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Abstract

In the current scenario of climate change charaetgrby a generalized warming, many species
are facing local extinctions in areas with condisaear their thermal tolerance threshold. At pregbe
southern limit of the geographical distribution séveral habitat-forming algae of cold-temperate
affinities is located in the Northwest Iberian Remila, and the Rias Baixas may be acting as
contemporary refugia at the range edge. Thereifbig necessary to analyze future changes induged b
ocean warming in this area that may induce chamgescroalgae populations. The Delft3D-Flow model
forced with climatic data was used to calculatg-Aligust sea surface temperature (SST) for theeptes
(1999-2018) and for the far future (2080-2099). Mekily SST was used to develop and calibrate a
mechanistic geographical distribution model basedh® thermal survival threshold of two intertidal
habitat-forming macroalgae, namaHlimanthalia elongata(L.) S.F.Gray andBifurcaria bifurcata R.
Ross Results show thdtl. elongatawill become extinct in the Rias Baixas by the efdhe century,

while B. bifurcatawill persist and may occupy potential free spately the decline iil. elongata

Keywords: climate change; macroalgae; intertidgaoisms; mechanistic species distribution

model; Delft3D;CORDEX; CMPI5; RCP8.5
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1. Introduction

Ecological systems have to face the modificatioremvironmental conditions
that global climate change is causing worldwidegi€kt al., 2011; McMenamin et al.,
2008; Parmesan et al., 1999; Poloczanska et dl3,2016). In terrestrial and marine
environments, species have to deal with a gene@akase in warming conditions,
which is not spatially homogeneous (Cane et ab,/19 Often, warming results in local
extinctions at the low latitude range limits of theecies distributions (Russell et al.,
2013; Wiens, 2016). Range contraction and locahetion or decrease are especially
worrying when affecting habitat-forming speciesttpeovide structure, shelter and food
to many accompanying species, behaving like ecesysingineerssensulones et al.,
1994). The pattern of climate change and, in paldrc warming, may be heterogeneous
across the latitudinal gradient of a species tistion (Helmuth et al., 2006) and there
may be colder favorable spots at the range mardihese cold spots may act as
contemporary climatic refugia (Ashcroft, 2010; Keppet al., 2012), favoring the

persistence of edge populations.

Bakun (1990) hypothesized that global warming costdengthen coastal
upwelling intensity due to the increase in landascethermal contrast. The
strengthening of upwelling-favorable winds wouldsu in cooling of the ocean
surface. This hypothesis has been tested for diffeupwelling systems, finding
different trends and concluding that each systespaeds to global warming differently
(Sydeman et al., 2014; Varela et al., 2015; Wanglet2015). On the other hand,
coastal upwelling regions show lower warming rdtes the adjacent ocean (Santos et
al., 2012a, b; Bakun et al., 2015; Varela et &1& Seabra et al., 2019). In the same

way, the areas affected by river plumes usuallywshawer warming rates than the
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adjacent ocean water (Costoya et al., 2017, 200®&reby, coastal upwelling regions,

estuaries and adjacent coastal areas may repadseatic refugia for many species.

