.eu)

Wave exposure at the surface, calculated from existing methods and\déjiemark & Isseus,

2010)

The followirg data, affecting habitat structuring, need to be adapted to a changeméid by using
datasets mentioned abovi® model the environment for year 2100

T
)l

Bathymetry needs to be adjusted to a change in sea level (model data) but also to isostatic uplift.
Photosynthetic radiation on the seabed needs to be adjusted by a changeptti ¢bathymetry) as
well asSecchi depth.
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Data on future currents and waves are as of this writing missing and therefore omitted but does most
probably affect shallow benthimmmunities either in the most sheltered or the most exposed locations.
This wil be investigated furthein the futurein the light of available data.

2.6. Methods for modelling habitatausingclimate data

Themechanistiaelationship between benthic communities and physical/chemical parameters are poorly
understoodand arevery complicéed. However, pragmatic approaches to model the distribution of species
and the influence upon them exigtor an overview, see e.g. Kuhn & Johnson (2013) and Franklin & Miller
(2009).Instead of empirical/experimental studies, itag these method possible to model the probable
extent of habitats (climate envelopes, niche models, habitat suitability) by ksiténgstatistical

relationships between physical/chemical variables and species occurrence/abundancearsihative
modelling techniques anchachine learningGusan et al. 2017)

Once such relationships are established, future exteftsabitats can be modelled by applying future
physical/chemical variables to the modelled relationst{gg. Roberts & Hamann 2012, Pearson & Dawson
2003 E$ahani 2008 Elith et al2011). There are numerous techniquéar this based ompresenceonly

data, on presenc@bsence records and on measures of abundance, which in turn gives different results of
continuous probability of occurrence, binary predicteztorrence (absence/presence) or predicted
abundance (percent cover, weight etwith associated measures of statistical significafeg.Reiss et b

2011, Tarkesh & Jetschke 2013aupeet al.2011, Shabani et al2016).

This projecttestsvarious metlods and selestthe most robust one, yielding high measures of confidence
(e.g. TSS or ROC). The analytical frameistihk R programming language and methaestedinclude

GLM (Generalized Linear Models), GBM (Generalized Boosted Models/Boosted Bedness), GAM
(Generalized Additive Models), ANN (Artificial Neural Networks), MARS (Multiple Adaptive Regression
Splines), Maxent (Maximum entropy models) and RF (Random faveesdglling is performed with the
Biomod2 package in the R environment (Guisaal 2017).

Results comprise predicted habitats of selected benthic species as well as a quantification and localization
of changes (loss and gain of habitat) accompanied with measures of model performance. From these
habitatmodels maps of high ecofical values i respect to potential for key speciese created, as well

as maps of predicted habitat change and hahitdtigiashowing future modelled presence weighted by
resilience (habitat patch size, abundance) accordirnpeselectedmethod (Appendices D).

2.7. Preparing species presence/absence data

The modelling method relies on specpesenceandabsenceadata to establish a probability model for
habitat distribution. Presence records arempiledfrom the followingdata sources:

1 SHARKeb, SMHISwedenhttps://sharkweb.smhi.se/

ArtDatabanken, analysportalehttps://www.analysisportal.se/

GBIE-https://www.qgbif.org/

ICESecosystem datahttp://ecosystemdata.ices.dk/inventory/index.aspx

OBIS EurOBIahttps://obis.org// http://www.eu robis.org/

EMODNe8iology http://www.emodnet-biology.eu/toolbox/en/download/occurrence/explore
Unpublisheddatasets from various agesiind agenciesprimarily local adhinistrative boards

=A =4 =4 =4 -8 4

The datasets are overlapping and contain data with different resolution and detail. For that reason, data
was collated and generalized so that presence points were generalized50 m grid. Data was then
subsampledand 4000 recordgvere kept for each species.
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In reality, true absence data is seldom recorded, as surveys most exclusively record presence data. There is
a standard method to create pseudo absence data by rangaistributing points over thevhole study

domainand assigmig absence to those points. This method, however, has several drawbacks. First, it is not
obvious that species are absent from those points. Secondly, randomly distributed absence points are not
guaranteed to capture the distribution of the masgnificah environments, at or near the limits of the
distribution of the species. When trying to model species present in shallowsheae environments,

randomly selecting absence points across the Baltic will not yield a robust measure of thetilistrih

the complex neashore habitats.

As a remedy to the abowmentioned drawbacks to random sampling, absence points are created by
assuming that presence of one benthiabitat-formingspecies implicitly conveys the absence of another.
Otherwise that other speies would also be recordeBor example, iZostera marinas recordedat a
locationwhere no Fucus vesiculosus recorded then we can beuite confidentthat there is noF.

vesiculoss at this location, otherwise that species would also have been dambimplicit absence records

at a distance greater than 250 m from an explicit presence was kept. This implicit sampling is
compkmented by random sampling of absence points over the study area as well as in areas with directly
unsuitable habitatsvith respect to substrateand, forspecies relying on photosynthesis, lack of lighthat
seabed From theseabsence records, 4000 records were randomly selected for each species.
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3. Using the results from the habitat models

There are three ways of using thesults from the habitat modelling undertaken here:

1) Quantifying probable habitat change will directly show areas resilient to projected climate change, and
thus point to areas of conceio MSPandhighconservation valug

2) Theextent ofhabitatchange(presence or cover/abundancis) alsoarobustindicator d the sensitivity
to climatechanges, which means that by quantifying predicted habitat change, data for further refining
the sensitivity matrix per species and per climdependent parameter cahe collectedo be
implemented in MsPtools like SymphonyThis is possible as the habitat modelling methods convey the
explanatory strength of each variable, i.e. to what degree the distribution of a species depends on
salinity, temperature etc.

3) Amap d changes (losgain of habitatcan be usedo form a situational map of local, climateduced,
stress. A loss of probable occurrence would then correspond to an increaseslirewhile a predicted
loss of habitat would lead to pressureof maximum véue at a particular location.

All these three ways of using habitat change could lead to further refinements d8methodology
with respect to the sensitivity matrix, cumulative impactpegstem values and marine spatial planning.

Maps of projected hbitats today and in the futurare presented in appendix B.