Coastal rocky systems are among the most productarine areas (Smale and
Wernberg, 2013). In temperate latitudes, these renwients are dominated by
macroalgae which are declining at a global scalen{gai et al., 2018). Kelp forests
and the large intertidal macroalgae meadows armatbned in many regions of the
planet by climate change, other anthropogenic stresand local factors (Strain et al.,
2014; IPCC, 2015; Krumhansl et al., 2016; Wernbetrgl., 2016). The geographical
distribution of these species has traditionally oeelated to water temperature, in
addition to other physical factors of regional dmchl variation, such as marine salinity
(reviewed in Lining, 1990). The southern, loweitlalinal limit of the geographic
distribution of several kelps and large intertidabweeds is located in the Northwest
Iberian Peninsula (NWIP). A marked contraction lzé species ranges in this area has
been detected in recent years (reviewed in CasadezAa et al., 2019). This is the case
of H. elongata which has disappeared from a coastal strip ofapmately 130 km
since the start of this century in the North IberRReninsula (NIP) (Duarte et al., 2013),
feasibly due to its restricted thermal toleranceaffihez et al., 2015). Currently, its
distribution is limited to the NWIP corner, includj the presence inside the large
embayments of the Galician rias and in areas muglgraxposed to waves (Martinez et
al., 2012). This species exemplifies the declingpoase observed in other habitat-
forming macroalgae of cold-temperate affinities. &@wtrast, the degree of resilience to
warming of other macroalgae with greater toleratmethermal stress, such &
bifurcata, is still unknown. Currently, the southern limif 8. bifurcatais located
around upwelling south Morocco regions (Neiva et2015). It helps to explain thz

bifurcata shifted southwards in Portugal observed by Limale2007). Martinez et al.
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(2012) projected an increase of its presence inINgia using SST anomalies for the
near future (2040). Recent studies indicate thegdlspecies of warm-temperate affinity
are declining in NIP (Méndez-Sandin and Fernandexg). Moreover, models of the
whole geographical distribution projected a nortrdvshift of its southern limit and its
expansion from its high latitude range limit to 8aod or even Norway (Neiva et al

2015).

Additionally, changes in the distribution of sead®eould also be related to
upwelling variations (Sanchez et al., 2005). Thenalance and distribution of seaweeds
also depend on important environmental factorsh sag exposure to waves and the
availability of hard substrate for attachment (Nfak et al., 2012), and anthropogenic
factors, as pollution (Fairweather, 1990). It sldobE noted, that pollution mitigation
policies, such as the EU Water Framework Direc{ié-D) 2000/60/EC, promoted an
improvement in water quality that can lead to atiphrrecovery of seaweeds

communities (Diez et al., 2009, 2012).

The Rias Baixas are four flooded incised valleysa(ts and Prego, 2003)
located on the NWIP, at the northern limit of thestern North Atlantic Upwelling
system. They are the southernmost rias of Gali€ig. (L). Due to their location, they
are strongly influenced by upwelling events. Upwej) together with other co-varying
factors such as the higher water nutrient suppigtegtion from wave action or river
flow (Duarte and Viejo, 2018) may be responsible fbe rias to be acting as
contemporary refugia to warming (Santos et al., 120fbr large, habitat-forming
macroalgae (Lourenco et al., 2016). Although iteipected an intensification of
upwelling-favorable winds in the NWIP for the futufRykaczewski et al., 2015; Sousa
et al., 2017), Sousa et al. (2020) have recentiyalthat coastal upwelling will be less

effective due to the increase in the stratificatddthe upper layer caused by sea surface

4
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warming. In fact, Des et al. (2020) determined tha¢ future increase in water
temperature and stratification may negatively dffdébe growth of Mytilus

galloprovincialis the most common species of mussel cultured iratba. Given this
previous research, a question immediately arisdbtive Rias Baixas act as climatic

refugia against seawater warming for large halb@atiing macroalgae in the future?

The aim of this work is to determine how climatewce, and SST warming in
particular, will affect the geographical distribani of two intertidal macroalgad.
elongataandB. bifurcatg within the Rias Baixas. These two species are |a@®opy-
forming algae that dominate the low intertidal llsvef the rocky shores of the eastern
Atlantic, which modify the environment and provisleelter and food for a wide variety
of organisms (e.g. Niell, 1981; Anado, 1983; Fed#met al., 1983; Hawkins and

Hartnoll, 1985; Gestoso et al., 2010).

Firstly, SST data, computed by means of Delft3DaFfaumerical model, were
used to detect heat waves that may affect eaclmeofspecies. Then, a mechanistic
distribution model based on the thermal survivakshold for adult plants of each
species was calibrated and used to determine #ren#h habitat suitability for the
present (1999-2018) and by the end of the centB®8d-2099). Thermal survival

thresholds for adult plants were previously deteediby Martinez et al. (2015).
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Fig. 1. (a)Location of the study area along the northwesteast of the Iberian Peninsuld) The box
indicates the modeled arda) A close-up view of the Ria de Muros and the RidAdasusa is shown with

the numerical grid and the position of TidbiT dtggers sampling stations (black points).

2. Methodology
2.1. Hydrodynamic numerical model

Sea surface temperature (SST) was computed urigytirodynamic numerical
model Delft3D-Flow. Numerical simulations of trawsp conditions were performed
using the mesh, parametrization and implementaireviously validated for the Rias
Baixas by Des et al. (2019, 2020). The main charestics of the numerical model
configuration are described below; however, for arendetailed description of the

parametrization see Des et al. (2019, 2020).

The computational grid covers from 8.33°W to 10/@0&nd from 41.18°N to
43.50°N (Fig. 1b, rectangle). A curvilinear irreguubrid was adopted with 452 x 446
cells, and a mean resolution of 2200 m x 800 m hen west boundary, gradually

increasing towards onshore, allowing higher resmuin the Rias (220 m x 140 m) and
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the Minho estuary (50 m x 77 m). This high spatgslolution allows Delft3D-Flow to
provide, among other variables, SST data in thasaoé the Rias Baixas that represent
the natural habitats for intertidal macroalgae sasH. elongataandB. bifurcata The

model uses 16 sigma layers with refined surfacerkagt the surface.

The bathymetric dataset for model simulations waated compiling data from
different sources. Multibeam-sourced bathymetrhwitresolution of 5 m for the rias of
Vigo and Pontevedra was provided by the GeneraiifgsSecretary. The bathymetry of
the Ria de Arousa, the Ria de Muros and the adjadesif area was obtained from
nautical charts of the Spanish Navy Hydrographiceititute. The Minho estuary
bathymetry was provided by the Portuguese Navy ély@phic Institute. Gaps in the
dataset were filled using data from the Generahfattric Chart of the Oceans with a

horizontal resolution of 30 arc seconds (GEBCQyshttwww.gebco.net/).

The oceanic boundary was forced with transport timm$ (salinity and water
temperature) and water level. Tidal harmonic comstits (M, S, N, Ko, Ky, Op, Py,
Qi, Mg MM, M, MS; MNg) were obtained from the model TPXO 7.2

TOPEX/Poseidon Altimetry _(http://volkov.oce.orstudtides/global.html) and were

prescribed as astronomical forcing at the oceapendoundary. River discharges are
imposed as fluvial open boundary condition. Thehaxge of heat through the free
surface was simulated using the “absolute flux,soddr radiation” model. This model

requires relative humidity, air temperature anddbmbined net solar (short wave) and
net atmospheric (longwave) radiation. The heat thssto evaporation and convection
is computed by the model (Deltares, 2014). Wind ponents and pressure values are

imposed varying spatially.

Following the procedure described by Des et al.2Q20 two numerical

experiments were performed. In the first one (Exfpgtin now on), Delft3D was mainly

7
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forced with measured and reanalysis data, andyttietynamics of the study area was
simulated for a historical period. In the secongeximent (Exp#2 from now on), the
model was mainly forced with historical and futa@a from the Regional Circulation
Models (RCM) driven by General Circulation Model&GM) executed in the
framework of the Coordinated Regional Climate Dosatisig Experiment (CORDEX)

project (http://www.cordex.org/). Both experimemtsre run for July and August using

a spin-up period of two weeks.