3.1. Modelling habitat distributions and change

Biomod2 creates results from individual models and ensemble averages of \gpess The method

OK 2 a EMwneard X1 @ighfd ndean of probabilite with TSS cutoff at 0.7 for individual models.
This method gives ensemble average probabilities of presence in the scal®000 , representing €.00
%.Due to inherent uncertaings in data and the coarse scale of analysis, where each pixel resés2nt
ha, it is meaningless to try to establish a cutoff threshold for a binary presence/absence prediction. For
instance, bathymetry near the coast varies enormously within ackei@dius of 250 metefThis means

that probability of presence, or ecalical suitabilityg likeness of the pixel to a pixel with known preseqce
must be viewed and evaluated on ad hocbasis.However, &periments within the current project show
that from a pragmatic poinof viewa relatively low cutofbf around 200: canbe used to assess predicted
absence in a cellith reasonable confidencd-or further details see section 5.3 below.

Change, then, from baseline to future projections can onlydmguelysketched, bottdue tomodel
uncertainty and geographical coarseness.

Maps of projected habitat change is presented in appendix C.

3.2. Connectivity effects

Connectivity is in this contextr each species measured in terwissources andsinks, on ageographically
explicit basis.

1 Sourcedenotes the proportion of the seeds, lajaspores etc. which are produced by the species
at a givenlocation that by hydrodynamittansportare carried tosuitablelocations where
colonization can occuiThis factothus shows how strong thdocation is as aource of growtHor
the habitat network.

1 Sinkdenotesthe amount ofseeds, larvae, spores etc. from the species that are carried from the
habitat network toa givenlocation for settling and germinatiorThis factor ishus a measure of
the strength or resiliencthe location receives fromhe network.

Maps of habitat strength weighted with source and sink values are presented in agpend
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3.2.1. Constructing the connectivity matrix

Dispersal of the microscopic spores, seeds anddmienming larvae are strongly influenced by ocean
currents althogh larvae may exert some active control by changes in drift depth and the length in time of
the pelagic larval duration (PLD). Dispersgktitories in the seascape were simulated with a Lagrangian
particletracking model (TRACMASS, De Vries & D66s 860&i offline with flow fields from an ocean
circulation model. The stored ocean transport data were produced with the NEbI@ic model Hordoir

et al. 2019) covering the Baltic Sea and the eastern North Sea. The model has a horizontal spatiahresolutio
of 2 NM (3.7 km), and 84 vertical levels2@m thick depending on the depth). The model has a free
surface, and the atmospheric forcirgbased on the ranalysis data set ERA40 (Uppala et al. 2005).
Climatological data from a number of different dateses for the Baltic Sea and the North Sea provided
freshwater runoff. Validation of the NEMRordic model has showed that the model is atdeorrectly
represent the SSH, both tidally induced and wind driven (Hordoir et al. 2019).

Particles simulatingrifting spores or larvae were released from all model grid cells overlapping with the
habitat for each species, although at a coangesolution. From each grid cell 49 particles were released (a
7X7 array) each spawning month. This was repeated for &)@8052002), which cover a wide range of

the North Atlantic Oscillation index (Hurrell & Deser 2009), which is known to correléteivethe

variability in circulation pattern in this geographic area. To simulate organisms with different traitseleva
for dispersal (i.e. spawning season, duration of the pelagic dispersal stage, and dispersal depth), virtual
particles were releasedit different times of the year, were allowed to drift for a predetermined period, and
their vertical position was lockeat predetermined depths. If the actual depth of the ocean basin was less
than the determined depth the trajectories resided as deepassible.

In the present study, simulations of dispersal were carried out for three contrasting combinations of
dispersaltraits and habitat restrictions representirkgucus vesiculouZostera marinand Mytilus
edulis/trossulusThe selected combinatiomnd traits were based on extensive empirical data collected on
plankton surveys in the HELCOM areaMoledulis/trossulugCorell et al. 2012) and published data for
vesiculougsee references in Jonsson et al. 2018) andfanarina(Jahnke et al. 2AB). The dispersal for
the shallowwater F. vesiculouwith propagules drifting for a-Blay period may represent an uppkmit
although this is still not weknown considering the potential for rafting thalli.

Potential connectivity (Watson et al. 20iytween model grid cells, satisfying the habitat restriction was
calculated as the proportion of trajectories startinggirid celli and ending in grid celland then
summarized in a connectivity matrix. For more details see Jonsson et al. (2016) rifiadi zexl

connectivity matrix was then used to calculate the source and sink strengths for each grid cell.

The results fronthe analysis consist of (a) the fraction of the released particles from a location that end up
in the network (source), and (b) theimber of particles ending up in each cell (sink).

3.2.2. Adding connectivity effects

To weigh in source and siekfects tothe resultson predicted habitatsthe values of the SDN& treated as

a proxy for abundance arzklbbasedstrength. A cell with high probability is thus seen as a location with

high suitability and thus with basic prerequisites for resilieddes basic raktive potential resilience is then
adjusted by source and sink effects by multiplying the source and sink strength with the habitat probability.
The process is, in short, the following:

1. Model habitat suitability creatingan SDM Summarize cell probabilds (250 x 250 m) within each
NEMONordiccell (c. 3.5 x 3.5 km).

2. For these selected NEM®ordiccells as sources, calculate source and sink strength for each
selected NEM@ordiccellfrom the connectivity matrix

3. Multiply the habtat suitability with souce /sink in eaclanalysigyrid cell
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4. For each location having at least 20% probability of presesure the valuegrom the previous
stepwithin a search radius of 15 x 15 pixels, to account for local hydrodynamic effects,
uncertanties and difference inasolution between the higher resolutiddDMand lower resolution
sink/source model

Theseprocess stepsesultin two rasterdatasetsper species with a relative measure of suitability and

source / sink strength whiclgiven high values, can be assumeddnvey (a) areas that feed the network

for internal or external colonization, and (b) areas that have high resilience through high suitability and the
reception of seeds, larvae etc.