Exp#1 was run for 2012 to be compared withsitu coastal temperature data.
The thermohaline boundary conditions for Exp#1 werposed using daily data from
the operational Atlantic-lberian Biscay Irish-OcearPhysics Reanalysis

(http://marine.copernicus.eu/). Data from MeteoGali Weather Research and

Forecasting Model _(https://www.meteogalicia.gal)era&v used as surface boundary

conditions. Minho River discharge data were progidby the Confederacion

Hidrografica Mifo-Sil (http://saih.chminosil.es),hile Verdugo-Oitavén, Lérez, Ulla,

and Umia rivers discharge data were retrieved fileerMeteoGalicia database.

Exp#2 was run for the historical (1999 - 2018) &mdire (2080-2099) periods
under climatic conditions to perform geographiaatribution maps oH. elongataand
B. bifurcatafor the present and the future climate periodsalar ocean boundary
conditions were retrieved from the MOHC-HadGEM2-&EM outputs (https://esgf-

node.ipsl.upmc.fr/projects/esqgf-ipsl/). Surface fary conditions were obtained from

the MOHC-HadGEM2-Es-RCA4 RCM outputs (http://wwwaex.org/). Among the

available scenarios, the RCP8.5 greenhouse gasiemiscenario was considered for
future projections. This scenario is quite likelgnsidering the current increase in
greenhouse gas emission (Brown and Caldeira, 2@limatologic river discharge data

were obtained from the Hype Web portal (https:/Aweb.smhi.se) and a reduction of

8
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25% in  river discharge was considered for future ojgmtions

(https://hypeweb.smhi.se/explore-water/climate-iotgurope-climate-impacts/).

2.1.1. Validation of the Hydrodynamic numerical mlod

As stated above, the capability of the hydrodynamisnerical model to
reproduce the hydrodynamic conditions of the Riax& was previously assessed and
validated by Des et al. (2019, 2020). In additibmther checking of the skill of the
numerical model to reproduce water temperaturenall®v coastal areas was carried
out using temperature data measureditu using 19 TidbiT data loggers (9 located in
the Ria de Muros and 10 in the Ria de Arousa, Eij. Data loggers recorded the
temperature every 30 minutes from January 2012 dpteghber 2013, but only
temperatures of August 2012 at the time of higkdidiere used to validate the model.
In situ water temperature measurements were comparedsimthlated temperature
data using the root mean square error, bias angdéteproduct-moment correlation.

The root mean square error (RMSE), bias and Peapmoduct-moment

correlation t) were calculated as

1
1 2
RMSE = {ﬁ §V=1|X0bs(ti) - Xmod(ti)lz} (1)
. 1
Bias =~ ¥iL1(Xmoa (t:) = Xops(t1)) (2)
Zi(xobs(ti)_xobs)(xmod(ti)_xmod) (3)

- \/Zi(xobs(ti) _m)z\/xi(xmod(ti) ~Xmod)?

where X,,s(t;) and X,,,4(t;) are the observed (measur@d situ) and modeled
(computed with Delft3D) water temperature, respetyi, and N is the number of
samples. Bias and RMSE were averaged in order tairola mean value for each

station.
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2.2. Mechanistic modeling of the geographic disttibn of macroalgae

The distribution models were based on the therwlarance threshold for the
species survival. The water temperature data addaiinom the first layer of the
hydrodynamic model was considered as the predictiggable because SST is
significantly correlated with the distribution &f. elongataand B. bifurcata, as it
happens, in general, for seaweeds (Llning, 1990til& et al., 2012). The number of
days (with a minimum number of 10 consecutive daigjng which the daily mean
SST was higher than the physiological thresholdhef algae was calculated for the
coastal areas of the Rias Baixas. For a betterrsiaaeling, result were expressed as
percentage of time both for historical (July-Augu€99 - 2018) and future (July-
August 2080-2099) periods. The physiological thoédé considered are based on the
lethal conditions determined by Martinez et al. 10using adult fronds in tank
experiments. This lethal conditions occurred whba tean seawater temperature
exceeded the specific threshold value of the spet&°C and 24.7 °C, fét. elongata
and B. bifurcata respectively, sometime between days 6 and 1hhefexperiment
(Martinez et al., 2015). To determine the exacti@athe analysis based on the thermal
stress was carried out for different heat-wave tituma ranging from 6 to 13, adopting

in the rest of the study the duration of extremat weaves that provides the best score.

The presence/absence ldf elongataand B. bifurcataon the shore of the Rias
Baixas was determined from a field survey carrietio 2005 to model the distribution
of these species in the Atlantic Spanish coast fiNex et al., 2012). A total of 81
locations were visited inside Rias Baixas. Thetiooa in Muros and Arousa Rias were
revisited again in 2011 to verify if the distribani of algae had changed since 2005.
Substrate and wave action are, together with teental conditions, the main factors

influencing the settlement &f. elongata(Martinez et al. 2012). Therefore, those points

10
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257

where the presence ©f. elongatais less probable due to the existence of muddy and
sandy substrates were discarded from the analysis. was determined using the
geological maps provided by the Spanish Geologiod Mining Institute (IGME) and
the information from field campaigns. Additionalbpose points where the presence of
H. elongata is less probable due to the significant wave heigh
(https://www.meteogalicia.gal/modelos/) were alszardedThe distributional records
of H. elongatawere used to adjust the mechanistic distributi@deh This species was
preferred ovemB. bifurcata because shows less prevalence in the study amedheA
presence of a stable population depends on thatmorddof several years, the map of
percentage of time under lethal conditions for JMgust 1999-2011 was used to
perform the calibration. A percentage of time opraximately 33% was identified as
the threshold for the presence of populations, mene of the present populations was
found in grid cells with more than 33% of the daysler lethal conditions, which are
the periods of at least 10 consecutive days offdaédan SST > 18 °C (see results). This
threshold was used to interpret the current (199B8P2H. elongatamaps of thermal
habitat suitability, and their future (2080-2099pjpctions. Areas where the time under
lethal conditions exceeds the 33% threshold weterpreted as locations of algae
absence. For the remaining areas, three levelsabitdt thermal suitability were
defined: 1) P1 for values between 0 and 11% ([Q, %), representing the optimal
conditions, far from the lethal threshold, 2) PRifgdermediate values ((11, 22] %), and
3) P3 for values between 22 and 33% ((22, 33] % may represent sub-lethal
temperature conditions. The same criteria were usedhterpret theB. bifurcata

distribution maps (using a thermal survival thrddhad 24.7 °C, see results)

Favorability maps were made to indicate the likabith of the presence of

suitable conditions foH. elongataand/or B. bifurcata by comparing the maps of

11



258 thermal habitat suitability. The high suitabilitalues (lethal conditions < 33% of the
259 time) in a grid cell implies thdd. elongataandB. bifurcatacan be found. This fact was
260 indicated on the map as coexistence. When thebdlitfyavalues indicate the absence of
261  H. elongatabut the presencB. bifurcatg this was labeled on the map Bsbifurcata

262  Finally, when the suitability conditions in a griell are unfavorable for both algae, it

263 was indicated as none.

264 3. Results and discussion

265 3.1. SST validation

266 Modeled andin situ water temperature at 1 m depth for August 2012ewer
267 compared by means of the mean bias and RMSE ctddufar each TidbiT logger
268  station (Figure 2). The pattern observed is simiidyoth rias and, in general, the model
269 tends to underestimate situ water temperature along the northern shores ofitse
270  (Fig. 2 blue dots, negative bias). The model téndsverestimate the water temperature
271 in the inner areas (Fig. 2 red dots, positive b&ag] the bias is almost zero along the
272 southern shores. The maximum positive, 0.95 °C,regdtive, -1.57 °C bias observed
273 are quite similar to those obtained by Des et 2020Q), 1.25 °C and -1.44 °C,
274  respectively. In general, there are more statiaitts lwgh bias and RMSE than observed
275 in Des et al. (2019, 2020) whem situ vertical profiles are located in deeper areas.
276 These higher errors are likely due to both thetlooeof the loggers in coastal intertidal
277  areas and the limited horizontal resolution ofrtesh due to the complex orography of
278  the rias. Following a similar procedure to that@leped in de Pablo et al., (2019), the
279 mean Pearson correlation coefficients were caledl&r the Ria de Muros (0.82) and
280 for the Ria de Arousa (0.B@oth valuesshow a good agreement between observations

281 and model results.