One can make a couple of general @bstions here. Firsthe calculations are based on multiplying two
sums of completely different dimensions; suitability and sink/source strength. It is therefore not obvious
how to normalize the two data sets, which in turn affects the distribution aépats. Secondly, it can be
noted tha connectivity effects tend to promote secluded, sheltered areas where seeds, gaetet stay
and resettle. Obviously, this tends to strengthen the resilience of the local population but the more
tenuous, buteven mae important, effects in the wider n&tork is downplayed. Locations with high values
as sources and sinks are therefore possibly important as resiéérgia, but the longdistance

dependencies in the network and the resilience of the dendritic netwegetids upon many nodes and
corridors,even morevaluable as they already may be weald transparent in the analysis

Thus, this method tends to identify potentially strong patches, importameaigyia but tends toomit the
weaker nodes in the dendrititetwork neededor longdistance dispesal and colonization. This is very
obvious when it comes thlytilusspp Many locations with resiliertytilus spp now and in the future are
located on elevated ridges in the central Baltic. As these are relatively isolated from the coastal habitats,
which in turn form a more coherent and connected network, the sink/source values of these deeper and
isolatedMytilus spp habitats are low. Yet, one could hypothesize that these more isolated patches are
SEGNBYSte& AYLERNIIY( refugiaofrdded dssemtial foogedetk BispécBillamiy ¢ =
recolonization over larger areas future studies we aim toclude a dynamic network perspective using
methods based on eigenvectors of the connectivity matrix, which may reveal also important stepping
stones within a metapopulationJonsson et al. 2016).

To conclud, the results from this angsisaimto pinpoint climaterefugiaimportant to protect and
promote from a local and quantitative aspebutwith weaker inference omrssential nodes inetwork
conrectivity.

3.3. Assessing habitat change and identifying climaefugia

The main goal is tmentify future hotspots, resilient areas and/or patches on teographicafringe ofthe

existenceof the speciesi.e. climaterefugia To be relevant, an SDM shoudthis context point out

hotspots of particular strength, resilience or abundan&e.it is impossible to validate resuttescribing the

future and as species depend on very complex ecological relationghigpsot obvious what valugbe

chosencriteria (strength, probability etc.) should have to denote a hotspotedugium Furthermore, a

the selected SDM tool does not providéunctionto assess habitat qualitghe only option is to use

probability of presenceconformity with a typical viable@2 f 2 3A OF f aARSIf Y2RSf yAC
habitat quality. Using aad hocapproach, and considering the resolution of 250 me{gsee section below

on confidence and uncertaintieghe results can be evaluated usiagimplistic schemesee table 1.

As a consequence, it is advisable to retain the continuous probability or strength models and judge these

on anad-hocbasis, where importance can be assessed from loedliesults in relation to regional or

supraregional distribution of probabilities (uqueness, local sum, network distribution). Examples of

probabilities are given in appendix B and the relative gain or loss is presented in appendix C. The result

from gppendix B is weighted with connectivity and presented in appendix D. Predicted hahbitat
changeqappendix = 3IABS& AYRAOIFIGAZ2Y&A 2F (GKS GNIXyaAdAzy FNI
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Tablel. Suggested interpredtion key for probability scores, translated to predicted habitat quality.

Probability score Quality class

0-20% Probable absence in the cell

21-40% Probable presence in the cell, but of weak quality

41-60% Presence in the cell, of good quality

61-80% Presence in the cell, rich quality, abundance or cover
81%+ Presence in the cell, asewith core qualities and resilience

What constitutes duture climate refugium is not analyticalgbvious.For some spees, likeMytilus spp.

the modelledeffects from climate changeill rather beareducel habitat quality overall and the spatial
RAAGNRAOGdzOAZ2Y GAff y20 KI@S lye 200A2dza aftl ad adly
will be possible to use expert judgement to identify locations probably important in the future. These coul

be designated refugia and observed 5P and conservation. In appendiceB Ahe investigated habitats

are presented in various ways to facilitate assessing future distribution, strength and importance. It is
unrealistic to analytically single out caith areas as key habitats for the futuRoorly understood

processes, dependencies and model uncertainties nsaich an analysis meaningless.

One concrete way to use é¢tresults, thenwould be toanalyzdocal hotspots vs. the complete model, or a

sum d probabilities/strengths pearea, admirstrative unit or water body, and study the trend in terms of
percentage loss or gain per pixel, area or areal imithe same manner as one can make a sum or average

of probabilities of strengths for different hétats and areas, it would be possibledzda S G KSaS G KSI
to assess or model the strength of ecosystem services based on these hdbltatstats are modelled for

several different time slots in the future, it might even b possible to assess thibeanost radical shiftg

species and hatat distributionwill occur, i.eecological tipping pointsChis, however, is something that

falls outside of the aims of this proje&nd require further scientific scrutiny.

3.3.1. A note onconfidenceand unertainties
Selection of climate and nutrient nodels

Projections have been made fowo different climate gasemissionscenariofRCP 4.5 and RCP.8l5 the
RCP 4.5 scenario, the carbon dioxide emission peaknd 2060 and the radiative forcing are then
stabilised at 4.5 Wm? and has an expectedailal atmospheric warming of 2.6 C(IPCC, 2013, Table
SAM.2). RCP 8.5 is slightly differemtith an almost linear increase of the carbon dioxide emission until
2100 andwith an expected global warming of 2468 C. While theRCR4.5 roughly corresponds tan
ambitious societal effort to tackle climate changfee RCP 8.Eepresensthe more probabldaissez faire
a0SYy Il NA 2 3 dz dzzs doweBaivwhich: piojection is most probables thisdependson societal,
economic and political developments grabnsequentlythe path which society takeslowever the
significant differences inlimate projectionsinderthe different emissions scenaria®rsus the difference
between competing climate modefsakes it clearthat uncertaintyof future ecological impact is
dominatedprimarily by thesedevelopments rather thamodeluncetainties.

Senariosused to modehutrients andoxygenreflect future societal strategies and associatedission

levels. These connse (i) the Baltic Sea Action Plan (BSAP)Reference (REF), afid) Worst case (Worst)
scenarios of which REF was usethis project We obviously do not know how society will handle nutrient
discharge in the future. Ehselected nutrientload &y F NA 23 bw9ChX NBLINBaASyGa
business as usual. If the BSAP scenario is selected, representing a situation where the countries around the
Baltic has successfully implemented the Baltic Sea Action Rignged by HELCOM (2007, 3D1the

model will result in reduced nutrient load and improved water clarity and the projected distribution of

many species will be increased, e.g. with an improved ecology. Wah&-casescenario is used, it will
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result inopposite model results anidnpoverishedhabitats for most important habitatorming species. As

we do not know if the nations around the Baltic will successfully implement the Baltic Sea Action Plan and
we must assume that is indeed probable that ongeg mitigation efforts (andurrent slight

improvements nutrient input to the BalticeeHelcom2015 Gustafsson et al. 2012, Savchuk et al. 2012

will not lead to aworsO | & S
test. Further on, it wouldbe important to model future ecosystems using the different nutrient load
scenarios and compare the results.