12
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Red dots indicate that the model overestimatestu data (positive bias). Blue dots indicate that the

model underestimatés situ data (negative bias). Dot size indicates the jpéasentile.

3.2. Calibration of the species distribution model

Based on the experiments developed in Martinet,ef2@15), where the lethal
conditions forH. elongataoccurred sometime between days 6 and 13 of theiexpa,
a thermal stress analysis was performed in whickraé heat-waves were considered
with durations between 6 and 13 days. 10-day heaewvas shown to provide the
highest number of presence/absence successes inggdreld data and it was
considered for further analysis. Additionally, theaximum percentage of time under
lethal conditions suffered by any stable populatbii. elongatafor the period 1999-
2011 (July-August) was 33%. In this study, this uealwas observed for the
northernmost population located in the inner pathe Ria de Muros (Fig. 3, blue dot).
When applying this threshold, the mechanistic mogebperly classify 18 presences

(100% of sensitivity) and 10 absences, providingfadl3e presences (Fig. 3, filled

13



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

yellow dots located in the cyan area). This is wkelbwn limitation of mechanistic
distribution models based only on the physiologtbaéshold of the species, which tend
to over-predict species prevalence (Martinez et2815). The false presences can be
associated to other environmental factors, sudhgisatmospheric temperatures during
low tide affecting those individuals inhabiting tleev intertidal, the tidal range or the
wind speed (Martinez et al., 2012, de la Hoz et2l19). Despite the model tending to
over-predict the presence &f. elongata it can provide useful information about

potential areas of extinction in the future.
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»
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Fig. 3. Percentage of time (July-August 1999-2011) dunivfych H. elongatasupports
lethal conditions. Filled black points indicate tipeesences. Filled yellow points indicate the
absences. Filled yellow squares indicate absensssciated with unfavorable substrate or/and
unfavorable significant wave height (AbseggeData recorded in a field survey carried out @92
(and re-surveyed in 2011). Filled blue point irmdés the location of the presence record which
tolerates lethal conditions for more percentageiroé. Cyan represent areas suitable for presence

and red for absence.

3.3.Maps of thermal habitat suitability
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The potential effect of SST warming on the geogieghdistribution of H.
elongataand B. bifurcatawas estimated comparing the geographical map omiie

habitat suitability for the far future (2080-2098ixh the present map (1999-2018).

The map of thermal habitat suitability bf. elongatafor the present (Fig. 4a)
shows that the thermal conditions of the Rias Baiase mostly favorable to the
presence of the alga. The inner part of the riast fsfom the existence of muddy
bottoms and low wave agitation, shows unfavoraideal conditions since upwelling,
which reduces water temperature, is negligiblema@e detailed analysis shows that the
rias of Muros and Arousa display the most suitableditions, although the time under
lethal conditions increases in the middle parthef Ria de Arousa compared with the
outer part. The rias of Pontevedra and Vigo shosvntial conditions in the P2 range,
indicating that the thermal conditions of these tas are slightly less favorable than
those in the other two northern rias. The recofgg@sence/absence df elongataand
other species of cold-temperate intertidal fucaceag,Fucus serratugL.), collected
during a field survey by Martinez et al. (2012)pwha higher presence in the rias of
Muros and Arousa than in the rias of Pontevedra\dgd. These observations support
the differences in thermal conditions between tfesHBaixas, since a greater presence

was recorded in the rias where thermal conditisasyare favorable.

Projections for the far future (Fig. 4b) under tREP 8.5 greenhouse gas
emission scenario indicate that thermal conditionthe Rias Baixas will be lethal for
H. elongata which implies that this species is projected isappear. A range
contraction of 21% was already estimated for tpecges by the reduction in its extent
of occurrence in the Cantabrian Sea and Portugtesst between the periods 1980’s-
1990’s to 2013-2016, as part of a general declirinegd observed for many cold-

temperate fucoids and kelps at its southern raingeih the Iberian Peninsula (Duarte
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et al., 2013; Casado-Amezula et al., 20H8nanthalia elongatatogether with other
species, was suggested to be included in the stdoli endangered species of the
Spanish government, a decision supported by thdtsesf this study. Currently, the
signs of decline inside the rias are less tharméleee in the open shore, so it can be
considered that they are acting as contemporangigto warming for several species
(Duarte and Viejo, 2018). In the same way, an irtgmirhabitat-forming species, the
kelp Laminaria hyperboregGunnerus) Foslie, with an upper lethal threshdl@3°C,
has also suffered a decline inside the Galicias (@asado-Amezua et al., 2019). The
decline of temperate macroalgae does not occutlyooa regionally, it is becoming
evident as global warming proceeds in areas asagaAustralia and South Africa
(Wernberg et al., 2016, 2013; IPCC, 2019). Therefor the case dfl. elongata whose
tolerance limit (18 °C) is lower than thatlafhyperborea23 °C), it can be considered
that, the Rias Baixas will no longer be refugiatfis species by the end of the century

under a RCP8.5 greenhouse gas emission scenario.

a)  Thermal habitat suitability ! b) d
s 50
Eer1 Er1
Wr P2
| k& W

40
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y il (

42°N
30.00"

42°N
30.00"

20

10

I 10"

54 48" 42 36 30 6'

gow 5 48' 42 36 30
Fig. 4. Thermal habitat suitability foH. elongatabased on modeled SST for July-August
for the present (1999- 2018) (a) and the far futi2@30-2099) (b). Green scale represents areas

suitable for presence and red for absence. P1 semie optimal conditions, P2 intermediate

conditions and P3 sub-lethal SST conditions.
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Regarding B. bifurcatg whose lethal temperature threshold is higher
(24.7°C) than Helongata(18 °C) results for the present (Fig. 5a) show that the
thermal conditions of the Rias Baixas are favorablthe presence of the alga. By
the end of the century (Fig. 5b), this situationynmat vary greatly, and only the
innermost part of the rias may turn inappropriatetiie algae. As previously stated,
the rias are considered contemporary refugia agaeevater warming for several
species (Duarte and Viejo, 2018) because theiretarydtowards warming is lower
than the trend of adjacent coastal areas. Thisrloevelency is due to the fact that
the rias are located in the northern limit of tlastern North Atlantic Upwelling
system which buffers the ocean warming (Santos.,e2@11, 2012ab; Bakun et al.,
2015; Varela et al., 2018; Seabra et al., 2019¢rdlhy, and although the upwelling
may be less effective in the future (Sousa et@202, the water temperature within
the rias will continue to be lower than at the adjg coastal areas and, then, they
potentially represent climatic refugia for the pstence ofB. bifurcatg and other

species of similar thermal tolerance.

a)  Thermal habitat suitability ! b)  Thermal habitat suitability ©
s Ty T

500
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Er2 e
| B | Bl
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40 40
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20 20
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Fig. 5. Thermal habitat suitability foB. bifurcatabased on modeled SST for July-August for the

present (1999- 2018) (a) and the far future (208892 (b). Green scale represents areas suitable for
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presence and red for absence. P1 represents omtmditions, P2 intermediate conditions and P3 sub-

optimal and sub-lethal SST conditions.