a0SYyl NA2Z

idKS

GodzaAySaa Fa dzadz f ¢

Nutrient load as such was not included in the habitat models for two reasons. First, the parameters are
more relevant in the BSAP worst-casescenarios, where they will lead to noticeable predicted habitat
changes. Secondly nutrient load is particuladatile, and any modelling including such predictors needs

to consider the concurrency of species samples and environmental conditions. It vashlpp be possible

to use shorterm trends in environmental status to get in situ data to drive models nirfubroadscale

effects of changes in water quality and nutrient load. From the Copernicus data archive, datasets showing
forecasts and hindcastsdf nutrients (NH4, PO3, Chl, NO3) can be used both to try to find relevant biota
samples correlating with ntient load. But as of this writing and within this pilot project, neither data nor
methods are mature enough to establish species sensitivity amgés in nutrient load and to produce
gualified data to drive modelling of future conditions of habitats giebanges in nutrient load.

Model precision

The pixel size of 250 meters was selected because it harmonized witie (@@st freely available
bathymetry (EMODnet v. 3fb) the Symphony tool and datasets, and (c) was deemed plausible to work
with due to limited access tmilitary classified informationAt this level, each pixel represents an average
of micro-environments of considerably varyingaracter and contents. Thus, on a pthgtpixel level,

results from such modelling cannot be used to assess the precise contents of each pixel. But given the
complexity of the model and the large number of traininghgdes, habitat suitabilitynodelscapture

typical or suitable habitats with a high levelammfidence Many of the underlying modelling ruryseld

results with an accuraayf higher than 904 for both user and producer accuraciechnical performance i

included in the deliverables. An exalas given in the table below.

What this means is that both in scale and content, the relatively coarse model results can only be used as a

screening device, to assess and quantify the suitability of habitats egi@nal level. This is also intuitive
given the coarse climate projections and models for salinity, temperature etc.

Table2. Quality of ensemble model foZostera marina Average of model meangeightedby TSS.

Method Testing.data Cutoff Sensitivity Specificity

KAPPA 0.835
TSS 0.858
ROC 0.982

Environmental variables

356.0
699.0
696.5

97.486
89.868
89.944

83.585
95.921
97.08

Theprimary results of the modelling process are models of the dependenkealutat on the

environmental variable€specially in theomplexcoastal zonethe low resolution(1 or 2 nm)of predictors

such as temperature and salinit§fect the resllts, as data is resample@ 250 metersGiven concentrated
efforts to model environmental conditions in higher det#ile habitatmodels ould be applied not only to
future climate scenarios but also to predictarshigher resolution, thus enablingdal habitat models.

Thus, after the screening process, it would be feasible to select sub regions for more detailed studies, but
that would requireimprovements in hydrodynamic models, modefswutrient flows and salinity gradients

etc.

18

Qimaterefugia in the Baltic Sea

\



4. Results from modelling

4.1. General observations

As has been provepreviouslyin several other instancegg.g. Knieuschet al.2019,Vuorinenet al. 2015)
saltdependent species will retreat quite dramatically to the southwest in the Baltic, givenciimate
projections are validThus,Zostera marinaand Fucus serratusnight becomealmost completely extinct
from the BalticSea, Fucus vesiculosuagill retreat from the ArchipelagoSeaandin the BothnianSea to the
Baltic proper, andrucus radican$o advance and tsome extent replac€ucus vesiculosusong the
Bothnian coast and central Bal#cchipelagoSea

However,F. radicangdoes not form habitats of the fimess a$- vesiculosuand Suckenia pectinatawill

not be able to replac@ostera marinaon sandy bottomsaccording to the model§ hus, reduced quality of
ecosystem services is to be expected. If anythgpectinatashows a little decrease overall probability
due to a combination of temperature, salinity and water quality.

LikewiseMytilusspp.retreats in the nothern and central Baltic. Increased temperatures could have a
minor positive effect orMytilus spp.in the southern Baltic but due tde fact that this area is sandy, silty
and muddy, with less suitable substrates fdytilus spp, the net gain in mussel bedshere predicted to
be small and primarily confined to Danish waters.

Maps over mdelled habitats today and at the year 2100 @PRIC5 and RCP 8.5 can be found in appendix
B.

4.2. Climaterefugia

Givenmodelspredicting the probaility of occurrence on a continuous scale (4} unclear where to
suggest future climateefugiaor limits of presence. Below are some general conclusicexenper species
and detaied maps over key areas are presented. Maps over predicted habitat loss and predicted habitat
strength with suitabity weighted with connectivity source/sink, on a Bafiia-scale, are present in the
appendices.

4.2.1. Fucus vesiculosus
This habitat is projected to disappear from the Bothnea at scenario RCP 4.5 and to further weaken and

disappear from much of the certrArchipelagoSeaandd S 6 SSy )t I YR | Yy Rref§gi@SRSyY ®
will possibly be found as shown in figuidéelow.
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Figure3. Detail over predicted habitat suitabilityat the fringes of the distributionof Fucus vesiculosys
RCP 4.5 and RCB&tyear 2100. Yellowed pixels, denoting 50% or greater probability, indicate areas
possbly functioning asrefugia. A subjective selection gfrobableareas ofimportanceencircled.Larger
maps are present in appendix B.

Fucus serratus, prob. @

RCP 4.5, year 2100 RCP 8.5, year 2100

Figured4. Detail over predicted habitat suitabili at the fringes of the distributionof Fucus seratus, RCP
4.5 and RCP.B at year 2100. Yellowed pixels, denoting 50% or greater probability, indicate areas
possibly functionirg asrefugia. Easternmost modelled distribution indicated with a bladké. Larger
maps are present in appendix B.

4.2.2. Zogera marina

The eelgrass will most probably disappear entirely north of Oland (below, left). Strong habitats and possible
refugiacan be predicted to Kalmar sound and southern/eastern Gotland. At RCP 8.5, only weak and
fragmented habitats seem to be left Kalmar soundSee figure 6 below.
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Mytilus edulis, prob.
RCP 4.5, year 2100
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Figure5. Detail over predicted habitasuitability at the fringes of the distribution foMytilus
edulis/trossulus.The area seems to provide a functioning netwoid, RCP 8.5 severely wkaned.
Possible climateefugiaencircled in the RCP 8.5 scenari@rger maps are present in appendix B.

Figure6. Detail over predicted habitat suitability at the fringes of the distribution faostera marina The
specieswill probably beseverly weakened north of Olandnd at RCP 8.5y almost completely gone
north of Kalmar (indcated with a black line)Larger maps are present in appendix B.

4.2.3. Stuckenia pectinata

There has been a discussion ditifckenia pectinatavould beable tocolonizeand take over areas

previously occupied by other habitat formingacrophytes e.g.Zostera marina The logic is that this

species is tolerant to freshwater. However, according to the current model this species will gain little If any
ground and generally rather be slightly weakened, possibly depending on degraded water Gaatity/

depth. At the same time, this species prefers softer bottoms and more sheltered @pgmred toZostera
marinaand Fucus sppso thereare not manynew area to gain for this species
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5. Evaluating previous efforts at assessing clintafagia

To supplement the kegpecies analyzed in this projdefoove) a compkmentarytask was to evaluate
previous effortsof assessing ichate refugia(Hammar & Mattson 2017)t was decided that both the new
climate models that have become available through the ClimeMarine project (Sarbala?018, 2018,
2019b,cf. Meieret al.2019) as well as the new modelling technique adopted in the current régaisan
et al. 20T7) warranted this evaluation. This previous effort includetlgiafor:

EelgrassZpstera marina

Blue musseld\ytilusedulis/trossuluy
BladderwracKFucusvesiculosus)
Herring Jupea harengus membras
a { 1 2iddria emdomon

Ringed sealPhoca hisjda)

ook whE

Numbers 3 in this listare modelled by the method presented in thevious chaptersForNo4¢7, the
GlSbased method in the previous effort was reproduced with the new climate modelshen@sultsare
presented below. To complement models fosestial fish habitats within Pan Baltic Scope, nursery areas
for European flounder waalsoanalyzed using simple environmental windows.

5.1.1. Herring

Using modelled probability of soft bottoms50%, salinity £ 3.5 psu), oxygen (> 2.1 ml/l) and lighttes
seabed $=0.1%), the GF®ased model of Hammar & Mattson (2017) wastegated. As with the previous
model, herring reproduction seestio disappear from the BothniaBay and largely the west coast of the
Bothnian Sea but new data on primarily bottom salfy resulted in a model that does not rule out
reproduction of herring on the east coast the BothnBa, in contrast to the previous model. Likewise,
better data on the photic zone broadens modelledaséo include deeper areas in the archipelagoey. An
specific climateefugiacannot be identified.

A map of current modelled nursery areas together with projected distribution for RCP 4.5 and 8.5 is present
in appendix A.

5.1.2. Cod

The method employed was sligydifferent to thepreceding attemp{Hammar &Mattson 2017) This

time, suitablewater volumedor larvae were calculated in 3D by computing the environmental window for
each geographical area (pixel). This was done by selecting cells from thed&Dfor salinity and
temperature that meet requiremets (salinity > 14.psu oxygen > 2.1 ml/l) and calculating the total depth
of these cells, in meters. The result shows, in metersgthiekness of the water column suitable for larva
survival.

The results agree with previous results. At RCP 4.5 aosiyall area in the Arkona basin near Kriegers flak
seems like a suitable nursery areahe Baltic proper. Suitable areas are otherwise confite®resund

and around Lolland and further to the west/north. The new model is a little more discriminatimgh w
means that the small patch of suitable water in practice cannot be viewed as a cfiefag@m. It is simply
too small. Thus, even at RCB,so cod will reproduce in the Baltic.

At RCP 8.5 the situation is ewsnrse,and the small patch is gonemopletely. Potential climateefugiaare
obviously the easternmostartsof Oresund and south of @msund/Falster.

A map of current modetd suitability index based on water column thickness together with projected
suitability for RCP 4.5 and 8.5 is presenappendix A.
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The model agrees broadly with the previous model. Using the envelope bottom oxygen > 2.1, hard bottom
< 50% and man summer bottom temperature < 16, thedskoné Sadluria entomojdisappears from the
shallow areas of primarily theastern and southern Baltic but nfsbom the watersof Finlandto the extent

that was previously suggested. No specific clinmafagiacan be identified.

A map of current modelled probable distributiond@skoné together with projected distribution foRCP 4.5
and 8.5 is present in appendix A.

5.1.4. Ringed seal

Suitablebreedinghabitats for the ringed seal were calculated from a yearly ice cover ofrbdfevhich

were subtractedareas cleared of ice or otherwise severely disturbed by shipping traffic durintemtime

(using data fronBymphony, winter shipping noise @125 Hz > 105db). As from the previous attempt, a

severe reduction in suitable habitats can be identified. The results show that for RCP 4.5, suitable habitats
form primarily along the west coasf the BothniarBay, southvards to Kage, with absence in and near

shipping lanes and harbors. At RCP 8.5, only the innermost archipelagoes near Rane, Haparanda and east of
Kemicarrysuitable habitats. These are obvious choices for climsfiggia

A map d current modelled suitable ice sheets toreedingtogether with predicted ice extent aRCP 4.5
and 8.5 is present in appendix Agraph showing the reduction in suitable habitats is presented in figure 7
below.

Suitable ice habitats for ringed seal
45000
40000
35000
30000
25000
20000
15000
10000
5000

today RCP 4.5 RCP 8.5

Figure?. Suitable habitats for ringed sedlsquare kilometres)based on ice cover and absence of
shipping, for today, at RCP 4.5 and RCP 8.5 shows a drastic reduction of suitable habitateddiny.
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5.1.5. Flounder

To give current models of essential flshibitats someperspective, future gitable nurseries for flounder
(Platichthys flesuand P. solemdajiwas modellecpurely based on salinity and bathymetiyith a
threshold of 6 psu and for parts of the sea where depth is less than 30 mitterspecies will retreatn
the southwest for RCP 4.5 amden further forRCP 8.5The area is not negligiblbased on the whole
Baltic area including Denmark and the Swedish west ¢G¥SPAR/HELCOM argb$eems that roughly
25% of the area is lostt RCP 4.5 anfdom the remaining area further 15% at RCP 8rgsulting in a loss
of c. 40%of suitable habitatst the laissezfaire scenario(seefigure 8 below) For the Baltic alone, the
projected loss is even mogramatic with less than a third of the nurseries presetve

A map of current modelledossible nursery areas for Floundegether with projected distribution for RCP
4.5 and 8.9s present in appendix AA graph showing the reduction in suitable nurseifepresented in
figure 8 below.