The upper survival thresholds of other habitat-fiogmmacroalgae are similar to
that of B. bifurcata Large intertidal fucoids, namelyucus serratus(L.) and
Ascophyllum nodosungL.) Le Jolis, have shown lethal conditions for \sater
temperature at about 24 and 25 °C, respectivehadudition, these species are also
influenced by stress during emersion that may mdynergy with seawater warming.
The threatened kelpaminaria ochroleucaBachelot de la Pylaie, 1824), which is a
foundational species known to supports kelp foréstgthe NW Iberian Peninsula
(Voerman et al., 2013), has been shown to die BaeW.6 °C (Franco et al., 2018). The
abundant annual kelpaccorhiza polyschiddtightfoot) Batters, has an upper survival
threshold of 24-25°C (tom Dieck and de Oliveira93p Arrotes (2002) reported an
expansion of. serratusand a contraction d. bifurcatain northern Spain in the 90’s,
this contrasting pattern was associated with a ebitnge displacement of the resident
speciesB. bifurcatg by the invasive specieb.(serratu3. Currently, the distribution of
these species is suffering a drastic contractiorih@ir extent of occurrence in the
Cantabrian Sea and Portuguese coast, as well akdeclines in abundance in some
populations inside the rias, but most populatianmsently have found refugia inside the
rias (Casado-Amezua et al., 2019). Thus, we maythgsize that the water thermal
conditions of the Rias Baixas will be favorable &tirthese species, as exemplified in
this study byB. bifurcata Once the thermal conditions are suitable, th&idigion of
the macroalgae species communities will be linkedther environmental factors, such
as substrate, air temperature and significant wearght (Martinez et al., 2012, De la
Hoz et al., 2019; Ramos et al., 2020). Moreoves,distribution of the macroalgae will

also depended on their dispersal ability.
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Favorability maps (Fig. 6) also confirm that by #md of the century (Fig. 6b)
the increase in the water temperature of the riag lead to increased prevalenceBof
bifurcata or the aforementioned habitat-forming speciesiofilar thermal tolerance
such asSaccorhiza Our findings are in accordance with observatiopRamos et al.
(2020), who have recorded an increase Bf bifurcata, Cystoseira baccata
(S.G.Gmelin) P.C.Silva, Caulacanthus ustulatus (Mert. ex Turner) Kutz. and
Chondracanthus aciculari§Roth) Fredericq in the Rias Baixas and the deeredH.

elongatain Northern Spain.

a) Favorability ! b) Favorability ¥
g O ———— st o o w— wm w—
J D Coexistence |:| Coexistence
. B. bifurcata . B. bifurcata

- None

40'

: - None

42°N
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200

534y 42 36 30 36 30

Fig. 6. Favorability maps foH. elongataand B. bifurcatabased on lethal conditions for
July-August for the present (1999- 2018) (a) and fhr future (2080- 2099) (b). Light green
represents the coexistence of both species, dadnghe prevalence of Bifurcata and black the

absence of both species.

4. Conclusions.

The mechanistic distribution model developed, basedhe thermal survival
threshold, projects a shift in the macroalgae gsecommunities by the end of the

century.
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Ocean warming will increase the exposure time afnmelgae to heatwaves, this
increase can lead to the local extinctionrbfelongataand other macroalgae with a

similar thermal tolerance.

The analysis of the suitability of the thermal Hhabifor B. bifurcatg whose
thermal survival threshold is higher than that Hbf elongata shows that thermal
conditions by the end of the century can favorgbttlement of these macroalgae and
other habitat-forming species with a similar thertoderance, which makes the Rias

Baixas remain as refugia for these species.

Although changes in macroalgal species communitiéds be led by ocean
warming, other environmental parameters should tbdied. A downscaling of air
temperature projections and numerical simulatidnsave height inside the rias could
contribute to project shifts in the macroalgae ggecommunities more accurately.
Furthermore, the developed model can be used tduateapossible changes in
distribution when evaluating different climate charscenarios, as well as for the near

future.
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