Suitable nurseries for flounder
120000
100000
80000
60000
40000

20000

today RCP 4.5 RCP 8.5

Figure8. A simple model of suitable habitaté&square kilometres¥or flounder nurseries show a decline of
about 40% at RCP 8.5, 25% at RCP 4.5 for the combined area of the Baltic and westeliaHanish
waters. For the Baltic alone, the situation imodelled to become much worse.
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6. Project esults and conclusions

6.1. Results and recommendations

The results show that with some certainty the BaBisa will function quite differently in the future, when
taking climate change argbcietal developmeninto account as encapsulated by the RCP 4.5 and RCP 8.5
climate model scenarioSéaraiva etl. 2019b) The area will most probably undergo drastic ecological
regime shifts, which in turn will reshape the ecological basis for nottbalgcologicafood-webs but, as a
consequencealso withimplications foreconomig cultural andrecreational ecosystem services.

In absolute terms, the area will likely experience drastic reduction in food produtigdmelieson brackish
water, e.g. codand perhaps some ingase in functions/services/goods relying on fresh water. In any, wa
this implies profound changes for not only professildfishery but also leisure fishinggcreation and
tourism. One example is the los$ water filtration serviceffered byblue musels thatcan affect water
guality andwith cascading effectsausingoss ofe.g.fish and seabirds (through loss of maalgae, loss of
fish and musse)swhichwill reduce theexperiencedenvironmental qualiy. Other examples are the loss of
macrophytedike Fucusspp. AndZostera marinavhich act as foundation species afwtm habitats for

many associated species, including juvenile fish.

To be able to plaactionsfor environmental protection and to some extettt mitigate adverse effects of
climate tange, it would mosbe effective to analyze likely future hotspots for biodiversity and ecosystem
services and to protect, restore and develop these, using loeakures and careful marine spatial
planning.A starting point for such planning and mitigatiefforts would be to produce detailed predictions
of future distribution andstrength(modelled abundance and connectivity strengtiiall major species and
habitats that are important for the ecosystem services identifiedublishedreports (e.g.Bryhn et al.

2015 Ivarssoret al.2017) and highly valued according to various valuation schemds asdOSAIC
(Hogfors et alin prep.

6.2. Deliverables

The project har produced raster datas@s250-meter resolution, covering the whole HELCOM/OSPAR
area. Bchnical format is GeoTIFEPSG 303%)nd the datasets comprise the data for the maps in
appendices AD.

6.3. Possible future improvements

To improve the model of future climatefugia improvements could be dorfer the predictors, the
modellingmethod, andthe collection ofspeciesoccurrencedata. It is also possible to sketch future ways to
use models like these and whthose new areas of application would require.

Predictorsand scale
As for the model predictors the following areas of improvement arenuke feasible:

1 Improved substrate model, usiralarger number of substrate sampligem nationsother than
Sweden from which data is readilgvailable

1 Improved salinity model with greater accuracy in the complex archipelagoes / coastal zone

1 Improved malel of the photic zone using temporally and spatially higgolution data orBecchi
depth from Copernicus

91 A careful selection of predictors describing nutrients and/or trends in nutrient load, based on an
evaluation of applicabilityas training data (atervations) and impact from nutrients niuse
correlated in time to beneaningful in the modelling process.
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An urgent area of development is nutrient load water quality. As these determinants are volatile, any
modelling needs to consider the concurrencyspécies samples and environmental conditions. It would
perhaps be pogble to use shorterm trends in environmental status to get model results for future broad
scale effects of changes in water quality and nutrient load. From the Copernicus data adelagets
showing forecasts and hindcasts of nutrients (NH4, PO3NCI®) can be used both to try to find relevant
biota samples correlating with nutrient load, and to calculate local trends that may correlate with local
presence or absence of speciexéhabitats.

Concerning the selection of predictors, a study of dependencies between predictofsollinearity)and a
careful removal of some predictors that introduce owstimation or overfitting could give better model
Thisis a general challengeghen modelling marine environments as a few variables, mairpytdend wave
exposure heavilyaffect all othersA simple approach to identify collinearity among explanatory variables is
the use of variance inflation factors (VIF).

Lastly, the scale afeographic units (pixels) greatly affects the results of the modelisrusability. As each

cell receives some sort of mean or median value of features inherent to the pixel, it is not obvious that this
average value is representative of actual featuaiethe location. For instance, bathymetry values within a
rocky and teep cell of large size, in this case 250 m, can vary considerably, sometimes over 50 meters,
while the mean value of such a cell might suggest a relatively shallow area suitable lfmw strater

habitats. To mitigate this possible source of error, itriperative to introduce predictors that captures

each cel® characteristis In this example, a slope or rugosity layer would help the modelling algorithm to
discern the pixel from reahallow habitatsin this context, iisimportant to stress the fact thad large
proportion of the shallowcoastalzone has not been bathymetrically mapped with an adequeselution

or quality, a fact which calls for action.

Model

As for the modellig method, it would be effective to contieuwrunning the model and tung parameters,
trying different selection of modelling algorithms and parameters within the ensemble.

For species showing dependencies between each other or competition among eachootbirerwise

occupy different ecologicaliches, relevant species models (dependent, competitive or excluding) could be
tried as predictorsusing what is known aDSM, joint species distribution modédsgy. Ovaskainer&
Abrego2020)

Species samples

Asthe procedure to assemble presence and absence dab@sed on subsampling occurrence records and
creating absence records from stratified random sampling and through conjecture, the actual selected
samples need to be investigaténl see if they areepresentative of actual presence/absence through
relevant environmental gradients

Usage

A plausible future development is to use the models to calculate total and regional capacity for different
ecosystem services; production of biomasstseryareasfor fish, filtration capacity bmussels etc. Such
applications require the modebtshift from probability of presence, with or without connectivity factors, to
a model of areal cover, density or biomass per area unit.

It would also beusefulif the absolite predicted capacity could be compared to the total, regional and local
requirements from coastal fish recruitment, filtration of nutrients efthis, however, would requirgoth
predicted abundance/biomass as wellqsantifiable ecological modgl

From presence to abundance

26 Qimate refugia in the Baltic Sea



As a last but very important point of development, future efforts should try to assess abundance (% cover,
weight, species size) to better present a measure of ecological producBvitipability of presence &n
often usefulbut not perfect proxy forspeciesbiomasgPearce & Boyce 2006utiérrezet al.2013) For

instance, concering salintyependent macro algain the Baltictheir abundance (often measuread as %
cover)varies with salinity much more profoundly than theobaibility of presence

However, data on cover, weight or other measure of abundance is scarce compared to presndata.
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Appendix A: GHsased modelled current and future
habitatsfor select species and habitat

Figure 9. Modelled suitable nursery areas for cbdsed on salinity and oxygen, shows that the eastern
stock of cod will most probably not breed even at RCP 4.5 in year 2100, as the area (grufisuédble
habitat is verysmall and the factual conditions will vary, with probable periods of anoxia and insufficient

T2 1 01RO P PP PPPP 32
Figure 10. Modelled suitable nursery areas for dodsed orsalinity and oxygen, shows that the eastern
stock of cod will most probably not breed at all in the Baltic at RCP 8.5 in year.2100...................... 33

Figure 11 A model of suitablenursery areas for coavith suficient salinity and oxygen today shows that
the eastern stock of cod should be able to breed igdgportions of the southwestern Baltic, even though
only the area northeast of Bornholm has a deeper/taller water column, often reachig@%%neters.
Camparing this model with the previous two, for RCP 4.5 and RCP 8.5 spectively, shows decisive

(o<1 Lot PRSPPI 34
Figure 12Modelled suitable nurseries for flounderpurely based on salinity and bathetry, shows how
the species will retreat to the southwest for RCP 4.5 and RCR.8.5........cccvvvvvvvieiviiiiiiiiiiieeeeeeee, 35

Figure 13Modelled suitable habitats for the reproduction of herringoased on seabed substrate, salinity,
photic zone and oxygen levels show that the species will probably disappear from the Bothnian bay and
easternmost pasrt of the Gulf of Finland at RCP 4.5. At RCRe&pdcies will disappear from Kvarken and
long the western paart of the Bothnian bayeTspecies will also avoid the deeper portions of the current
habitats, most notably in the southern BaltiC...............uuuiiiiiiiiiiiiiiiiciceeeee e, 36

Figure 14TheModelled habitat of the ringed seal basedn sea ice and noise andsturbancefrom

maritime traffic shows that today, suitable ice sheets are often availablendowvarken whereas at RCP

4.5 The area retreats to the north and northwest with focus on the archipelagoes of Norrbotten. At RCP 8.5
there are only a handful agfreas near the coast where ice forms to a required degree...................... 37

Figure 15Skorv.Based on summer temperature at the seabed, seabed substrates and bottom oxygen, the
skorv is predicted to disappefiom mainly the southweterns and eastern coasts of the Baltic, and the
AICRIPEIAGO SBAS...... ottt e e e e e e e e e e e e e e e aaen 38
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Cod, Gadus morhus, suitable water column thickness for larvae

Month of may @ RCP 4.5, year 2100 R u
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Figure9. Modelled suitable nursery areas for cod based on salinity angygen shows that the eastm
stock of cod will most probably not breed even at RCP 4.5 in year 2100, as the area (encircled) of suitable
habitat is very small and the factual conditions ivivary, with probable periods of anoxia and insufficient

sainity.
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Cod, Gadus morhus, suitable water column thickness for larvae
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meters R

. High : 71
Low:3

0 50 100 150 200
e Km

Figurel0. Modelled suitable nursery areas for cod based on salinity and oxygen, shows that the eastern
stock of cod will most probably not breed at alt the Baltic atRCP 8.5 in year 2100
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Cod, Gadus morhus, suitable water column thickness for larvae
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Figurell A model of suitablehabitats for codwith sufficient salinity and oxygen today shows that the
eastern stock of cod should be able to breed in large portions of soeithwestern Baltic, even though
only the area northeast of Bornholm has a deeper/taller water column, often reshl15¢ 25 meters.
Comparing this model with the previous two, for RCP 4.5 and RCP 8.5 spectively, shows decisive
differences.
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Flounder, Platichthys solemdali / Platichthys flesus

- Probable nurseries today and @ RCP 8.5, year 2100
B Probable nurseries today and @ RCP 4.5, year 21008 e :
:I Probable nurseries today only

- Probable absence
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e Km

Figurel2 Modelled suitable nurseries for flounder, purely based on saliniggd bathymetry, showdow

the species will retreat to the southwest for RCP 4.5 and RCP 8.5.

Climaterefugia in the Baltic Sea

35



Herring, Clupea harengus membras, reproduction

I Frobable presence today and @ RCP 8.5, year 2100
- Probable presence today and @ RCP 4.5, year 2100:
:] Probable presence today only

- Probable absence
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Figurel3. Modelled auitable habitats for the reproduction of herring, based on seabadbstrate, salinity,
photic zone andxygen levelshow that the sgcies will probably disappear from the BothnigBay and
easternmost pasrt of the Gulf of Finland at RCP 4.5. At RCkh8.5pecies will disappear from Kvarken
and long the western paart of the BothniaBay. The species will also avoid the deeper portiarfsthe
current habitats, most notably in the southern Baltic.

36 Qimaterefugia in the Baltic Sea



Ringed seal (Phoca hispida)

- Probable presence @ RCP 8.5, year 2100
- Probable presence @ RCP 4.5, year 2100
l:l Probable presence today

- Absence

e O Km

g . o

Figurel4. Themodelled habitat of the ringed seal based on sea iaad noise and disturbancé&om

maritime traffic shows thattoday, suitable ice sheets are ofteavailable down to Kvarken whereas at
RCP 4.5 The area retreats to the north and northwest with focus on thehgoelagoes of Norrbotten. At

RCP 8.5 there are only a handful of areas near the coast where ice forms to a required degree.
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"Skorv", Saduria entomon

- Probable presence today and @ RCP 8.5, year 2100
- Probable presence today and @ RCP 4.5, year 2100}
- Probable presence today only

- Probable absence
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Figurel5. Skorv.Based on summer temperature at the seabed, seabed substrateskaitbm oxygen
the skorvis predicted to disappear from mainly the southwesterns and eastern coasts of the Baltic, and

the archipelago seas.
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Appendix B: Ensembiaodelling of current and future key
foundation species

Figure 16. Modelled habitat suitability for fucus radicans, toddyote the concentration on the west coast

OF thE BONNIAN SBA......uuiiiiiiiiiiiiiiie ettt ettt ettt e e e et e et eeeaeeeeaaaaaaeaaaaeens 40
Figure 17. Modelled habitat suitability for fucus radicans, given the climate scenario RCByithe year
2100. Note the concentration in the central archiepelago S€a............cccceeeeiiie e, 41
Figure 18. Modelled habitat suitability for fucus radicans, given the climate scenario RCB\Bthe year
2100. Note the concentration in finnish and southanghiepelago seas..............cccococciiiniiiiiivnnee, 42
Figure 19. Modelled habitat suitability for fucus vesiculosus, tod&ote the concentration in the Baltic
o] oL =T o I 0 TN 1= (o = TSP 43

Figure 20. Modelled habitat suitability forucus vesiculosus, given the climate scenario RCPbY.5he
year 2100. Note the concentration along the western coast of the Baltic proper and in western Estihia.

Figure 21. Modelled habitasuitability for fucus vesiculosus, given the climate scenario RCPI8:%he

year 2100. Note the concentration along the south/western coast of the Baltic proper.................... 45
Figure 22. Modelled habitasuitability for fucus serratus, todayNote the concentration in the central
Baltic proper and further to the SOUtNWESL..............ooooi e 46

Figure 23. Modelled habitat suitability for fucus serratus, given tHermate scenario RCP 4.6y the year
2100. Note theconcentration along the southern coast of Skane, Kattegatt and further to the west.47

Figure 24. Modelled habitat suitability fofucus serratis, given the climate scenario RCP &y the year

2100. Note the concentration in Kattegatt and further to the WesSL............ccccvvviviiiiieeiiciiieneeeeeeeee 48
Figure 25. Modelled habitat suitability for mytilus edulis/trossulus togaNote the concentration in the
CENTIAl BAITIC PrOPEE......o et e et e e e e e e r e e e e e s s b e e e e e e e e e nnnnrreeaeeas 49
Figure 26. Modelled habitat suitability for mytilus edulis/trossulus, given the climate scenario RCH.5
the year 2100. Note reducth at northern and east® liMitS..........cccccvveiiiiiiiiiiie e, 50
Figure 27. Modelled habitat suitability for mytilus edulis/trossulus, today, given the climate scenario RCP
8.5, by the year 2100. Note severe reduction aftrthern and eastern limits.......................cceeeiieinns 51
Figure 28 Modelled habitat suitability for zostera marina, t0day.............ooeuvrriiieeiiiniiiiieee e 52
Figure 29Modelled habitat suitability for zostera marina, given ta climate scenario RCP 4By the year
2100. Note reduction in the central and Baltic and Gulf of Finland.....................ccccooo i 53

Figure 30Modelled habitat suitability for zostea marina, given the climate scenario RCP,&% the year
2100. Note complete loss in the central and Baltic and Gulf of Finland and severe reduction in the rest of
ENE BAITIC. ... eieiiee et e e e e e e e et e e e e e e et a e e e e e e e e anan e e e e aeeeannnnreees 54
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Fucus radicans, probability today
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Figurel6. Modelled habitat suitability for Fucus radicanstoday. Note the concentration on the west
coast of the Bthnian sea.
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Fucus radicans, prob. @ RCP 4.5,
year 2100
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Figurel?. Modelled habitat suitability forFucus radicansgiven the climate scenario RCP 4.5, by tfear

2100 Note the concentration in the central archiepelago sea.
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Fucus radicans, prob. @ RCP 8.5,
year 2100
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Figurel8. Modelled habitat suitability forFucus radicansgiven the climate scenario RCP 8.5, by tfear

2100 Note the concentration in finnish and southern archiepglo seas.
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Fucus vesiculosus, probability today
%0

B o-250
[ 251-500
[ ]s01-650
[ ]es1-800
7] 801 -900
B o1 - 956

Figurel9. Modelled habitat suitability forRucus vesialosus today. Note the concentration in ta Baltic

proper and in Estonia
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Fucus vesiculosus, prob.
@ RCP 4.5, year 2100
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Figure20. Modelled habitat suitability forRucus vesiculsus given the climatescenarioRCP 4.5, by the
year 2100. Note the concentratioalong the western coast of the Baltic proper and in western Estonia
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Fucus vesiculosus, prob.
@ RCP 8.5, year 2100
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Figure21. Modelled habitat suitability forFucus vesiculosygiven the clinate scenarioRCR8.5, by the
year 2100. Note the concentration along ttemuth/western coast of the Baltic prope
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Fucus serratus, probability today
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Figure22. Modelled habitat suitability forRucus serratustoday. Note the concentration in theentral
Baltic proper andfurther to the southwest
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Fucus serratus, prob. @ RCP 4.5,
year 2100
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Figure23. Modelled habitat suitability forFucus serratusgiven the climate eenario RCP 4.5, by the year
2100. Note the concentration along theouthern coast of Skne, Katteyatt and futther to the west
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Fucus serratus, prob. @ RCP 8.5,
year 2100
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Figure24. Modelled habitat suitability forFucus serratusgiven the climate eenario RCB.5, bythe year

2100. Note the concentratioin Kattegatt and further to the west
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Mytilus edulis, probability
today
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Figure25. Modelled habitat suitability forMytilus edulis/trossulugoday. Note the concentration in the
central Baltic proper.
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Mytilus edulis, prob. @
RCP 4.5, year 2100
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Figure26. Modelled habitat suitability forMytilus edulis/trossulusgiven the climate senario RCP 5, by
the year 2100Note reduction at northern and eastern limits.
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Mytilus edulis, prob. @
RCP 8.5, year 2100
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Figure27. Modelled habitat suitability forMytilus edulis/trossulustoday, given the climate@nario RCP
8.5, by the year 2100Note severe reduction at naghern and eastern limits.
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Zostera marina
Probability today
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Figure28. Modelled habitat suitability forZostera maring today.
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Zostera marina %
Prob. @ RCP 4.5, year 21003
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Figure29. Modelled habitat suitability forZostera maring given the climate senario RCP 4.5, by thesgr

2100 Note reduction in the central and Baltic and Gulf of Finland.
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Figure30. Modelled habitat suitability forZostera maring given the climate senario RCP.8B, by the year
2100 Note complete loss in the central and Bialand Gulf of Finland and severe reduction in the rest of
the Baltic.
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